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Abstract

Nearly 2.5 billion smallholders cultivate the world’s arable land, strategically positioned to tackle
multiple Anthropocene challenges. When consciously adopting ecologically-based pest management
practices, they can improve resource use efficiency, slow biodiversity loss, curtail environmental
pollution and safeguard human health. Yet, the effective implementation of knowledge-intensive

management practices requires underlying ecological concepts to be well-understood. Here, drawing
upon published social science research spanning 1910-2016, we illuminate deficiencies in the world’s
farmers’ ecological literacy and in their valuation of insect-mediated ecosystem services. Though tribal
people and indigenous folk possess sophisticated knowledge of insects that occur within farm settings,
contemporary farmers on average know a mere 1.9-2.3 pestiferous herbivores and 0.5-0.9 pest-killing
organisms (out of a respective 8 and 3 taxa) in a particular crop or cropping system. Ecosystem services
such as biological pest control are annually worth hundreds of dollars ha™ ' but remain unknown to
nearly 70% of farmers globally. Also, agricultural systems with deficient ecological literacy tend to
foster a greater dependency upon chemically-synthesized pesticides. If this ‘cognitive handicap’ can be
remediated, farmers could become agro-biodiversity stewards and champions in redressing multiple

aspects of global environmental change.

Introduction

The Anthropocene is posing extraordinary social,
economic and environmental challenges for human-
ity: extensive chemical pollution, biocide resistance,
habitat destruction and biodiversity loss are major
threats that are further compounded by climate
change (Maxwell et al 2016, Bernhardt et al 2017,
Jorgensen et al 2018). The 2030 UN Sustainable
Development Goals of ending poverty and achieving
sustainable food and nutritional security without
depleting natural resources (Stafford-Smith et al 2017)
recognize the role that biodiversity can play in bolster-
ing ecosystem functioning and stability (Isbell et al
2017). Agriculture—occupying 50%-60% of arable

land worldwide—is at the core of addressing these
challenges, and its sustainable intensification offers a
synergistic way to meet food production targets while
conserving natural capital (Pretty et al 2018). Given the
close two-way interaction between agriculture and the
delivery of ecosystem services (Smith and Sulli-
van 2014), the contribution of the world’s approx. 2.5
billion smallholder farmers to societal wellbeing can
be immense and transformative.

Ecosystem services, such as biological control of
herbivores, are central to the sound functioning of the
world’s ecosystems and to a sustained production of
food and agricultural produce. Yet, despite their pro-
ven economic value and societal benefits (Losey and
Vaughan 2006), they are often disregarded and
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substituted by chemically-synthesized inputs such as
fertilizer or insecticides (Bernhardt et al 2017, Jorgen-
sen et al 2018). Aside from being costly and oftentimes
superfluous, insecticides contribute to biodiversity
loss, help push beneficial organisms beyond ‘safe-
limit’ thresholds and undermine ecological resilience
(Krebs et al 1999, Oliver et al 2015, Huang et al 2018,
Sanchez-Bayo and Wyckhuys 2019). Yet, in the face of
a surging use of pesticides (Bernhardt et al 2017,
Jorgensen et al 2018), pest-related yield losses in global
agriculture continue to be substantial and farm-level
profitability has not increased (Oerke 2005, Lechenet
et al 2017, Deutsch et al 2018). To remediate farmers’
dependency upon agro-chemicals and to alleviate
their associated burden on biodiversity, ecosystem
functioning and human health, a solid understanding
is required of potential pest species and their antago-
nists, which is the foundation for Integrated Pest Man-
agement or IPM (Ehler 2006), in combination with a
holistic, interdisciplinary perspective and due inclu-
sion of social science (Winarto 2004, Cui et al 2018,
Flandroy et al 2018, LaCanne and Lundgren 2018,
Pretty etal 2018).

While farmers’ management behavior is complex
and influenced by a wide range of factors (Mills et al
2017, Zhang et al 2018), it is integrally shaped by their
knowledge, attitudes and beliefs (Heong and Esca-
lada 1999, Lamarque et al 2014, Mills et al 2017). Local
biological knowledge -a non-commoditized form of
information possessed by any culture- underpins
management decision-making, but can be esoteric,
context-specific and incomplete (Bentley 1993,
Brush 1993, Gurung 2003). Differing from scientific
knowledge, folk or ‘traditional’ knowledge is gener-
ated through observation, encompasses environ-
mental and social learning processes that constitute
‘agricultural skilling’ and results in culturally-compa-
tible, resource-conserving practices (DeWalt 1994).
Such biological knowledge contains ancient ecological
experiences and perspectives accumulated over the
course of multiple generations (Berkes et al 2008).

Cognitive anthropologists have captured the often-
sophisticated knowledge of beneficial arthropods
among indigenous folk and tribal people (Berlin 1992),
and ethno-entomologists have uncovered their in-
depth understanding and classification of social wasps
or ants (Posey 1984). Others have described peasants’
knowledge systems primarily in the developing-world
tropics (Morales and Perfecto 2000, Bentley and Rodri-
guez 2001, Ulicsni et al 2016), and revealed how knowl-
edge is regularly constrained to culturally-important
and easily-observed organisms. Also, incipient work
has shown how farmers’ perception of ecosystem ser-
vices is linked to their agroecological management at
the farm level (Teixeira et al 2018). Here we define eco-
logical literacy as the ability to understand the organiza-
tion and functioning of natural systems, and the
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principles to manage agroecosystems based on natural
processes, such as the top-down suppression of pests by
natural enemies (e.g. Van Mele 2008). Yet, no global
systematic assessment has been made of farmers’ appre-
ciation of insect-mediated ecosystem services and its
link to crop protection—the essential premise for sus-
tainable intensification.

In this review, we illustrate how farmers’ ecologi-
cal knowledge influences their farm management
decisions, as related to pest management. Drawing
upon published ethnobiology and anthropology sur-
veys and agricultural entomology studies, we describe
global patterns in farmers’ understanding of ecosys-
tem-service and disservice-providing arthropods (i.e.
natural enemies, crop pests respectively). First, we
contrast overall patterns in arthropod knowledge
between indigenous people and contemporary farm-
ers. Second, we describe the ecological literacy of
farmers globally, including their appreciation of herbi-
vores, pests and natural enemies. Third, we relate local
ecological literacy to pest management decision-mak-
ing and farmers’ adoption of biological control. Our
work intends to uncover levels of ecological illiteracy
among the world’s farming populace, and examine
how this can hamper the diffusion of ecologically-
based management and slow a global transition to sus-
tainable intensification of agriculture.

Methods

Literature review and data processing
As a first step in our assessment, we conducted a non-
exhaustive review of the global literature in ethno-
biology, agricultural anthropology, environmental
psychology, pest management science and related
fields. We restricted our literature search to peer-
reviewed publications that were published between
1900 and 2017, and paid particular attention to studies
that described patterns in indigenous or folk knowl-
edge of arthropods (including herbivores, crop pests
or insect-consuming organisms) in rural settings and
specifically in agricultural or forestry crops, and
associated decision-making processes related to crop
protection. A core set of papers was consolidated by
using different combinations of the following search
terms: ‘pest™, ‘insect’, ‘farmer’, ‘rural’, ‘folk’, ‘natural
enem”, ‘arthropod™, ‘crop protection’, ‘pesticide’,
‘agricult”, and by further screening the references
therein (supplementary tables 1, 2 is available online at
stacks.iop.org/ERL/14/093004/mmedia). = Google
Scholar (GS) was used as a search engine to extract
relevant records from the global scientific literature,
running queries between October 1 and November 6,
2018. For each record, key socio-economic, agro-
nomic and geographical information was extracted.
The compiled dataset was divided into three sub-
sets of publications. A first set of records covered
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comprehensive ethnobiology surveys to unveil the
ecological knowledge of indigenous folk, tribal people
and farmers (supplementary table 2), and specifically
the extent of folk knowledge of invertebrates that
locally occur within agricultural crops and non-crop
habitats. For each literature record, we logged the spe-
cific methods that were employed for cultural domain
analysis (Russell 2002), and extracted the full set of
invertebrates that were enumerated by local infor-
mants. For each record, we noted the total number of
described species or locally-assigned names (i.e.
ethno-categories) per arthropod family in the estab-
lished scientific taxonomic hierarchy. Next, the num-
ber of listed or recognized species (or ethno-
categories, defined as biological classification cate-
gories by ethnic groups) was averaged across studies at
different taxonomic hierarchies, i.e. family, super-
family or order, and compared with the total number
of scientifically-described species at this respective
hierarchy. As published studies employed different
diagnostic methods to elicit informants’ knowledge,
we exclusively considered studies that used free-listing
for comparative purposes.

A second set of records comprised entomology or
agricultural anthropology studies that either covered
(1) farmers’ knowledge of herbivorous arthropods asso-
ciated with a particular crop or cropping system, which
do not necessarily require control (or ‘neutral species’),
(2) farmers’ listing of arthropods as economically-
important herbivores that were targeted in control
measures, referred to as ‘pests’, and (3) farmers’ recog-
nition or free-listing of arthropod biological control
organisms or so-called natural enemies (supplementary
table 1). For either of the above groups, we logged the
exact proportion of farmers (within a given study) that
listed a particular organism per arthropod family. For
studies that compared agro-ecological knowledge
between IPM trained and untrained farmers, we solely
extracted information for untrained ones as to best cap-
ture farmers’ baseline knowledge. Despite eventual lim-
itations of the original studies, we tried to gauge
farmers’ knowledge in a comprehensive manner.
Extent of farmer knowledge was either computed per
study by averaging taxon-specific measures across taxa,
or per taxon by averaging the above measures across
studies for a specific taxonomic hierarchy. We hereby
used the number of species enumerated by farmers as
an indicator of ecological literacy (see the following).
For each study, we also recorded the total number of
taxonomic hierarchies (i.e. order or family) within
which organisms were listed. To reflect the hierarchy in
farmers’ enumeration of herbivorous arthropods (at
two taxonomic levels) and economically-limiting pests,
asunburst diagram was constructed.

A third set of records included a broader set of stu-
dies in the fields of agronomy, crop protection or social
science, in which detailed (taxon-specific) entomologi-
cal knowledge was often missing. Records yielded a het-
erogeneous set of metrics that reflected farmers’ agro-
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ecological knowledge, including their awareness and
perceived importance of agricultural pests and natural
enemies, and associated pest management decision-
making. Where appropriate and possible, metrics were
re-scaled and adapted to attain a standardized measure
as follows: perceived importance among farmers of
insect pest damage (0-1), general farmers” awareness of
natural enemies (0—1), number of non-chemical pest
management tactics listed per informant, local extent of
usage of non-chemical alternatives (0-1), and the
degree of primary reliance upon synthetic insecticides
(0-1). Here, for comparative purposes, studies in which
the number of crop pests or natural enemies was listed
were only taken into consideration if such knowledge
was acquired through free-listing (or if its use was infer-
red, when not explicitly described in the study metho-
dology). For studies in which non-chemical crop
protection alternatives were enumerated, those were
compiled and organized in relevant sub-categories (e.g.
mechanical control, cultural control). Any practices
that are either superstitious, ego-centric (i.e. praying;
Miller 1983) or well-recognized to be ineffective were
excluded from the analyses.

Ecological literacy metrics

To capture the heterogeneity in the measures of farm-
ers’ agro-ecological knowledge available in the litera-
ture, a twin metric of ecological literacy was developed
for each of the three groups of organisms: neutral
herbivorous species, economically-important target
pests, and arthropod natural enemies. Metrics were
built around the concept of salience (or ‘awareness’),
which captures shared entomological knowledge or the
proportion of farmers within a given study that free-
listed arthropods within a particular taxon. Salience
measures were either computed for a given taxon (i.e.
arthropod family or order) by averaging respective
metrics across studies or summed across taxa to
generate an overall measure of salience for a given study.
Salience of a given arthropod taxon (as averaged across
studies) or for a given study (as averaged across farmer-
listed taxa) was exclusively computed for organisms that
were listed by at least one farmer, i.e. zeros were omitted
in the calculation. Per study, agro-ecological literacy
was thus reflected by: (1) the summed salience of
farmer-listed arthropods at a pre-defined taxonomic
hierarchy, i.e. family or order; and (2) the total number
of farmer-listed arthropod taxa. For ease of presenta-
tion, the former salience metric was occasionally
converted to percentages.

Statistical analyses

Statistical analyses were carried out to compare farm-
ers’ ecological literacy—i.e. averaged salience and total
number of listed taxa—or particular metrics reflective
of farmer knowledge and pest management behavior
between cropping systems (i.e. staple crops versus cash
crop/mixed systems). More specifically, One-way
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Analysis of Variance (ANOVA) was used on normally
distributed data-sets while non-parametric tests (i.e.
Mann-Whitney U) were employed for the remainder.
Where necessary and feasible, data were log-normal
transformed to meet assumptions of normality and
homoscedasticity, and all statistical analyses were
conducted using SPSS (PASW Statistics 18).

Results

Sampling universe

For the characterization of ecological literacy and pest
management behavior, a non-exhaustive literature
search yielded 73 peer-reviewed studies and an asso-
ciated 80 records of distinct crop or geographical
focus. Records comprised survey work conducted
between 1910 and 2016 (median year of publication:
2005), with 10%, 25%, 39% and 26% from Europe,
Americas, Asia/Oceania and Africa, respectively. Sur-
veys primarily relied upon person-to-person ques-
tionnaires (using free-listing, photo-elicitation and
specimen description as popular ways to gauge extent
of knowledge) and covered a total of 12,000 infor-
mants, primarily farmers and rural people. This
sampling universe was highly skewed towards devel-
oping countries in tropical climes, covering 1%
informants from Europe, 32% from Americas, 29%
Asia/Oceania and 38% from Africa. Most work was
carried out in the Philippines (n = 9), followed by
Iran (n = 5) and Brazil (n = 4). While 44% of records
covered staple crops (n = 19, 14 respectively for rice
and maize), the remaining ones included either cash
crops, mixed systems or unspecified crops. The
studied systems were characterized by a farm size of
42.8 4+ 97.3 ha (mean =+ SD; n = 34; median: 2.9 ha),
and informants were 73.0 & 18.9% male farmers (n
=21), 46.4 + 10.1 years of age (n = 31) and
65.6 £ 28.3% (n = 18) possessing formal education.
Among the interviewees, 76.4 £+ 14.5% (n = 15) were
landowners.

For the assessment of overall trends in arthropod
knowledge among indigenous folk and rural people, a
smaller set of 15 publications was consulted. This set
comprised studies from Europe (6.7%), Americas
(60.0%), Asia/Oceania (20.0%) and Africa (13.3%);
with 14 of these covering mixed farming systems.

General insect knowledge patterns

Out of 51 arthropod taxa comprising over 1 million
scientifically-described species across ecosystems
(Stork 2018), informants either recognized or named
an average of 157.8 organisms or ethno-categories, or
0.013% of described arthropods (supplementary
figure 1). Across studies, informants’ breadth of
knowledge was of 49 individual organisms or ethno-
categories within 10 (median) established orders.
Extensive knowledge was recorded for the Dogon
ethnic group in Mali (825 organisms or ethno-
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categories), the Baniwa and Kapayo Indians in the
Amazon (306 and 264 organisms, respectively) and
rural people in Honduras (213) and Europe’s Car-
pathian Basin (271) (Griaule 1961, Posey 1984, Petiza
etal2013, Ulicsnietal 2016).

Knowledge was most extensive for ‘membrane-
winged’ insects or Hymenoptera (48.5 £ 57.7 listed
organisms; median: 28.5), grasshoppers, crickets and
locusts under the Orthoptera (19.5 & 28.6; median:
8), beetles or Coleoptera (37.4 £+ 65.4; median: 17),
and true bugs or Hemiptera (21.3 4 24.3; median: 8).
Some studies revealed substantial folk knowledge of
certain taxa: the Dogon in Mali possess 100 different
names for grasshoppers (Griaule 1961), the Kapayo
Indians in the Brazilian Amazon have 211 different
names for wasps, bees and ants (Posey 1984). Within a
given arthropod order, informants’ ability to list or
recognize species varied considerably between sub-
taxa (e.g. superfamily, infra- or sub-order) (figure 1).
Informants were most knowledgeable about sphecoid
wasps and bees (Apoidea) and wasps (Vespoidea)
(Order Hymenoptera; 18.3 and 37.3 respective species
or ethno-categories), scarab beetles (Scarabaeoidea)
and the long-horned and leaf-beetles (Chrysome-
loidea) (Order Coleoptera; 10.0 and 5.3 listed), Noc-
tuioidea and Bombycoidea (Order Lepidoptera; 5.8
and 2.9 listed), and mosquitoes and blackflies (Culico-
morpha) and blow flies or bot flies (Oestroidea)
(Order Diptera; 3.8 and 2.1 listed).

Within the above respective orders, average infor-
mants’ knowledge thus covered 0.039%, 0.010%,
0.010% and 0.008% of described insect fauna. Con-
siderable variability was recorded in the depth and
breadth of arthropod knowledge, with surveys show-
ing relatively extensive knowledge of Mali tribal peo-
ple of dung beetles (Scarabeidae), ants (Formicidae)
among Indian tribes in the Amazon and social wasps
(Vespidae) among Honduran campesinos (supplemen-
tary figure 2).

Farmers’ understanding of insect herbivores and
pests

Across published studies, contemporary farmers
reported different species of herbivores to occur
within their crop, belonging to 4.1 + 2.0 orders of
arthropods and 1.2 & 1.6 non-arthropod taxa (n = 29
studies). Arthropod orders that were widely recog-
nized by farmers include Lepidoptera (32.5 £ 24.8%
farmers; n = 40), Thysanoptera (25.9 £ 22.1%;
n =4) and Hemiptera (25.1 &+ 16.3%; n = 23).
Within those respective orders, the most salient
families are Pyralidae (49.3%), Crambidae (34.8%)
and Noctuidae (34.2%); Alydidae (75.6%), Pyrrhocor-
idae (39.7%) and Pseudococcidae (27.8%) (figure 2).
Non-arthropod herbivores that were regularly enum-
erated included birds (30.6%; n = 6 studies) and
rodents (33.6%; n = 9). Nematodes were only men-
tioned by 8.7 &= 1.7% farmers (n = 2).
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Figure 1. Ecological knowledge of farmers, indigenous folk and rural people is confined to few conspicuous, culturally-important
taxa. Within each diagram, comparative extent of informants’ knowledge is shown for the eight most speciose taxa within 4 insect
orders: Hymenoptera ((A); 150 000 described spp. across ecosystems), Lepidoptera ((B); 157 338 spp.), Diptera ((C); 155 477 spp.),
and Coleoptera ((D); 386 500 spp.). Depicted insect super-families or suborders (So.) represent 71%-98% described species within
their respective order, with relative abundance of a given family reflected by the section of the pie chart. Within a given order, the
average number of recognized or freely listed taxa is indicated in the following its respective pie chart, and its relative distribution
across insect families is represented by the different colour-coded pie sections. Extent of informant knowledge was gauged through

various approaches in 15 published studies—including free-listing, photo-elicitation and specimen description.

In staple crops, farmers enumerated herbivores
belonging 4.5 + 2.3 different orders (n = 15 studies).
More specifically, in rice systems, listed herbivores
belong to 3.0 & 1.0 orders (n = 3 studies), with Lepi-
doptera (29.8 £ 15.9% farmers; n = 6) and Hemi-
ptera (45.8 £ 15.7%; n = 3) the most salient orders.
In maize systems, listed herbivores belong to 3.8 £ 2.6
orders (n = 6 studies), with Lepidoptera (42.2 £+
24.2% farmers; n = 12) and Coleoptera (22.8 +
21.1%; n = 6) being the most salient orders. Lastly, in
cash crop and mixed systems, listed herbivores belong
to 4.3 £ 1.7 orders (n = 14 studies), with Isoptera
(46.3 £ 48.4% farmers; n = 3), Thysanoptera (44.8 +
3.9%; n = 2) and Lepidoptera (29.8 4 26.5%; n = 18)
being the most salient orders. The extent to which
farmers enumerated arthropod herbivores at the order
level did not statistically differ between the two main
crop types. Average order-level saliency or farmer
‘awareness’ was 26.0 = 17.1% (n = 29 studies), ran-
ging from an average of 3.8% amongst Cameroon vege-
table growers that enumerated herbivores at the order

level (Abang et al 2014), to 69.7% in Nigeran farmers
that listed herbivores belonging to a total of 5 arthropod
orders (Atteh 1984).

In 15 studies, farmers specifically described herbi-
vorous organisms as economically-important pests
and targets of control interventions. Control targets
comprised different herbivores, belonging to 3.0 +
1.0 orders of arthropods and 0.5 £ 0.9 non-arthro-
pod taxa. Perceived pest targets commonly belonged
to Lepidoptera (28.6 + 27.8% farmers; n = 28) and
Hemiptera (23.6 £+ 23.7%; n = 12). Within those
respective orders, the most salient families are Gele-
chiidae (38.5%), Noctuidae (33.8%) and Pyralidae
(32.3%); Pentatomidae (71.0%), Alydidae (44.6%)
and Aleyrodidae (33.0%) (figure 2). Non-arthropod
organisms that were regularly enumerated as pests
included birds (40.2%; n = 2 studies), while nema-
todes were only mentioned by 4.0% farmers in one
study. The extent to which farmers enumerated arthro-
pod pests at the order level did not statistically differ
between staple crops and cash/mixed crop systems.
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Figure 2. Farmers possess scant knowledge of herbivorous arthropods and agricultural pests. A sunburst diagram visualizes the
hierarchy of farmers’ ranking of agricultural pests, covering 5 insect orders and consisting of concentric rings sliced according to
different categories. From the innermost ring outward, categories represent: (1) perceived importance of a given insect order, in terms
of it containing key herbivores including pests targets; (2) up to 5 insect families that are perceived as key herbivores; (3) percent
farmers that free-list herbivores belonging to a given family; (4) percent farmers that perceive particular herbivores as pests,
deliberately targeting them in management interventions. Data are compiled from 29 published studies for herbivore ranking, and 15
studies for pest target enumeration, with the diagram solely representing the 5 insect orders of greatest concern to farmers. Salience of
agiven arthropod taxon is based upon studies in which organisms are either free-listed or identified through photo-elicitation.
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Figure 3. Large-bodied, diurnal and vertebrate natural enemies receive most attention from farmers. The graph depicts relative farmer
awareness or ‘salience’ of vertebrate and invertebrate natural enemies, as compiled from farmers’ free-listing of pest-killing organisms
(n = 13 published studies). Natural enemy groups are organized by either class or sub-phylum. Salience is shown as the proportion of
informants who listed a particular taxon, averaged across studies (with its respective number of published records shown on the x-
axis). Extent of informant knowledge was gauged through free-listing, eventually complemented with photo-elicitation.

Average taxon-specific saliency was 28.0 £ 19.4%
(n = 15 studies), ranging from an average of 5.8% in
Philippine rice producers that enumerated pests

belonging to 4 arthropod orders (Litsinger et al 2009),
to 78.8% in Indonesian rice farmers that listed pests
belonging to 2 arthropod orders (Rubia et al 1996).
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Figure 4. Farmers’ knowledge of arthropod herbivores and pests is higher than that of beneficial (i.e. pest-killing) organisms. Farmers’
ecological literacy is depicted for three groups of organisms of agricultural importance, i.e. herbivorous arthropods (n = 27 studies),
economically-limiting pests (1 = 15), and arthropod natural enemies (n = 13). Each dot on the scatterplot represents one single
published study, in which average salience of farmer-listed arthropods is plotted against the total number of enumerated arthropod
taxa, at a family-level taxonomic hierarchy. The graph reflects overall low levels of ecological literacy for natural enemies, and
comparatively high literacy for herbivores and pests in cash crop systems. All datapoints originate from studies with present-day

Farmers’ understanding of beneficial insects and
spiders

A total of 13 studies documented farmers’ knowledge
of natural enemies, covering 2.7 £ 2.5 orders of
arthropods and 1.2 £ 1.6 non-arthropod taxa.
Arthropod natural enemies that were listed by farmers
primarily belong to spiders (Araneae) (26.5 £ 35.3%
farmers; n = 8 studies), net-winged insects (Neurop-
tera) (14.7 4+ 11.7%; n = 2) and beetles (Coleoptera)
(7.3 £ 13.2%; n = 5 studies) (figure 3). At the family
level, relatively high saliency for lacewings (Chrysopi-
dae) (14.7%), ladybeetles (Coccinellidae) (7.3%),
wasps (Vespidae) (7.6%) and praying mantids (Manti-
dae) (1.4%) was reported in at least one study. Non-
arthropod natural enemies that were commonly
enumerated included birds (34.2%; n = 8 studies),
frogs (42.0%; n = 3) and cats (16%; n = 2). For
arthropods, average taxon-specific saliency was
16.5 + 24.0%, ranging from an average of 5.7%
amongst Honduran maize producers that either listed
beetles, mantids, dragonflies, spiders or robber-flies as
natural enemies (Wyckhuys and O’Neil 2007), to
87.0% in Philippine rice growers that recognized the
role of spiders as natural enemies (Litsinger et al 2009).

Ecological literacy and pest management practices

At the finest taxonomic scale, ecological literacy
encompassed 8.2 + 4.7 herbivorous arthropods
(average taxon-level salience 27.9 + 16.8%; n = 27
studies), 6.3 £ 3.4 perceived target pests (salience
28.3 4= 19.0%; n = 15) and 3.0 &+ 3.0 natural ene-
mies (salience 16.6 & 24.0%; n = 13). Hence, across
studies, an average farmer named 2.3 herbivorous
arthropods, 1.8 target pests and 0.5 natural enemies.
Ecological literacy did not differ between staple and
cash/mixed cropping systems in terms of the total
number or average saliency of listed herbivorous
arthropods, perceived arthropod pests, or arthropod

natural enemies (figure 4). When expanding analyses
to include studies with less detailed entomological
information, (as exclusively obtained through free-
listing) similar trends were observed (table 1). For
example, in a survey of well-educated European farm-
ers with over 20 years of experience, 2.4 &+ 0.9
agricultural pests and 1.4 + 0.6 natural enemies were
enumerated (Zhang et al 2018).

Approximately 70% farmers (n = 17 studies; 1088
informants) attributed high levels of importance to
insect pests, signaling that pest attack regularly leads to
e.g. production losses of 6 t/ha (Rubia et al 1996), yield
losses up to 90% (Munyuli et al 2017) and related eco-
nomic impacts of over $400/ha (Heong and Esca-
lada 1999). Yet, only 47.5 £ 25.0% farmers possessed
moderate to good knowledge of the biology and
morphology of key pests (n =4 studies), and
38.3 £ 18.0% of these had moderate to good knowl-
edge of their ecology and feeding habits (n = 5 stu-
dies). Though farmers’ awareness of natural enemies
and composite knowledge of biological control was
low—rated 0.31 to 0.39 out of 1 (table 1), levels of
awareness exhibited marginally significant differences
between staple crops and cash/mixed systems (Mann-
Whitney U = 19.00, p = 0.052; figure 5). In staple
crop systems, 49.0 £ 32.8% growers (n = 12 litera-
ture records, 9 of which covering rice systems) were
aware of the existence of natural enemies; as compared
to 23.0 £21.6% (n=7) in other agricultural
systems.

On average, staple crop producers listed 75.8%
more non-chemical pest management alternatives
than those in mixed or cash crop systems. Pest man-
agement alternatives included mechanical and cul-
tural approaches, diversification tactics, and to minor
extent biological control (supplementary figure 3).
Also, farmers’ primary reliance upon synthetic pesti-
cides for crop protection was significantly higher in
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Figure 5. Agricultural systems with deficient ecological literacy can foster greater pesticide dependency. Farmers’ awareness of ‘pest-
consuming’ natural enemies and degree of reliance upon synthetic insecticides is contrasted between food staple (red) or cash crop/
mixed (black) systems. Both metrics are shown as the proportion of growers per study. Food staples include cereals, starchy tubers or
roots, and pulses. Patterns are drawn from a total of 19 and 30 published studies respectively and are statistically significantatp < 0.10
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Awareness of
natural enemies
(Mann-Whitney U test; natural enemy awareness) and p < 0.05 (ANOVA; insecticide reliance).

X oo |oo i

Grower reliance
upon
insecticides

Table 1. Patterns in farmers’ agro-ecological knowledge and associated pest management decision-making, as compiled from the global
literature. Ecological knowledge is exclusively presented for studies that used free-listing (FL), while omitting those that relied upon photo-
elicitation, specimen description or snowball sampling. Patterns complement those for which in-depth entomological information is
provided (as described in the text). Extent of usage of non-chemical alternatives reflects the proportion of farmers within a given study that
employ other tactics than chemically-synthetized pesticides for crop protection.

Informant knowledge /behavior Average (£SD)  N—+# studies (#informants) ~ Geographical coverage

Number of crop pests enumerated (FL) 1.93 +£0.93 28(2709) I, IL IIL, IV®

Number of arthropod natural enemies (FL) 0.92 + 0.69 15(565) LILIII

Proportion of farmers reporting significant insect pest 0.68 £ 0.26 17(1088) LILIIL IV
damage (0-1)

Awareness of natural enemies (0—1) 0.39 4+ 0.31 19(1152) 1L IIL IV

Composite knowledge of insect biological control (0-1) 0.31 £0.21 12(768) 1L, I

Number of non-chemical measures listed per informant 1.17 £ 1.30 24 (1536) LIL I, IV

Extent of usage of non-chemical crop protection alter- 0.24 £0.22 8(512) IL 1L IV
natives (0-1)

Degree of primary reliance upon synthetic insecticides (0-1) 0.52 + 0.33 30 (1920) IL 1L, IV

* I: Europe; II: Americas; I11: Asia & Oceania; IV: Africa.

cash/mixed systems (ANOVA, F),3 = 4.254, p
= 0.049) (figure 5). In the latter systems, on average
69.0 &+ 30.0% of farmers mainly relied on chemical
options for pest management; 91.1% vegetable produ-
cers in Botswana mainly used synthetic pesticides
(Obopile et al 2008). Across studies, farmers’ depen-
dency upon synthetic insecticides showed a (non-sig-
nificant) downward trend with increasing ecological
literacy and augmenting levels of technical knowledge
(supplementary figure 4).

Discussion

We reveal high variability in agro-ecological knowl-
edge between indigenous people of the tropics and

western, industrial farmers, describe intermediate to
high levels of ecological illiteracy among today’s
smallholders, and hint at its link to management
decision-making. Anthropological studies with indi-
genous people reveal that they possess an advanced
understanding of arthropods (e.g. Mali’s Dogon
enumerate 825 different organisms or ethno-cate-
gories, and name tens of species of dung beetle) as
compared to present-day farmers. Yet, it is more
common for ethnobiological studies to show that folk
entomological knowledge is restricted to culturally-
important or perceptually-salient organisms (Bent-
ley 1992). At salience levels of 26%-28% for specific
herbivores and pests, many farmers remain unin-
formed or indifferent about the identity of crop-
damaging arthropods, though some 40% of them have
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certain understanding of their ecology and feeding
habits, including their role in natural pest control (or
‘biological control’). Biological control is conserva-
tively valued at $4.5-13.6 billion annually for US
agriculture alone (Pimentel et al 1997, Losey and
Vaughan 2006), and insect ‘natural enemies’ deliver
pest control services worth hundreds of dollars ha '
year ! in e.g. US corn, Thailand cassava or New
Zealand cereals (Naranjo et al 2015, Sandhu et al 2015,
Thancharoen et al 2018). Arthropod biological control
can generate substantial farm-level savings that often
surpass the local per-capita income (Kremen and
Merenlender 2018), yet only a fraction of farmers
recognize the existence of (on-farm) natural enemies.
Instead, 52% of farmers refer to chemical insecticides
as their primary means of pest control, with similar
patterns among resource-poor farmers in the tropics
and wealthier producers in Western countries. In the
following, we discuss how a strengthening of ecologi-
cal literacy can accelerate transitions to sustainable
intensification, help produce residue-free food profit-
ably and empower farmers as guardians of
biodiversity.

Nearly 70% of farmers (as surveyed in the screened
literature) perceive arthropod pests as primary con-
straints to crop production yet possess restricted
knowledge of them. In certain systems, any inverte-
brate creature is unwanted, while in others a ‘pest’ is
solely an organism that inflicts economically-relevant
crop damage (Morales and Perfecto 2000). Across our
study, individual farmers were aware of 1.9 to 2.3
potential pests, out of an average 8.2 arthropod taxa
per studied system (figures 2, 4). Our study revealed
farmers’ deficient understanding of pest biology and
morphology, a weak link between causal agents and
damage symptoms, confusion regarding the appear-
ance of invasive pests, and often pervasive conflicting
beliefs. The latter is illustrated by common folk beliefs
that frogs grow out of bivalves (Ulicsni et al 2016), that
mud wasps abduct children (Gurung 2003) or that
caterpillar pests sprout from the plant (Wyckhuys and
O’Neil 2007). This is aligned with techno-centric con-
cepts of pest control (Morse and Buhler 1997), in
which farmers lack a basic understanding and inte-
grated perspective of herbivores as elements within a
functioning ecosystem and are thus inclined to pursue
curative measures for their mitigation, usually in the
form of synthetic pesticides. Ecological literacy is par-
ticularly weak for small organisms such as mites, while
knowledge of other crop antagonists, such as diseases,
or soil fauna and nitrogen-fixing organisms may be
even more limited (Pauli et al 2016). In rice ecosys-
tems, herbivores make up 17% of the arthropod com-
munity and 1% of them are pests (as compared to 64%
for natural enemies; Settle et al 1996), yet the bulk of
farmers’ actions are aimed at the prevention or control
of the latter, instead of at conserving the more abun-
dant beneficial organisms that naturally restrict pest
proliferation.

K A G Wyckhuys etal

Tribal people live in close association with nature
and possess honed observation skills, but also have
limited knowledge of certain invertebrates, e.g. gall-
making wasps. Their mind and overall reasoning is
believed to have similar characteristics as the one of
present-day farmers (Lévi-Strauss 1962), yet we record
variable knowledge among geographies and cultures
(supplementary figure 2) and superior ecological lit-
eracy as compared to farmers in developed societies—
although this knowledge is not necessarily applied to
agriculture. Such can be ascribed to the demise of indi-
genous communities and erosion of their knowledge
(Brush 1993), or to the substituting effect of schooling
(Reyes-Garcia et al 2010), and also to agricultural ‘des-
killing’ (Stone 2007). The loss of traditional pest man-
agement skills may have been triggered by the
availability of standard (synthetic) pesticides and the
development of a more industrialized agriculture cen-
tered on a limited set of commodity crops. As such,
‘deskilling’ and reliance on chemical pesticides can be
mutually reinforcing, resulting in a lock-in’ of chemi-
cal-based pest management (Flor et al 2019). The latter
is hard to unlock because of path dependencies across
the entire food system and strong positive feedback
mechanisms, including the ability of a powerful agro-
chemical industry to influence policy (IPES 2016).
Globally, farmers risk becoming passive customers of
the agro-industry, in which a declining ecological lit-
eracy translates into an increased reliance on pur-
chased synthetic inputs. ‘Deskilling’ can disrupt the
balance between social and environmental learning,
obstruct innovation processes and degrade farmers’
ability to perform (Stone 2007). This may be most pro-
nounced in settings with industrial styles of agri-
culture, as promoted through the ‘green revolution’.
However, it is important to realize that for some
topics, such as insect ecology, local knowledge may
never have been very deep in the first place.

Biological control is a central pillar of IPM, acting
across geographies and agro-ecological contexts. Yet,
in developed nations, it is often believed to be of minor
importance (except for greenhouse systems, where it is
increasingly adopted) and arable farmers regularly list
their inability to effectively manage this ecosystem ser-
vice as an impediment to further adoption (Zhang et al

2018). Identical trends are observed among small-
holder farmers across the globe: up to 70% of growers
are unaware of natural enemies or unfamiliar with the
concept of biological control (table 1). Ecological lit-
eracy is shallow: farmers list 0.5-1 natural enemy out
of a mere 2-3 orders, primarily mentioning spiders,
ants, wasps or ladybeetles. Disproportionate impor-
tance is ascribed to conspicuous, large-bodied, diurnal
organisms and vertebrates (e.g. birds, frogs), in line
with existing classification frameworks (Berlin 1992,
Bentley 1992). This fractional recognition of biological
control is long-standing, as reflected in the joint depic-
tion of frogs and locusts within a 5000 year old Egyp-
tian mastaba or in the ancient practice of weaver-ant
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conservation in Asia’s fruit orchards. Yet, it occludes
the role of e.g. more than 65 000 chalcidoid and ich-
neumonoid parasitic wasps in pest control or the
contribution of insect-killing fungi or nematodes.
This deficient ecological literacy can hamper innova-
tion, skew early adopters’ decisions and stifle broader
diffusion of ecologically-based practices (Catalini and
Tucker 2017). On the contrary, a re-established or
firmed appreciation of biological control can amend
farmers’ perception of pest risks and lower chemical
dependency (figure 5), echoing findings from the
across the globe (Abate et al 2000, Morales and Per-
fecto 2000). For instance, strengthening farmers’
knowledge on pests and natural enemies in e.g. Farmer
Field Schools or FFS has resulted in often substantial
reductions of pesticide application (Winarto 2004,
Pretty and Bharucha 2015). This underscores the inti-
mate link between ecological literacy, farmer’s pest
management decisions and broader environmental
impacts.

Psychological, socio-economic and environ-
mental factors all affect farmers’ pest management
behavior (Mills et al 2017, Zhang et al 2018). Habi-
tually, decisions to apply pesticides are not based on
economic rationale, but instead guided by ‘worst case’
scenarios, molded by loss aversion, shaped by peer
pressure or triggered through marketing campaigns by
agrochemical suppliers (Heong and Escalada 1999,
LaCanne and Lundgren 2018). Farmers’ continued
reliance upon pesticides may seem irrational in light of
secondary pest outbreaks, declining returns, question-
able productivity gains, food safety concerns or
increasing pest resistance (Jorgensen et al 2018). Yet, it
can also reflect a ‘cognitive handicap’ that pulls farm-
ers away from ecologically-based options such as bio-
logical control and reinforces their dependency upon
chemical solutions (Huang et al 2018). To remediate
the above, deliberate efforts are required to measure
and monetize insect biological control, internalize its
benefits in farming operations, and duly communicate
those to growers (Naranjo et al 2015, Sandhu et al
2015). Regulatory frameworks also need to be adapted
—especially in developing countries—as to prevent
pesticides from being sold as ‘fast moving consumer
goods’.

Participatory approaches such as FFS or China’s
Science and Technology Backyard (STB) platforms
engage farmers in observation-based learning and
boost their ability to recognize natural enemies and
value biological control services (Pretty et al 2018).
Schemes have also been designed to strengthen social
capital, maximize inter-personal knowledge transfer
and stimulate farmers’ individual or collective innova-
tive capacity (Schut et al 2014). To advance these
initiatives, one option to consider is re-routing a frac-
tion of the world’s ¥4 trillion dollar annually in agri-
cultural subsidies to agro-ecological education,
awareness-raising and interpersonal practice-sharing
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(De Snoo et al 2013, Poore and Nemecek 2018), and to
actively pursue reforms in pesticide regulation.

Agricultural research in the developing world
may equally have to adapt to meet the Anthropocene
challenges: overall, research has to become suffi-
ciently anchored in the needs and priorities of farm-
ers (Altieri 2004, Geertsema et al 2016), take into
account their management style to enable capitaliz-
ing on farmers’ innovativeness (Brodt et al 2004, Cui
et al 2018), go to greater lengths in bolstering their
adaptive capacity, propose ecological principles
instead of ‘ready-made’ recipes (Simane et al 2018),
and transition towards more effective nodular,
decentralized structures (MacMillan and Ben-
ton 2014). By doing so, farmers can fully take partina
virtuous cycle of adaptive co-design of resource-effi-
cient and revenue-generating agricultural practices.
Indeed, farmers are ‘born experimenters’, have an
exceptional capacity for innovation and ability to
mold farming techniques to variable, unpredictable
and risk-prone environments (Chambers et al 1989).
Helping farmers rediscover the ‘things that matter’
can put them in a lead position to preserve our com-
mon heritage, drive agricultural transitions and
tackle several of the Anthropocene challenges.
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