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Synopsis  Locust phase polyphenism, a classic example of phenotypic plasticity, has been studied for over a century, gen-
erating an extensive body of literature. However, a quantitative synthesis of the field’s structure, evolution, and disparities has
been lacking. Here, we present the first comprehensive bibliometric analysis of locust phase polyphenism research, quantitatively
mapping its intellectual structure, collaborative networks, and thematic evolution. Analyzing 400 peer-reviewed primary studies
published from 1921 through February 2025, we reveal a field at a critical inflection point. Publication trends demonstrate ro-
bust growth since the 1990s, reflecting the refinement of classical methods and the emergence of molecular and neurobiological
approaches. However, this expansion rests upon a narrow foundation: research concentrates almost exclusively on two model
species—Schistocerca gregaria and Locusta migratoria—while ecologically important non-model taxa remain critically understudied.
Co-authorship network analysis exposes significant geographical disparities: research leadership concentrates in a small number
of countries (UK, China, Japan, Belgium, Israel, Kenya, Germany, and USA), while most other locust-affected regions across the
Sahel, the Horn of Africa, and the Middle East remain peripherally integrated. Keyword co-occurrence mapping identifies critical
thematic blind spots within the phase polyphenism literature, including a complete absence of explicit climate change framing and
limited representation of socioeconomic dimensions and non-model species. The field thus exhibits a notable disconnect: deep
mechanistic knowledge of how phase change occurs exists alongside limited understanding of when and why outbreaks occur
under changing environmental conditions. Transformative advances require strategic reorientation: from model-organism focus
to comparative ecology, from episodic collaboration to equitable partnership with range-state scientists, from descriptive mech-
anism to functional validation, and from neglected frontiers (microbiome, epigenetics, and climate) to systematic investigation.
This bibliometric mapping provides an evidence-based framework to guide future research toward greater impact on global food
security.

Resumen  El polifenismo de fases en langostas, un ejemplo cldsico de plasticidad fenotipica, ha sido estudiado durante més
de un siglo, lo que ha generado una extensa literatura cientifica. Sin embargo, atun se carece de una sintesis cuantitativa sobre
la estructura, evolucién y disparidades de estecampo. Aqui presentamos el primer analisis bibliométrico exhaustivo sobre la in-
vestigacion del polifenismo de fases en langostas, mapeando cuantitativamente su estructura intelectual, redes de colaboracién
y evolucién temdtica. Analizando 400 estudios primarios revisados por pares publicados desde 1921 hasta febrero de 2025, reve-
lamos el campo en un punto de inflexién critico. Las tendencias de publicacién demuestran un crecimiento robusto desde la década
de 1990, reflejando el refinamiento de métodos clésicos y el surgimiento de estudios con enfoques moleculares y neurobiolégicos.
Sin embargo, esta expansion se asienta sobre un fundamento estrecho: la investigacién se concentra casi exclusivamente en dos
especies modelo—Schistocerca gregaria y Locusta migratoria—mientras que otros taxones no-modelo ecolégicamente importantes
permanecen criticamente subestudiados. El analisis de redes de coautoria expone disparidades geogrificas significativas: el lider-
azgo en investigacion se concentra en un pequeiio nimero de paises (Reino Unido, China, Japon, Bélgica, Israel, Kenia, Alemania,
EE. UU.), mientras que la mayoria de otras regiones afectadas por langostas como lo son el Sahel, el Cuerno de Africa y el Medio
Oriente permanecen integradas periféricamente. El mapeo de co-ocurrencia de palabras clave identifica diversos vacios tematicos
criticos en la literatura sobre el polifenismo de fases, incluyendo la ausencia total de un marco explicito sobre cambio climatico y
una representacién limitada de las dimensiones socioeconémicas y de especies no-modelo. Este campo presenta, por tanto, una de-
sconexién notable: existe un conocimiento mecanistico profundo sobrecémo ocurre el cambio de fase, pero sigue siendo limitado
el entendimiento de cuidndo y por qué se producenlos brotes bajo condiciones ambientales cambiantes. Avances transformativos
requieren de una reorientacién estratégica: desde el enfoque centrado en organismos modelo hacia la ecologia comparativa; desde
la colaboracién episédica hacia una asociacién equitativa con cientificos de los paises del drea de distribucién de las plagas; desde

© The Author(s) 2026. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. This is an Open Access
article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

920z A\ 1 uo Jasn AiebBuny ‘uadaigaq Jo AlsIaAluN ‘SaIpniS ueduBwYy pue ysiibug jo aynysu| ay} jo Ateiqi] Aq L$£0/298/8106eq0/ | /g/9191uE/go1/W 09 dno-dlwapeoe//:sdyy wol papeojumoq


https://academic.oup.com/iob
https://doi.org/10.1093/iob/obag018
mailto:diribafufa2@gmail.com
https://creativecommons.org/licenses/by/4.0/

D. F. Serdo and Z. Németh

mecanismos descriptivos hacia la validacién funcional; y desde fronteras poco exploradas (microbioma, epigenética,
clima) hacia una investigacion sistemdtica. Este mapeo bibliométrico proporciona entonces, un marco basado en ev-
idencia para guiar investigaciones futuras hacia un mayor impacto en la seguridad alimentaria global.

Introduction

Locusts are species of short-horned grasshoppers
(Orthoptera: Acrididae) exhibiting a pronounced,
density-dependent phenotypic plasticity known as phase
polyphenism. This adaptive mechanism enables the
formation of large migratory swarms capable of causing
substantial economic damage and posing significant
challenges to food security across Africa, the Middle
East, Asia, and Australia (Simpson et al. 1999; Simpson
and Sword 2008; Pener and Simpson 2009; Cullen
et al. 2017). The core feature of this polyphenism is
the transition from a solitarious, cryptic individual
into a gregarious one attracted to conspecifics, result-
ing in cohesive nymphal bands and migratory adult
swarms. This transformation involves coordinated
changes across behavior (Roessingh et al. 1993; Buhl
et al. 2006; Anstey et al. 2009; Gray et al. 2009; Rogers
et al. 2014), morphology (Dirsh 1951; Albrecht and
Blackith 1957; Symmons 1969; Maeno et al. 2004),
physiology (Ayali and Pener 1992; Fuchs et al. 2003),
neurobiology (Matheson et al. 2004; Ott and Rogers
2010), endocrinology (Pener and Lazarovici 1979; Dale
and Tobe 1988; Tanaka 2000a; Tawfik et al. 2000),
molecular biology (Kang et al. 2004; Chen et al. 2010;
Badisco, Ott et al. 2011; Bakkali et al. 2024), and ecology
(Collett et al. 1998; Despland et al. 2000, 2004; Babah
and Sword 2004). This change is triggered primarily
by population density (Pener and Simpson 2009), with
other environmental conditions—including resource
distribution, humidity, temperature, and substrate color
(Ellis 1964; Collett et al. 1998; Despland and Simpson
2000a; Tanaka 2003; Babah and Sword 2004; Maeno and
Tanaka 2007; Tanaka et al. 2012)—acting as modulating
factors that influence the expression and threshold of
density-dependent responses.

Since Boris Uvarov’s foundational phase theory in
1921 (Uvarov 1921), extensive research has elucidated
these complex mechanisms resulting in over a thousand
publications. This extensive research has been synthe-
sized in numerous authoritative reviews (Kennedy 1956;
Pener 1991; Simpson et al. 2005; Tanaka 2006; Pener
and Simpson 2009; Simpson and Sword 2009; Sword
etal. 2010; Song 2011; Wang and Kang 2014; Ernst et al.
2015; Cullen et al. 2017; Ayali 2019; Pfliiger and Briu-
nig 2021; Guo and Kang 2025). However, while most
previous work has focused on presenting specific aspects
or ideas by way of reviewing the relevant literature, the
current study is a systematic and quantitative analysis of
the research landscape. It examines the field’s historical

development, collaborative networks, thematic priori-
ties, and, crucially, its blind spots—a comprehensive ap-
proach notably lacking in existing studies. By employ-
ing bibliometric analysis, we identify key research trends,
emerging topics, and the impact of seminal works. These
insights are crucial for recognizing biases, highlighting
neglected areas, and guiding future research to address
scientific and societal challenges.

While the frequency and scale of locust outbreaks
have generally decreased due to improved monitoring
and control methods, recent decades have witnessed
severe outbreaks—most notably the 2019-2021 East
African crisis—raising concerns that climate change
and land-use transformations may be reversing these
gains and intensifying outbreak dynamics. Addressing
these threats effectively depends not only on scientific
discoveries but also on the structure of the scientific
enterprise that produces them. Key questions include: Is
research aligned with pressing needs? Are studies con-
ducted in relevant locations? Is knowledge co-produced
with affected communities? To address these issues,
this study employs bibliometric analysis of the locust
phase polyphenism literature to (1) map the historical
trends and evolution of the field; (2) analyze global
research networks and collaboration patterns, identify-
ing geographical disparities; (3) identify dominant and
emerging thematic focuses through keyword analysis
to pinpoint critical knowledge gaps; and (4) provide
evidence-based recommendations to reorient research
priorities. The findings aim to inform policymakers,
research funders, and scientific project leaders seeking to
foster a more strategic, equitable, and transdisciplinary
research environment.

Methodology
Literature search strategies

A systematic literature search was conducted in accor-
dance with the PRISMA 2020 guidelines (Page et al.
2021). Searches were performed across three electronic
databases, including PubMed, Web of Science Core Col-
lection, and Scopus. The search encompassed all publi-
cations indexed in the selected databases prior to Febru-
ary 2025, with no start date restriction. The search
strategy utilized comprehensive nested Boolean oper-
ators, combining three core term categories following
a systematic approach to search strategy development
(Bramer et al. 2018). These terms included: population
terms (“locust” OR “Schistocerca” OR “Locusta migratoria’
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OR “Nomadacris” OR “Chortoicetes” OR “Austracris”),
phenomenon terms (“phase polyphenism” OR “phase
polymorphism” OR “phase change” OR “phase transi-
tion” OR “phenotypic plasticity” OR “density-dependent”
OR “gregari” OR “solitar,” “phase characteristic”), and
trait/outcome terms (“behavi” OR “morphometr” OR,
“colo” OR “pheromone” OR “juvenile hormone” OR
“corazonin” OR “serotonin” OR “transcriptom” OR
“microbiome”). Search strings were adapted for each
database’s specific syntax and controlled vocabularies.
The exact search terms applied to each database are pro-
vided in Supplementary File 1. Search results were lim-
ited to studies published in English due to resource con-
straints. To ensure comprehensive coverage, particularly
of older seminal studies that may not be easily captured
through database searches, we supplemented database
searches with backward and forward citation tracking of
key seminal papers identified during the initial search.
Eligibility criteria

Studies were assessed against predefined eligibility
criteria. Eligible studies included all locust species
documented to exhibit density-dependent phase
polyphenism, following the species lists provided in
Song (2011) and Cullen et al. (2017), which distinguish
true locusts from swarming grasshoppers without a con-
firmed phase change. Eligible interventions or exposures
encompassed any condition that alters or defines phase
state, including but not limited to crowding, sensory
stimulation, hormonal application, genetic or epigenetic
manipulations, or dietary change. A required compara-
tor was a control or contrasting group essential for
defining phase differences, such as gregarious (crowded)
versus solitarious (isolated). Eligible outcomes included
any measurable phase-related trait across behavioral,
morphological, physiological, molecular, epigenetic, mi-
crobial, life-history, and theoretical categories. Eligible
study designs were primary research articles, includ-
ing laboratory experiments, field experiments, and
observational cohort studies. Theoretical models and
simulations were included only if they tested hypothe-
ses against primary empirical data. Narrative reviews,
editorials, opinion pieces, and studies lacking primary
data were excluded. Furthermore, primary studies on
locusts that did not investigate phase-related traits or
incorporate a density-dependent component as a central
variable were excluded.

Screening and data extraction process

Duplicate records were removed using Mendeley Desk-
top (version 1.19.8). Following duplicate removal, two
reviewers independently screened the titles and abstracts
of all remaining unique records against predefined inclu-
sion and exclusion criteria. At this stage, records were

excluded if they clearly did not investigate locust phase
polyphenism or lacked a density-dependent component.
Full texts of all potentially eligible records were then
retrieved. Two reviewers independently assessed each
full text against the full eligibility criteria, document-
ing reasons for exclusion. At this stage, records were
excluded if they lacked a phase polyphenism focus, did
not include an appropriate comparator, or were con-
firmed not to be primary research after full-text review.
To ensure comprehensive coverage, particularly of older
seminal studies, backward and forward citation track-
ing of key papers identified during full-text assessment
was conducted; additional studies identified through this
cross-referencing underwent the same two-stage screen-
ing process. From the final set of included studies,
two reviewers independently extracted metadata using a
standardized, pilot-tested form, including bibliometric
details (authors, publication year, affiliated countries,
and journal), study characteristics (locust species, life
stage, and primary research focus), methodological de-
tails (experimental design, sample size, and treatment
groups), key findings, and thematic categorization. The
extracted data were exported in RIS and Excel formats
for subsequent bibliometric analysis.

Data analysis

The bibliometric analysis was conducted using R (v4.5.0)
for data processing, statistical computation, and visu-
alization of publication trends, alongside VOSviewer
(v1.6.20) for constructing and visualizing bibliomet-
ric networks. Prior to analysis, metadata from the fi-
nal corpus underwent systematic standardization. This
involved disambiguating author names, standardizing
journal names to their full official titles, and apply-
ing a comprehensive thesaurus to author keywords. For
studies where author keywords were not provided, rel-
evant terms were extracted from titles and abstracts
and used as proxy keywords. The keyword thesaurus
merged singular and plural forms, standardized different
writing formats (e.g., unifying “density dependent” and
“density-dependent”), harmonized closely related terms
(e.g., grouping “density dependent phase polyphenism”
under “phase polyphenism”), and standardized spelling
to American English (e.g., colour to color, behaviour
to behavior). The standardized dataset was then sub-
jected to (1) productivity analysis to examine publica-
tion trends over time, (2) co-authorship analysis to map
collaboration networks between countries and individ-
ual researchers, and (3) keyword co-occurrence analysis
to identify the frequency and relationships among terms,
thereby mapping the field’s intellectual structure. Further
analyses identified leading countries by first-author and
total authorship counts, explored thematic distributions
across countries, and highlighted core journals.
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Fig. 1 PRISMA flow diagram illustrating the systematic literature search and screening process. The diagram documents the four-stage
process (identification, screening, eligibility, and inclusion) from the initial database search, and cross-referencing to the final studies

included in the bibliometric dataset.

Results

Literature search results and study
characteristics

Our systematic search initially identified 2011 docu-
ments. After the removal of 682 duplicates, 1329 records
were screened at the title and abstract level, resulting
in the exclusion of 847 records that did not meet ini-
tial eligibility criteria. Full texts of the remaining 482
potentially eligible records were retrieved and assessed,
leading to the exclusion of 164 records for reasons in-
cluding lack of phase polyphenism focus, absence of
an appropriate comparator, or non-primary study de-

sign. Cross-referencing of seminal papers identified an
additional 82 studies, which underwent the same two-
stage screening process; all 82 met the eligibility cri-
teria (Fig. 1). The final bibliometric dataset therefore
consisted of 400 unique, peer-reviewed primary stud-
ies on locust phase polyphenism, published from 1921
through February 2025. The inclusion of 2025 pub-
lications reflects those indexed up to February 2025;
therefore, the count for 2025 is partial and should
be interpreted as a lower bound of that year’s out-
put. This corpus forms the basis for all subsequent
analyses.
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Fig. 2 Trends in annual publications on locust phase polyphenism research from 1921 through February 2025.

Publication trends over time (1921-2025)

The publication trajectory of locust phase polyphenism
research reveals three distinct periods (see Fig. 2), each
characterized by a different growth pattern reflecting
shifts in research paradigms, methodological capabili-
ties, institutional infrastructure, and global coordination.
From 1921 to 1950, annual publications remained low
and flat, reflecting a field in its infancy following the
formulation of phase theory: the concept required val-
idation, no dedicated research institutions yet existed,
and mechanistic tools were lacking. From 1950 to 1990,
publication output increased at a moderate rate. This
shift coincided with the institutionalization of locust
research through dedicated centers such as the Anti-
Locust Research Centre (ALRC) in London and with
expanded global coordination by the Food and Agricul-
ture Organization (FAO). It also reflected the applica-
tion of classical approaches, including behavioral obser-
vations and endocrinology. However, growth remained
gradual due to the limited throughput and resolution
of these methods. From 1990 to 2025, publication out-
put increased dramatically. This acceleration reflects two
key developments: the refinement of classical methods
into quantitative, high-throughput tools and the emer-
gence of molecular technologies (genomics, transcrip-
tomics, and neurochemistry) alongside interdisciplinary

approaches linking individual behavior to collective phe-
nomena. Together, these trends show a clear transition
from descriptive validation to mechanistic and integra-
tive, multiscale understanding enabled by modern tech-
nologies.

Global research landscape and collaborative
networks

Productivity and leadership by country

Analysis of author affiliations reveals a globally dis-
tributed but highly stratified research landscape. Figure 3
presents two complementary metrics: first-author con-
tributions and total authorship instances. First-author
contributions are used as an indicator of primary con-
tribution to individual studies, while recognizing that
authorship conventions vary across disciplines and col-
laborative contexts. Total authorship instances reflect
overall participation and collaboration volume. The
relationship between these two metrics provides in-
sight into national research organization, distinguish-
ing leadership-oriented systems from participation-
dominated or highly collaborative structures.

United Kingdom (UK): The UK ranks first in first-
author contributions (91 authors, 22.8%) and sec-
ond in total authorship instances (249, 14.7%). This
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(A)
UK 91 (22.8%)
China 61 (15.2%)
Japan 58 (14.5%)
Belgium
Kenya
Israel
Germany 17 (4.2%)
Australia 16 (4%)
France 14 (3.5%)
USA 12 (3%)
0 3I0 6I0 9.0
Count
(B)
China 436 (25.8%)
UK 249 (14.7%)
Belgium 209 (12.3%)
Japan 146 (8.6%)
Kenya 97 (5.7%)
Germany 88 (5.2%)
Israel 81 (4.8%)
USA 64 (3.8%)
Australia 63 (3.7%)
France 62 (3.7%)
0 100 200 300 400 500

Count

Fig. 3 Country-level authorship distribution based on primary affiliation. (A) Top ten countries by count of first authors: This figure ranks
countries based on the total number of unique first authors whose primary affiliation is in that country. Each researcher is counted once,
based on their primary institutional affiliation at the time of publication. (B) Top ten countries by count of all authors: This figure ranks
countries based on the total number of unique authors whose primary affiliation is in that country, regardless of author position (first,
co-author, or last). This metric reflects the overall participation volume.
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positive rank differential (41) indicates a leadership-
skewed authorship structure, where UK-based re-
searchers disproportionately drive study design rather
than participating primarily as collaborators. Histor-
ically, the UK functioned as a foundational intellec-
tual hub for locust phase theory. Early work estab-
lished the conceptual framework of phase polyphenism
(Uvarov 1921; Uvarov and Hamilton 1936), followed
by systematic characterization of behavioral, phys-
iological, and morphometric phase traits. Key ad-
vances included the formulation of phase indicators
and experimental demonstration of density-dependent
and parental effects on phase expression. Field-based
ecological studies proposed a three-stage gregariza-
tion process—concentration, aggregation, and behav-
ioral gregarization—driven by vegetation structure and
microclimatic conditions (Kennedy 1939). Quantitative
morphometrics were formalized through the F/C (fe-
mur length/head width) ratio as a reliable phase char-
acter (Dirsh 1951), while multigenerational experiments
demonstrated that parental crowding influences off-
spring phenotype but can be overridden by nymphal
rearing density (Hunter-Jones 1958).

From the mid-20th century onward, UK research di-
versified into interconnected domains, including behav-
ior, physiology, and social organization. Environmental
modulation of phase traits, particularly temperature and
humidity effects on morphology and coloration, was sys-
tematically characterized (Dudley 1964). A sustained ex-
perimental program established the behavioral basis of
phase change (Ellis 1959a, 1959b, 1963a, 1963b, 1964;
Ellis and Carlisle 1961; Ellis and Pearce 1962), while par-
allel studies clarified reproductive physiology and en-
docrine regulation (Norris 1962, 1964; Norris and Pener
1965). Social and population-level processes were further
examined through long-term investigations of aggrega-
tion and group dynamics (Gillett 1972, 1973a, 1973b,
1975, 1983, 1988; Gillett and Gonta 1978), and popula-
tion dynamics modeling (Cheke 1978; Holt and Cheke
1996). Research on transgenerational effects demon-
strated that parental phase, crowding during mating and
oviposition, and nymphal rearing density all exert cumu-
lative gregarizing effects on offspring behavior and col-
oration (Islam et al. 1994a, 1994b; Bouaichi et al. 1995).
Subsequent work identified a gregarizing factor in egg
pod foam and localized it to the female accessory glands
(McCaffery et al. 1998; Higele et al. 2000), and gut bacte-
ria were shown to produce the phenolic components of
the cohesion pheromone (Dillon et al. 2002). Maternal
phase effects were further linked to endocrine regulation,
with gregarious females depositing 5- to 10-fold higher
ecdysteroid levels in eggs than solitary females (Higele
et al. 2004).

The UK research has also developed an integrative
neuroethological framework linking sensory input to be-

havioral phase transition. Foundational work established
a quantitative behavioral phase index based on multi-
ple parameters, including locomotion, grooming, and
attraction to conspecifics (Roessingh et al. 1993), en-
abling precise measurement of phase state and its tem-
poral dynamics (Roessingh and Simpson 1994). System-
atic dissection of sensory modalities demonstrated that
mechanical stimulation is a powerful gregarizing stim-
ulus, with visual and olfactory cues also contributing
(Hégele and Simpson 2000). Experimental work further
demonstrated that tactile stimulation of the hind femur
acts as a primary trigger of gregarization (Simpson et al.
2001; Rogers et al. 2003), with serotonin identified as
a key mediator of rapid behavioral switching (Rogers
et al. 2004; Anstey et al. 2009). In parallel, the UK re-
search has advanced the understanding of neural plas-
ticity and proprioceptive processing, providing mecha-
nistic insight into how sensory information is integrated
at the neural level (Matheson et al. 2004; Rogers et al.
2007, 2010; Blackburn et al. 2010; Ott and Rogers 2010;
Ott et al. 2012; Mallon et al. 2016). Biomechanical anal-
yses further revealed that solitarious locusts possess en-
hanced jumping performance due to larger femoral mus-
cle volume and more compliant energy-storage struc-
tures (Rogers et al. 2016).

At the collective level, the UK-led studies have es-
tablished fundamental principles of swarm behavior.
These include the identification of a density-dependent
transition from disordered movement to coordinated
marching (Buhl et al. 2006), the role of nutritional state
in modulating social interaction and swarm formation
(Bazazi et al. 2011), and theoretical models explaining
density-dependent aggregation through predator-prey
interactions (Reynolds et al. 2009). Complementary re-
search has linked behavioral phase change to landscape
structure, demonstrating how resource distribution and
vegetation patterns influence aggregation dynamics and
gregarization thresholds (Bouaichi et al. 1996; Collett
et al. 1998; Despland and Simpson 2000a, 2000b, 2005a,
2005b, 2006; Despland et al. 2000; Despland 2001, 2003;
Despland et al. 2004). Additional work has explored
predator—prey dynamics, demonstrating that gregarious
coloration functions as aposematic warning coloration
when locusts sequester toxins from host plants (Sword
et al. 2000), as well as nutritional regulation of phase-
related traits (Simpson et al. 2002). Pathogen interactions
and transgenerational immune effects have also been ex-
amined (Wilson et al. 2002; Elliot et al. 2003, 2005). The
UK has extensive international collaboration networks,
particularly with Australia, the USA, France, Germany,
and Belgium.

China: China ranks second in first-authorship (61
authors, 15.2%) and first in total authorship (436 in-
stances, 25.8%), with a total-to-first-author ratio of
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7.1—the highest among all major research nations. This
profile reflects a highly collaborative, large-team, and
programmatically organized research system, in which
coordinated efforts drive large-scale, mechanistic inves-
tigation rather than individual or small-group leadership.
Research from China has established a comprehensive
molecular and systems-level dissection of locust phase
polyphenism. Early work laid the foundation through
the development of genomic and transcriptomic re-
sources, including EST sequencing (Kang et al. 2004),
small RNA profiling (Wei et al. 2009), developmental
transcriptomics (Chen et al. 2010), and retroelement
characterization (Jiang et al. 2012). The first locust
genome was subsequently sequenced and analyzed,
revealing expanded gene families and methylation-
mediated synaptic plasticity underlying phase change
(Wang et al. 2014). Early functional work using these
resources identified the catecholamine pathway, particu-
larly dopamine, as critical for behavioral phase transition
(Ma et al. 2011).

These resources enabled the identification of regula-
tory layers underlying phase change, particularly epige-
netic mechanisms involving DNA methylation and small
RNA networks associated with phase memory (Guo
et al. 2011; Yang et al. 2014; Chen, He et al. 2015; Guo
et al. 2015; Hou et al. 2015, 2017; Guo, Ma et al. 2018,
2020). Subsequent research has focused on mechanis-
tic dissection of signaling pathways and gene function.
Molecular cloning and expression studies identified key
regulatory components, including heat shock proteins
(Wang et al. 2007), the I element (Guo et al. 2010), and
histone-modifying enzyme systems (Guo et al. 2016).
Functional studies demonstrated that dopamine signal-
ing plays a central role in phase transition, with dis-
tinct dopamine receptors contributing differentially to
behavioral change (Guo et al. 2015), and that microRNA-
mediated regulation (e.g., miR-133 and miR-9a) modu-
lates aggregation behavior and olfactory attraction (Yang
et al. 2014; Guo, Ma et al. 2018). Additional work iden-
tified key signaling pathways such as cAMP response
element-binding protein B (CREB-B) in locomotor plas-
ticity (Hou et al. 2019) and Dnmt3 in behavioral phase
regulation (Hou et al. 2020), as well as the involvement
of long noncoding RNAs (Li, Chen et al. 2020).

China’s research has also made major contributions
to sensory biology and chemical ecology at the molec-
ular level. The identification of 4-vinylanisole as an
aggregation pheromone detected by OR35 provided a
direct link between chemical signaling and collective be-
havior (Guo, Yu et al. 2020), and subsequent studies
demonstrated its role in sexual maturation synchrony
and conspecific interaction (Chen, Hou et al. 2022; Yang
et al. 2023). Additional pheromonal systems, including
dibutyl phthalate as a phase-specific sex pheromone (Cui
et al. 2024), and functional characterization of odorant-
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binding proteins and olfactory receptors (Wang et al.
2015; Guo, Ren et al. 2018), further established a de-
tailed molecular architecture of olfactory-driven phase
change. Hormonal regulation has also been integrated
into this framework, with juvenile hormone shown to
suppress aggregation via antennal gene expression (Guo,
Song et al. 2020) and octopamine and tyramine identi-
fied as regulators of attractive and repulsive behaviors,
respectively (Ma et al. 2015).

Beyond signaling pathways, Chinese research has
extended into broader physiological domains, includ-
ing metabolism, development, and immune regulation.
Studies identified carnitines as key metabolic regulators
of phase transition (Wu et al. 2012) and Syntaxin 1A as
a modulator of sexual maturation and egg size (Chen,
He et al. 2015), and COP9 signalosome complex subunit
7A (CSN7A) as essential for phase transition through
proteomic analysis (Tong et al. 2015). Work on pig-
mentation revealed a 8-carotene-binding protein regu-
lating body-color transition (Yang et al. 2019) and spa-
tial regulation of the activation of transcription factor 2
(ATF2) phosphorylation, contributing to warning col-
oration (Kang et al. 2023). Additional studies demon-
strated phase-dependent immunity (Wang et al. 2013,
2022); microbiological interactions, including the role
of Paranosema locustae (Shi et al. 2014; Feng et al. 2015;
Li, Yin et al. 2020); and parental effects on cold hardi-
ness (Wang et al. 2012). Recent work has increasingly
emphasized functional validation and systems integra-
tion. Gene-editing approaches have enabled causal test-
ing of candidate genes (Li et al. 2016; Guo, Song et al.
2020; Chen, Tong et al. 2022; Wang et al. 2022; Cui
et al. 2024), while translational and posttranscriptional
regulation has been implicated through ribosomal pro-
tein divergence (Li et al. 2023) and N°-methyladenosine
(m°®A)-mediated neural pathways controlling aggrega-
tion (Huang et al. 2024). Parental crowding was also
shown to synchronize progeny egg hatching via en-
hanced nuclear export of miR-276 in oocytes (Zhu et al.
2024). Studies have also expanded into species-level and
ecological contexts, including density-dependent devel-
opmental regulation (Shen et al. 2024) and phase transi-
tion in Mongolian locust (Oedaleus asiaticus) under high-
density stress (Guo et al. 2022). Chinese researchers have
international collaborations with partners in the USA,
Germany, and Spain.

Japan: Japan ranks third in first-authorship (58 au-
thors, 14.5%) and fourth in total authorship (146 in-
stances, 8.6%), with a total-to-first-author ratio of 2.5—
the lowest among major research nations. This pro-
file reflects a small-team, investigator-driven research
system, characterized by sustained individual research
trajectories and relatively limited co-authorship per
publication. Japanese research has been particularly
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influential in establishing the endocrine and develop-
mental basis of phase polyphenism. Early studies demon-
strated the effects of photoperiod and density on repro-
ductive traits (Tanaka et al. 1993), and identified the
genetic basis of albinism as a single recessive locus in-
volving juvenile hormone and corpora cardiaca factors
(Hasegawa and Tanaka 1994). A major breakthrough
was the discovery of a dark-color-inducing neuropeptide
from the corpora cardiaca (Tanaka and Pener 1994), later
chemically identified as [His”]-corazonin (Tawfik et al.
1999), providing one of the first phase-specific neuroen-
docrine regulators in locusts.

Subsequent work systematically characterized the role
of corazonin in body-color polymorphism, including its
dose- and timing-dependent effects, phylogenetic dis-
tribution across insect taxa, and interaction with ju-
venile hormone (Tanaka 2000a, 2000b, 2000c). This
endocrine framework was extended through studies of
environmental modulation, including temperature ef-
fects (Tanaka 2003), morphometric and sensory regu-
lation via antennal sensilla (Maeno and Tanaka 2004;
Maeno et al. 2004), and induction of gregarious traits
through corpus cardiacum extracts (Tanaka 2007). Field
validation linked these mechanisms to natural out-
breaks, demonstrating corazonin-associated phase shifts
under ecological conditions (Tanaka et al. 2010). Mid-
instar nymph responses to crowding were characterized
(Tanaka et al. 2016), while long-term monitoring con-
firmed the robustness of morphometric phase indicators
(Tanaka 2022, 2024).

A defining feature of the Japanese research program is
its detailed analysis of maternal and transgenerational ef-
fects. Studies demonstrated that parental phase state in-
fluences progeny size, number, and coloration (Maeno
and Tanaka 2008a, 2008b, 2008c; Tanaka and Maeno
2008), with cumulative transgenerational phase effects
(Maeno and Tanaka 2009a). Experimental manipulation
revealed mechanisms of maternal regulation, includ-
ing artificial egg miniaturization (Maeno and Tanaka
2009b), hormonal control via juvenile hormone (Maeno
and Tanaka 2009c), and density-dependent developmen-
tal pathways such as extra molting (Maeno and Tanaka
2010a). A sensitive maternal stage mediating epigenetic
transmission of phase traits was also identified (Maeno
and Tanaka 2010b).

Japanese researchers have further dissected environ-
mental and sensory triggers of phase change with high
experimental precision. Work demonstrated that phase-
specific responses can be induced by tactile stimuli
(Maeno et al. 2011), contact chemicals and light (Maeno
and Tanaka 2012), and visual stimuli alone (Tanaka and
Nishide 2012). Substrate color was identified as a pri-
mary determinant of body-color polyphenism (Tanaka
etal. 2012), highlighting the importance of environmen-
tal context in developmental regulation. Additional stud-

ies examined phase-dependent feeding behavior (Maeno
and Tanaka 2011), density-dependent mating systems
(Maeno et al. 2021), and resource allocation strategies fa-
voring egg size over clutch size (Maeno et al. 2022), link-
ing developmental plasticity to life-history evolution.

Field-based and ecological work has complemented
laboratory findings, particularly through long-term stud-
ies in Africa. These include demonstrations of crowding-
induced egg size manipulation under natural conditions
(Maeno et al. 2013, 2020), as well as analyses of em-
bryonic development as a function of egg size (Maeno
et al. 2023). Additional contributions include studies of
overwintering biology (Yamagishi and Tanaka 2009),
regional gregarization dynamics (Shimizu et al. 2012),
genetically determined wing dimorphism (Nishide and
Tanaka 2013), and species-specific egg hatching strate-
gies (Nishide et al. 2015; Nishide and Tanaka 2016).
At the molecular level, Japanese research has validated
and extended endocrine mechanisms using modern tech-
niques. RNA interference confirmed the role of cora-
zonin in black pattern formation (Sugahara et al. 2015),
while subsequent studies showed constitutive expression
of the corazonin gene (Sugahara et al. 2016), identified
pathway defects in albino mutants (Sugahara et al. 2017),
and characterized downstream transcriptional regulators
(Sugahara et al. 2018). The interaction between cora-
zonin signaling and pigmentation pathways was fur-
ther refined through analysis of yellow protein expres-
sion (Sugahara and Tanaka 2018). Japanese researchers
have extensive international collaborations with Bel-
gium, France, Israel, and African countries, including
Mauritania, Mali, Kenya, and Morocco.

Belgium: Belgium ranks fourth in first-authorship (30
authors, 7.5%) and third in total authorship (209 in-
stances, 12.3%), with a total-to-first-author ratio of 7.0—
comparable to China. This profile reflects a highly col-
laborative, large-team research system, but one that is
distinct in its role as a functional and translational in-
termediary between molecular discovery and organism-
level biology. Belgian research has been central to the
systematic characterization of the locust neuroendocrine
system, particularly through large-scale peptidomic and
neurochemical mapping. Early work produced one of
the first comprehensive catalogs of the locust neuropep-
tidome, revealing phase-dependent differences in pep-
tide expression and establishing a molecular inventory
of the insect brain (Baggerman et al. 2001; Clynen
et al. 2002, 2006). This effort included the annota-
tion of novel neuropeptide precursors and the identi-
fication of phase-specific peptide profiles (Clynen et al.
2006), providing a foundational resource for subsequent
functional studies. Building on this descriptive frame-
work, Belgian researchers identified and characterized
multiple neuropeptide systems associated with phase
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change, as well as the first brain-specific phase-related
genes (Rahman, Vandingenen et al. 2003). These in-
clude neuroparsins (Claeys et al. 2005, 2006; Badisco
et al. 2008; Badisco, Huybrechts et al. 2011; Badisco, Ott
et al. 2011), pacifastin-related precursors (Breugelmans
et al. 2008), and additional phase-specific peptides, in-
cluding a 6-kDa phase-related peptide (Rahman et al.
2002, 2008; Rahman, Baggerman et al. 2003; Rahman,
Vandingenen et al. 2003) and the characterization of yel-
low protein regulation by a peptidergic brain factor (Sas
et al. 2007). This body of work established a detailed
molecular landscape of neuroendocrine signaling under-
lying phase polyphenism.

A defining transition in the Belgian research program
is the shift from descriptive molecular cataloguing to
functional and mechanistic analysis. This is exemplified
by studies that cloned and deorphanized biogenic amine
receptors, demonstrating phase-dependent receptor ex-
pression and linking neurochemical signaling directly
to behavioral outcomes (Verlinden et al. 2010). Paral-
lel work investigated the physiological role of [His”]-
corazonin in phase polyphenism, integrating molecular
and endocrine perspectives (Schoofs et al. 2000; Hoste,
Simpson, Tanaka, De Loof et al. 2002; Hoste, Simpson,
Tanaka, Zhu et al. 2002; Hoste et al. 2003, 2006). Belgian
researchers have also contributed to the integration of
epigenetic and genomic approaches. Evidence was pro-
vided that epigenetic mechanisms may precede or inter-
act with endocrine regulation in determining phase state
(Boerjan et al. 2011), suggesting a hierarchical relation-
ship between regulatory systems. Subsequent work com-
bined transcriptomic and genomic analyses to further
characterize phase-dependent gene expression (Badisco,
Huybrechts et al. 2011; Badisco, Ott et al. 2011), cul-
minating in the presentation of the first draft genome
assembly of the desert locust (Verlinden et al. 2020). Ad-
ditional studies demonstrated that expression of the for-
aging gene is modulated by both developmental stage
and nutritional conditions (Tobback et al. 2013), linking
gene regulation to ecological context. Recent work has
extended this integrative approach to sexual selection,
demonstrating that yellow protein-mediated coloration
in gregarious males functions as an intrasexual anti-
harassment signal, working in concert with phenylace-
tonitrile (PAN) to prevent mistaken male-male mount-
ing during high-density scramble mating (Cullen et al.
2022). Belgium has international collaborations, partic-
ularly with the UK, Japan, Germany, South Africa, and
the USA.

Kenya: Kenya ranks fifth in first authorship (27 authors,
6.8%) and fifth in total authorship (97 instances, 5.7%),
with a total-to-first-author ratio of 3.6. This near parity
reflects a balanced research system, in which Kenyan sci-
entists both lead and actively participate in collaborative
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work, rather than occupying purely central or periph-
eral roles. Much of Kenya’s contribution is anchored in
the International Centre of Insect Physiology and Ecol-
ogy (ICIPE), which has developed a strong research pro-
gram focused on chemical ecology, behavior, and applied
pest management. Foundational studies identified aggre-
gation pheromones and semiochemical mechanisms un-
derlying phase-related behavior (Mahamat et al. 1993,
2000; Obeng-Ofori et al. 1993, 1994; Torto et al. 1994,
1996, 1999; Deng et al. 1996; Njagi et al. 1996; Rai et al.
1997; Niassy et al. 1999; Ely et al. 2006; Rono et al. 2008).
These studies established a biochemical and behavioral
framework for understanding locust aggregation in eco-
logically realistic contexts. A key contribution of Kenyan
research is the identification and functional charac-
terization of pheromonal systems linked to reproduc-
tion and phase change. They identified the maturation-
accelerating pheromone and associated physiological
indicators (Mahamat et al. 1993, 2000; Mahamat,
Hassanali, and Ferenz 1997; Munyinyi 1997). Com-
plementary work demonstrated that solitarious females
emit a volatile sex pheromone that attracts males over
distance, indicating that chemical communication me-
diates mate finding even in the low-density phase
(Inayatullah et al. 1994). Rapid shifts in PAN production
in response to density changes were demonstrated (Deng
et al. 1996; Deng 2002), and hemolymph absorbance ra-
tios were established as sensitive indicators of phase state,
particularly in nymphs.

Kenyan researchers have also contributed signifi-
cantly to understanding maternal and transgenerational
signaling mechanisms. The gregarizing signal responsi-
ble for maternal transfer of phase traits was identified as
C-8 unsaturated ketones (Malual et al. 2001), providing
direct evidence of chemical mediation of phase inheri-
tance. Additional work examined mate location mecha-
nisms and phase-specific mating preferences (Ely et al.
2006), as well as biochemical differentiation between
phases, including phase-specific differences in lipid mo-
bilization and adipokinetic hormone sensitivity (Ogoyi
etal. 1996), fat body lipid metabolism (Ogoyi et al. 1998)
and embryo-level biochemical responses to pheromonal
cues (Khamis et al. 2015). Importantly, Kenyan research
is characterized by a strong applied orientation, linking
fundamental discoveries to pest management strategies.
Studies demonstrated phase-independent responses to
aggregation pheromones in adults (Njagi et al. 1996), and
contributed to the development of semiochemical-based
control approaches. Kenya has international partner-
ships with South Africa, the Czech Republic, the USA,
and Ethiopia.

Israel: Israel ranks sixth in first-authorship (24 authors,
6.0%) and seventh in total authorship (81 instances,
4.8%), with a total-to-first-author ratio of 3.4. This
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profile resembles that of the UK in structure, reflecting
a moderately collaborative, leadership-oriented system
with strong emphasis on mechanistic and experimental
approaches. Israeli research has been foundational in es-
tablishing the neuroendocrine regulation of phase tran-
sition and reproduction. Early work elucidated the role
of juvenile hormone and endocrine signaling in phase-
related physiology (Pener 1967; Pener and Lazarovici
1979), laying the groundwork for later studies integrat-
ing hormonal, behavioral, and neural perspectives. Col-
laboration with Japanese researchers led to key advances
in understanding [His”]-corazonin (Tanaka and Pener
1994), highlighting Israel’s role in cross-national en-
docrine research.

Subsequent work expanded into behavioral neuro-
science and neurophysiology, examining the neural ba-
sis of gregarious behavior and collective motion (Ayali
and Pener 1995; Ayali, Golenser et al. 1996; Ayali, Pener,
and Girardie 1996; Ayali, Pener, Sowa et al. 1996; Fuchs
et al. 2003; Ayali et al. 2004; Geva et al. 2010; Guershon
and Ayali 2012; Golov et al. 2018). Notably, short-term
crowding experiments demonstrated that brief exposure
(30 minutes) can induce long-lasting behavioral changes
dependent on protein synthesis, suggesting that phase
transition involves mechanisms analogous to learning
and memory (Geva et al. 2010). Israeli researchers have
also contributed to chemical communication and repro-
ductive biology, particularly through studies of cutic-
ular hydrocarbons and pheromone-mediated signaling
(Heifetz et al. 1994, 1996, 1997, 1998; Applebaum et al.
1997). Structural biology approaches further examined
neuropeptide conformation and function (Shalev et al.
2003), linking molecular structure to physiological ac-
tivity. More recent work has expanded into microbiome
research, demonstrating that phase transition is associ-
ated with shifts in gut and integument microbial com-
munities (Lavy et al. 2019, 2020, 2022). These studies
showed that solitary locusts acquire specific bacterial taxa
upon crowding, suggesting a role for microbial dynamics
in phase plasticity. Israel has international collaborations
with Germany, the UK, and the USA.

Germany: Germany ranks seventh in first-authorship
(17 authors, 4.2%) and sixth in total authorship (88
instances, 5.2%), with a total-to-first-author ratio of
5.2, indicating a moderately collaborative and institu-
tionally structured research system. German research is
distinguished by its strong integration of chemical ecol-
ogy, sensory neurobiology, and computational model-
ing. Early work established foundational insights into
endocrine regulation and physiological differentiation,
including the roles of juvenile hormone and ecdysone
(Schneider and Dorn 1994; Schneider et al. 1995; Wiesel
etal. 1996), as well as phase-specific hemolymph protein

n

expression (Wedekind-Hirschberger et al. 1999). This
was followed by major advances in chemical ecology,
particularly the identification of benzyl cyanide and PAN
as key pheromonal signals involved in courtship inhibi-
tion and social regulation (Seidelmann et al. 2000, 2003,
2005; Seidelmann and Ferenz 2002; Stahr and Seidel-
mann 2016).

Recent high-impact studies have significantly ad-
vanced the mechanistic understanding of olfactory sig-
naling and social behavior. Experimental work com-
bining CRISPR-Cas9 gene editing, behavioral assays,
and neurophysiology demonstrated that gregarious lo-
custs produce PAN as a density-dependent anticanni-
balistic pheromone, detected via the olfactory recep-
tor LmOR70a, which suppresses conspecific cannibalism
(Chang, Cassau et al. 2023). Complementary research
showed that locust olfactory systems exhibit low redun-
dancy, with narrowly tuned odorant receptors that en-
code phase-, sex-, and stage-specific behavioral valence,
and CRISPR-Cas9 knockout of a specific receptor con-
firmed its causal role in mediating attraction and aver-
sion (Chang, Unni et al. 2023).

Further advances have elucidated the neurophysio-
logical basis of pheromone detection, demonstrating that
the sensory neuron membrane protein SNMP1 is essen-
tial for sensitive detection of PAN, with knockout mu-
tants showing reduced electrophysiological responses,
altered antennal lobe activity, and impaired behavioral
avoidance (Lehmann et al. 2024). At the systems level,
recent work revealed synergistic olfactory processing in
gregarious locusts, where combined food and social odor
cues enhance neural responses and behavioral decisions,
a mechanism absent in solitarious individuals (Petelski
etal. 2024). German research has also made major contri-
butions to the mechanistic and computational analysis of
collective behavior. Recent experimental and virtual re-
ality studies demonstrate that coordinated swarm align-
ment depends primarily on sensory information qual-
ity rather than density, with visual input identified as
both necessary and sufficient for coordinated movement
(Sayin et al. 2025). These findings support a cognitive
vectorial representation model of swarm behavior, chal-
lenging classical density-driven interpretations. Addi-
tional work has contributed to genomic and epigenetic
characterization of locust phase biology (Falckenhayn
etal. 2013), as well as to the understanding of visual neu-
robiology, particularly polarization vision and skylight-
based navigation (el Jundi and Homberg 2012). Germany
has international collaborations with China, the USA,
Belgium, Israel, and the UK.

Australia: Australia ranks eighth in first-authorship
(16 authors, 4.0%) and ninth in total authorship (63
instances, 3.7%), with a total-to-first-author ratio of
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3.9, indicating a balanced research structure with both
leadership and collaboration. Australian research has
been strongly shaped by field ecology and species-
specific investigations. Early work examined morpho-
metric variation in locust phase polymorphism (Blackith
1957). Later studies demonstrated that migration, rather
than density dependence, drives population dynamics in
Australian plague locust, Chortoicetes terminifera (Farrow
1982), while the spur-throated locust, Austracris guttulosa,
lacks classical phase polymorphism (Elder 1996). A key
contribution has been the integration of field ecology
with experimental behavioral analysis.

Research established that C. terminifera exhibits
density-dependent phase polyphenism driven primarily
by tactile stimulation (Gray et al. 2009; Cullen et al. 2010).
Studies of collective motion revealed structural proper-
ties of marching bands and the influence of food dis-
tribution on aggregation thresholds (Buhl et al. 2011;
Georgiou et al. 2021). Australian researchers have also
contributed to epigenetics and gene regulation, demon-
strating widespread DNA methylation in locust genomes
(Robinson et al. 2011) and differential expression of
methylation-related genes between phases (Robinson
et al. 2016). Additional work examined stress responses
(Chapuis, Simpson et al. 2011), physiological resilience,
and methodological standardization for gene expression
studies (Chapuis, Tohidi-Esfahani et al. 2011). Australia
has international collaborations with the UK, the USA,
Canada, Germany, Belgium, and France.

France: France ranks 9th in first-authorship (14 authors,
3.5%) and 10th in total authorship (62 instances, 3.7%),
with a total-to-first-author ratio of 4.4, indicating a bal-
anced and collaborative research profile. French research
has been central to understanding population dynam-
ics, transgenerational effects, and field ecology of phase
change. Early studies demonstrated that parental density
determines offspring developmental type (Albrecht and
Blackith 1957) and that maternal crowding produces cu-
mulative, extra-chromosomal effects across generations
(Albrecht et al. 1959). Subsequent work investigated
physiological and biochemical mechanisms, including ju-
venile hormone dynamics (Fuzeau-Braesch et al. 1982),
octopamine signaling (Redouane and Fuzeau-Braesch
1985), and cuticular hydrocarbon composition differ-
ences between phases (Genin et al. 1986, 1987). Cohe-
sion pheromones promoting aggregation were identified
(Fuzeau-Braesch et al. 1988).

A defining feature of French research is its long-
term integration with African field systems, particu-
larly in Madagascar and the Sahel. These studies es-
tablished natural occurrence of gregarious populations,
density thresholds for phase change, and genetic vari-
ation in gregarization propensity (Franc et al. 2005;
Chapuis et al. 2008). Fieldwork on the red locust
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(Nomadacris septemfasciata) in Madagascar further char-
acterized density-dependent color polyphenism and es-
timated a field gregarization threshold of approximately
10 hoppers per square meter (Lecoq et al. 2011). Fur-
ther studies have also shown that parental crowding
causes transgenerational effects, with daughters repro-
ducing earlier and producing larger offspring (Chapuis
et al. 2010). Field-integrated work in Mauritania further
demonstrated that gregarious mothers produce fewer
but larger eggs with higher lipid reserves, and their
hatchlings exhibit enhanced starvation tolerance—a ma-
ternal bet-hedging strategy (Maeno et al. 2013). Quan-
titative analyses of spatial distribution patterns (Cisse,
Ghaout, Mazih, Jourdan-Pineau et al. 2015) and field
models linked vegetation structure and density thresh-
olds to phase transition (Cisse, Ghaout, Mazih, Ould
Babah Ebbe et al. 2015). France has international collabo-
rations with Japan, the UK, Ukraine, Australia, the USA,
Mali, Mauritania, and Morocco.

United States of America (USA): The USA ranks 10th
in first-authorship (12 authors, 3.0%) and 8th in total au-
thorship (64 instances, 3.8%), with a total-to-first-author
ratio of 5.3, indicating a moderately collaborative sys-
tem. The USA research has been particularly influential
in developing evolutionary, comparative, and theoret-
ical frameworks for locust phase polyphenism. Early
comparative work demonstrated that the non-swarming
American bird grasshopper (Schistocerca americana)
exhibits reduced and geographically variable density-
dependent behavioral plasticity compared to the classic
locust, the desert locust (Schistocerca gregaria) (Sword
2003). Phylogenetic studies established evolutionary
relationships and transitions underlying phase traits
(Song 2005; Song and Wenzel 2008; Song et al. 2017).
Subsequent comparative work across species demon-
strated variation in the dynamics of phase change and
clarified the role of corazonin in morphological but not
behavioral traits (Foquet and Song 2021; Foquet et al.
2021,2022). Additional studies characterized phenotypic
plasticity in Schistocerca cancellate (Pocco et al. 2019). The
USA researchers have also contributed to nutritional
ecology and behavioral theory, demonstrating that nu-
trient imbalance influences swarm formation (Cease
et al. 2010, 2017, 2023), and cannibalism can drive the
evolution of behavioral phase polyphenism (Guttal et al.
2015). Mathematical models have further defined density
thresholds and hysteresis effects in gregarization (Topaz
et al. 2012). The USA has international collaborations
with Germany, the UK, Australia, China, Argentina,
and Mexico.

Patterns of international authors’ collaborations

The co-authorship network reveals a hub-and-spoke
architecture characterized by pronounced structural
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asymmetries across national research systems. Large,
densely connected domestic clusters are evident in the
UK, China, Japan, Belgium, Kenya, and Israel (see Fig. 4).
These clusters correspond to high-degree nodes and re-
flect research systems with strong internal co-authorship
density and sustained institutional continuity. Although
cross-hub collaboration is clearly present, it remains less
dense than intra-cluster connectivity, indicating partial
geographical and disciplinary compartmentalization
among major research centers. This pattern suggests
that, despite increasing international collaboration,
knowledge production retains a degree of structural
segmentation, with core research programs developing
largely within nationally or institutionally bounded net-
works. Several countries—including Germany, France,
Australia, and the USA—play critical brokerage roles
within the global network. These systems exhibit rel-
atively high betweenness centrality, functioning as
bridges that connect otherwise weakly linked clusters
and facilitate cross-regional knowledge exchange. Their
role is defined less by internal dominance than by con-
nective capacity, enabling the circulation of ideas across
distinct research traditions.

Within the Chinese network, the presence of mul-
tiple color-coded substructures indicates a high de-
gree of internal modularity rather than fragmentation.
These modules represent differentiated collaboration
groups operating within a centralized national system,
linked through shared authorship around key contrib-
utors. This configuration reflects a cohesive yet inter-
nally specialized research architecture, in which multiple
subprograms are coordinated through overlapping col-
laborative ties. Despite China’s extensive international
engagement, the network remains visually and struc-
turally domestically centered, reflecting the predomi-
nance of internal co-authorship relative to cross-national
links. More broadly, the network reveals a persistent
core-periphery structure in global collaboration. With
the notable exception of the Kenyan cluster—centered on
the ICIPE and strengthened by sustained institutional in-
vestment since the 1990s—most researchers from locust-
affected regions, including countries across the Sahel, the
Horn of Africa, and parts of the Middle East, remain
weakly integrated. These actors typically appear as pe-
ripheral nodes with low degree and betweenness cen-
trality. This pattern reflects a two-tiered system of sci-
entific integration: a limited number of research centers
achieve deep, continuous participation in global knowl-
edge production, while most range-state researchers are
incorporated only intermittently, often as secondary col-
laborators rather than leaders of independent research
programs. Figure 4 illustrates this structure, highlighting
a globally connected yet stratified and functionally differ-
entiated network, in which dense national hubs, inter-
nally modular substructures, and bridging connections
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collectively shape the architecture of collaboration in lo-
cust phase polyphenism research.

Keyword co-occurrence, thematic trends, and
research gaps

The keyword co-occurrence network revealed a central
cluster of terms focused on phase change mechanisms,
with phase polyphenism (occurrence = 85), phase
change (occurrence = 62), phase polymorphism (occur-
rence = 62), phenotypic plasticity (occurrence = 50), and
phase transition (occurrence = 33) as the most frequent
concepts. These terms were predominantly linked to two
model species: S. gregaria (occurrence = 149), L. migrato-
ria (occurrence = 88), along with their common names,
desert locust (occurrence = 43) and migratory locust
(occurrence = 15). The network showed progression
from behavioral terms—behavior (occurrence = 25),

aggregation (occurrence = 24), behavioral plasticity
(occurrence = 13), and gregarization (occur-
rence = 34)—toward physiological and molecular

terms. Specific regulatory factors appeared with notable
frequencies: juvenile hormone (occurrence = 23), sero-
tonin (occurrence = 18), corazonin (occurrence = 13),
neuropeptide (occurrence = 13), his’-corazonin (occur-
rence = 11), adipokinetic hormone (occurrence = 8),
and ecdysteroid (occurrence = 6). Chemical ecology
terms were also present: pheromone (occurrence = 18),
aggregation pheromone (occurrence = 16), PAN (oc-
currence = 13), guaiacol (occurrence = 6), and phe-

nol (occurrence = 6). Behavioral phase-state terms
included gregarious (occurrence = 22), solitarious
(occurrence = 14), solitary (occurrence = 8), aggre-

gation behavior (occurrence = 5), social aggregation
(occurrence = 6), and olfaction (occurrence = 10). The
combined frequency of solitarious and solitary was 44,
compared to 22 for gregarious alone.

Methodological terms included gene expression (oc-
currence = 12), transcriptome (occurrence = 5), RNA
interference (occurrence = 4), CRISPR/Cas9 (occur-
rence = 4), epigenetics (occurrence = 5) and DNA
methylation (occurrence = 7), maternal effects (occur-
rence = 27), and maternal inheritance (occurrence = 3).
Classical phenotypic terms appeared as well: morpho-
metrics (occurrence = 21), body color (occurrence = 5).
Ecological and population-level terms showed lower fre-
quencies: reproduction (occurrence = 12), population
density (occurrence = 7), outbreak (occurrence = 7),
and population dynamics (occurrence = 6). Environ-
mental variables included temperature (occurrence = 4)
and humidity (occurrence = 3). Terms related to climate
change, microbiome, or gut bacteria were absent or had
very low frequencies, for example, microbiome and gut
bacteria (occurrence = 2). Species other than the two
dominant models were rarely represented: C. terminifera
(occurrence = 3), N. septemfasciata (occurrence = 3),
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Fig. 4 Co-authorship network visualizations of locust phase polyphenism research. (A) Network analysis of authors with two or more
publications. (B) Network highlighting authors with five or more publications. Node size is proportional to publication count; edge thick-
ness indicates co-authorship strength; colors differentiate clusters of frequent collaborators. (C) Temporal overlay indicating publication
year (darker = older studies, lighter = newer).
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Fig. 4 (Continued).

O. asiaticus (occurrence = 2), and Schistocerca piceifrons
(occurrence = 1). Temporal overlay of keywords (Fig. 5)
indicated that older publications concentrated on phys-
iological and behavioral themes, while newer publica-
tions introduced transcriptomic and genetic manipula-
tion terms.

Leading journals in locust phase polyphenism
research

The analysis of the top publishing journals revealed the
distribution shown in Fig. 6. Journal of Insect Physiology
published the most papers (n = 72, 18.0% of the cor-
pus). Physiological Entomology ranked second (n = 24,
6.0%). High-impact multidisciplinary and general biol-
ogy journals included Proceedings of the National Academy
of Sciences (n = 18, 4.5%), Proceedings of the Royal So-
ciety B (n = 9, 2.2%), and Nature (n = 8, 2.0%). Spe-
cialized journals included Journal of Chemical Ecology
(n = 17, 4.2%), Animal Behaviour (n = 16, 4.0%), Insect
Biochemistry and Molecular Biology (n = 14, 3.5%), Bul-
letin of Entomological Research (n = 12, 3.0%), Journal of
Experimental Biology (n = 8, 2.0%), Entomologia Experi-
mentalis et Applicata (n = 8, 2.0%), Applied Entomology and
Zoology (n = 7, 1.8%), and PLOS Genetics (n = 6, 1.5%).
Broad-scope journals were represented by Scientific Re-

ports (n = 7, 1.8%) and PLOS One (n = 6, 1.5%). These
data confirm that locust research maintains deep spe-
cialization in physiology, behavior, and chemical ecology
journals while achieving regular visibility in high-impact
multidisciplinary venues.

Discussion
General interpretation of the results

This bibliometric analysis reveals a field characterized by
substantial mechanistic detail alongside persistent struc-
tural constraints that shape both knowledge production
and its applicability. Three interrelated patterns emerge
from the data: a narrow taxonomic focus, pronounced
geographical asymmetry, and a disconnect between
mechanistic understanding and real-world outbreak
dynamics. These patterns define the current limits of
locust phase polyphenism research and indicate key di-
rections for its advancement. A central finding is the
overwhelming concentration of research on two model
species—S. gregaria and L. migratoria. These species ac-
count for the majority of species-specific keyword oc-
currences in the dataset, while other locust taxa ap-
pear only sporadically. Although this focus is justified by
their economic importance and experimental tractabil-
ity, it has produced what may be termed a model species
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Fig. 5 (A) Co-occurrence analysis of all keywords. Node size reflects frequency; edge thickness indicates co-occurrence strength; colors
represent clusters of related terms. (B) Co-occurrence network of keywords appearing more than five times with a temporal over-
lay indicating publication year (darker = older, lighter = newer). Node size reflects frequency; edge thickness indicates co-occurrence
strength.
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Journal of Chemical Ecology

Animal Behaviour

Insect Biochemistry and Molecular Biology
Bulletin of Entomological Research
Proceedings of the Royal Society B
Nature

Journal of Experimental Biology
Entomologia Experimentalis Et Applicata
Scientific Reports

Applied Entomology and Zoology

PLOS ONE

PLOS Genetics

7 (1.8%)
7 (1.8%)
6 (1.5%)

6 (1.5%)

72 (18%)
24 (6%)
18 (4.5%)
17 (4.2%)

16 (4%)

14 (3.5%)

12 (3%)

9 (2.2%)

8 (2%)

8 (2%)

8 (2%)

20 40 60 80
Number of Publications

Fig. 6 Top 15 leading journals in locust phase polyphenism research.

paradox: the field has achieved detailed mechanistic un-
derstanding within a narrow subset of taxa yet remains
uncertain whether these mechanisms generalize across
the broader diversity of locusts. Comparative transcrip-
tomic evidence reinforces this limitation, demonstrat-
ing that fewer than 10% of phase-related differentially
expressed genes are shared between the two dominant
species (Bakkali et al. 2024). This suggests that much of
the current knowledge base reflects species-specific path-
ways rather than general principles, limiting predictive
generalization across ecological contexts and evolution-
ary lineages. This taxonomic concentration is closely in-
tertwined with a second structural feature: the emer-
gence of distinct national research orientations shaped
by outbreak history and institutional mandates. Coun-
tries experiencing recurrent locust outbreaks tend to pri-
oritize applied, management-oriented research, whereas
nations without direct outbreak pressure predominantly
pursue fundamental, curiosity-driven science.

A third defining feature is the pronounced geographi-
cal asymmetry in research leadership. The co-authorship
network exhibits a core—periphery structure in which
a small number of countries dominate first author-
ship and agenda-setting, while most researchers from
locust-affected regions remain peripherally integrated.
This pattern is consistent with network metrics show-
ing dense, high-degree clusters in a limited number of

countries and low centrality for most range-state re-
searchers. Kenya represents a notable exception, demon-
strating that sustained institutional investment, capac-
ity building, and equitable partnership design can enable
range-state researchers to achieve meaningful leadership
in locust research. This asymmetry extends beyond is-
sues of equity and has direct implications for scientific
validity. Locust population dynamics are governed by
highly localized ecological factors—including soil condi-
tions, vegetation structure, microclimate, and land-use
practices (Cisse et al. 2013; Cease et al. 2015; Meynard
et al. 2020). Such factors are most deeply understood by
range-state researchers, who work within outbreak re-
gions. When such locally embedded knowledge is under-
represented, models of locust dynamics are constructed
on incomplete ecological foundations, limiting their pre-
dictive accuracy and applicability to real-world outbreak
conditions. This pattern indicates the need for research
systems that enable range-state scientists to define and
lead research agendas, rather than participating primar-
ily as secondary collaborators.

The keyword analysis identifies several thematic blind
spots that reinforce the disconnect between mechanis-
tic knowledge and ecological reality. Most striking is
the complete absence of “climate change” from the key-
word network, despite the role of climatic variables in
shaping locust outbreaks. The absence of an integrated
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climate framework indicates that detailed physiological
knowledge remains insufficiently connected to predic-
tive models of outbreak dynamics under changing en-
vironmental conditions. A similar imbalance is reflected
in the low frequency of “outbreak” as a keyword. This
suggests that the field has focused extensively on how
phase change occurs while giving comparatively limited
attention to when and why outbreaks emerge in natu-
ral systems. Mechanistic insights derived from controlled
experimental settings are not consistently linked to eco-
logical processes operating at landscape and regional
scales.

Additional blind spots emerge in biological and trans-
generational domains. Despite early evidence that gut
bacteria contribute to aggregation pheromone produc-
tion (Dillon et al. 2002), microbiome research remains
relatively sparse, though recent work has begun to ex-
plore mechanistic links between crowding and micro-
biome shifts (Lavy et al. 2022). Similarly, while mater-
nal effects (occurrence = 27) are well established (Islam
et al. 1994a, 1994b; Bouaichi et al. 1995; McCaffery et al.
1998; Chapuis et al. 2008, 2010; Maeno and Tanaka
2008c; Wang et al. 2012; Chen, Li et al. 2015), the
mechanistic basis of maternal inheritance remains unre-
solved. It remains unclear whether maternal program-
ming requires prolonged crowding or occurs rapidly, and
whether transmission is mediated by egg foam chem-
istry or epigenetic mechanisms (Islam et al. 1994a, 1994b;
McCaffery et al. 1998; Robinson et al. 2016; Nishide and
Tanaka 2019). These patterns indicate that key phenom-
ena are well documented, but their causal mechanisms
remain insufficiently understood.

At the same time, the field is undergoing a method-
ological transition from descriptive profiling to causal
and functional analysis. Transcriptomic studies have re-
vealed the scale of phase-related plasticity, generating
high-resolution hypotheses about underlying mecha-
nisms (Bakkali and Martin-Bldzquez 2018). However,
establishing causality requires experimental validation.
Functional genomic tools such as RNA interference and
CRISPR/Cas9 are beginning to enable direct manipula-
tion of candidate genes and signaling pathways (Li et al.
2016; Chang, Unni et al. 2023), although their repre-
sentation in the keyword network remains low, indicat-
ing early-stage adoption. Epigenetics represents a par-
ticularly promising frontier for explaining phase mem-
ory and transgenerational persistence of traits. Mech-
anisms such as DNA methylation and histone modifi-
cation provide plausible pathways for these effects, al-
though systematic experimental validation remains lim-
ited. The microbiome similarly represents an underex-
plored domain where manipulative approaches could
clarify whether microbial communities act as drivers
or correlates of phase change. These structural, the-
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matic, and methodological imbalances point toward sev-
eral strategic priorities for reorienting the field.

Recommendations

Based on the patterns and gaps identified, we propose
five strategic priorities to reorient locust-phase biology
research. First, we recommend establishing compara-
tive research consortia—coordinated, multi-laboratory
initiatives funded to examine phase transition mecha-
nisms in understudied species. These consortia would
employ standardized assays and omics protocols to en-
able direct cross-species comparisons, testing whether
mechanisms identified in model species are conserved,
divergent, or convergent. Second, we recommend in-
tegrating phase biology with climate science through a
dedicated research program that systematically examines
how climate variables interact with known phase mech-
anisms. This would involve controlled environment ex-
periments, spatial modeling linking climate projections
to gregarization probability, and integration of climate
data with long-term outbreak records to identify chang-
ing outbreak regimes.

Third, we strongly recommend prioritizing func-
tional validation over further descriptive omics expan-
sion. While transcriptomic and epigenomic profiling
have generated valuable hypotheses, systematic invest-
ment is now required in approaches such as CRISPR-
mediated knockout of epigenetic regulators, microbiome
manipulation experiments, pharmacological interven-
tion studies, and longitudinal studies tracking phase
memory across generations. Fourth, we emphasize sus-
tained investment in range-state institutional capacity,
building on successful models such as ICIPE. Develop-
ment agencies and research funders should support the
establishment or strengthening of locust research cen-
ters in under-represented outbreak regions through sus-
tained funding for salaries, infrastructure, and PhD train-
ing, coupled with equitable partnership agreements that
ensure co-determination of research agendas.

Fifth, we emphasize the need for integrative, cross-
scale research frameworks that explicitly link molec-
ular mechanisms to ecological dynamics and applied
management. Recent initiatives such as the Behavioral
Plasticity Research Institute (BPRI)—a USA National
Science Foundation—funded virtual institute coordinat-
ing research from molecules to landscapes across multi-
ple Schistocerca species—represent promising structural
models for achieving this integration. Importantly, this
model addresses several structural limitations identified
in this study, including fragmentation across scales, over-
reliance on single-species systems, and weak integra-
tion between fundamental and applied research. Scaling
such frameworks to include a broader diversity of lo-
cust species and stronger participation from range-state
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researchers will be critical for aligning mechanistic in-
sight with real-world outbreak dynamics.

Limitations

This study has several limitations that qualify its con-
clusions and suggest directions for future bibliometric
work. The restriction to English-language publications
introduces a systematic bias that likely underrepresents
research from key range-state regions. Future bibliomet-
ric analyses should address this by incorporating regional
databases and non-English sources or employing multi-
lingual search strategies. Additionally, the exclusion of
grey literature, and management-oriented publications
likely obscures policy-relevant research and operational
knowledge, including documentation of outbreak dy-
namics, control efficacy, and local ecological knowledge
produced by locust control programs in range-state na-
tions that never enter indexed journals. Database cover-
age limitations further compound these gaps, as reliance
on PubMed, Web of Science, and Scopus—while com-
prehensive for English-language science—may exclude
specialized entomological databases and regional indexes
that could enrich future analyses.

Moreover, despite efforts to design comprehensive
search strings, they may not capture all relevant studies
due to variations in terminology, evolving keywords, or
discipline-specific jargon; future research would benefit
from closer collaboration with senior researchers and ex-
perts in locust phase polyphenism to refine search strate-
gies and explore the literature more deeply. A further im-
portant scope limitation concerns the focus of our search
strategy. Our Boolean terms were deliberately designed
to capture research on phase polyphenism specifically—
its mechanisms, correlates, and drivers—rather than the
broader literature on locust control, monitoring, oper-
ational management, or outbreak forecasting. Conse-
quently, our finding of a “disconnect” between mecha-
nistic research and applied challenges (e.g., the absence
of climate change keywords) should be interpreted as
a pattern within the phase polyphenism literature it-
self, not as a claim about the entire universe of locust-
related research. It is likely that FAO technical reports,
national control program documents, and applied ento-
mology journals contain substantial work on climate im-
pacts, outbreak prediction, and management outcomes
that our search strategy was not designed to retrieve.
The disconnect we document, therefore, lies between the
fundamental science of phase polyphenism and the prac-
tical challenges of outbreak management, rather than in-
dicating an absence of applied research elsewhere.

Conclusion

This bibliometric analysis reveals a field whose sub-
stantial achievements are structurally constrained. The
past three decades have produced a deep mechanistic
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understanding of phase change in two model species,
with discoveries published in the most selective jour-
nals. However, co-authorship networks expose signif-
icant geographical disparities, with research leadership
concentrated in a small number of countries, while most
other locust-affected regions remain peripherally inte-
grated. Keyword mapping identifies critical blind spots—
climate change, socioeconomic dimensions, non-model
species, and microbiome causality—reflecting a discon-
nect between mechanistic knowledge and the complex
challenges of outbreak dynamics in a changing world.
Quantitative network metrics reveal persistent struc-
tural asymmetries even as international collaboration in-
creases. The structural constraints documented here—
narrow species focus, geographic inequity, and thematic
blind spots—reflect modifiable features of how research
is organized and supported. Addressing them will require
strategic reorientation: from reliance on a few model
species to comparative ecology, from episodic collabora-
tion to equitable partnerships with range-state scientists,
and from descriptive approaches to functional valida-
tion across diverse taxa, including systematic investiga-
tion of underexplored areas such as epigenetic regulation
and microbiome interactions. This bibliometric mapping
provides an evidence-based framework to guide these
efforts.
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