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Insect dispersal is often inferred from single traits or single movement measurements, yet connectivity, Dispersal syndrome

realized displacement emerges from interactions among morphology, physiological capacity,

behavioral propensity, and environmental opportunity. This scoping review examines how

those domains have been studied together or separately and identifies the inferential limits of

treating any one of them as a universal dispersal proxy. Peer-reviewed literature published

during 2017-2022 was mapped using insect and dispersal terms combined with morphology,

physiology, behavior, landscape, and movement-measurement concepts. Evidence was charted ~ Received: 03 November 2022

by taxon, biological level, setting, focal construct, measurement class, and inference stage. ~Xevised: 24 December 2022

Because source-specific search and selection counts were not available in the documented Accepted: 27 December 2022

search record, no numerical screening or inclusion totals are reconstructed. The literature

supports a heterogeneous view of dispersal. Wing form and body size can relate to flight

performance or movement strategy, but their interpretation changes with environmental

context and measurement method. Physiological studies identify energetic, thermal, muscular,

endocrine, and transcriptomic correlates of flight-related states, whereas behavioral studies

show that sex, reproductive context, social environment, habitat structure, and generation can

alter movement propensity. These domains therefore cannot be collapsed into a single trait axis

without losing biological and methodological distinctions. The review develops a proposed How to Cite This Article: Alvarez M,

cross-domain interpretation of insect dispersal syndromes in which trait architecture, Herrera S, Cruz D, Castro A.

physiological state, behavioral decision-making, and landscape opportunity are treated as Morphology, Physiology, Behavior, and

separable but interacting components. The framework is intended for evidence organization Landscape_Context Across the Diversity
. . . L of Insect Dispersal Syndromes. Entomol

and hypothesis generation, not as a validated predictive model. Res Lett. 2022:2(2):99-109.

https://doi.org/10.51847/1EPtQC7m7X

Introduction

Dispersal links individual movement to colonization, gene flow, range dynamics, and persistence, but the term is
applied to biologically different events. Across insects, dispersal is increasingly treated as a composite phenotype
whose expression depends on organismal traits, environmental context, and sex or life-history state [1-3].
Experimental evolution in Drosophila further shows that selection on dispersal can be accompanied by
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coordinated phenotypic and metabolomic change, supporting the possibility of correlated dispersal-associated
traits without establishing a universal syndrome [4].

The principal interpretive difficulty is that the evidence base spans different stages of dispersal and different
inferential distances from realized movement. Wing morphology describes aspects of aerodynamic configuration;
flight-performance assays measure capacity under particular conditions; emigration experiments measure
propensity under constrained choices; telemetry and mark-recapture observe portions of realized movement;
population-genetic structure integrates movement with successful reproduction across longer temporal scales; and
invasion-front spread additionally incorporates demographic processes. Treating these outcomes as
interchangeable can obscure where movement is directly observed and where dispersal is inferred.

A second difficulty is that dispersal capacity and dispersal expression need not coincide. An individual may
possess flight structures and physiological reserves compatible with movement yet remain within a patch because
reproductive state, social context, or habitat conditions suppress departure. Conversely, movement may be
initiated under adverse conditions even when energetic or aerodynamic capacity limits its extent. Landscape
structure can then alter whether initiated movement becomes successful transfer between suitable patches.

This review therefore asks how morphology, physiological capacity, behavioral propensity, and landscape context
jointly structure the diversity of reported insect dispersal syndromes. Its contribution is not a claim that one
multidomain syndrome has already been established. Instead, the review develops a proposed evidence
architecture that separates trait state, performance capacity, behavioral activation, and environmental realization
while retaining taxonomic, sex, life-stage, geographic, temporal, and methodological boundaries. This
architecture provides the basis for asking when evidence from one domain can reasonably inform another and
when such transfer would constitute overinterpretation.

Materials and Methods

The review followed scoping-review reporting principles because the objective was to map heterogeneous forms
of dispersal evidence rather than estimate a pooled intervention or exposure effect [5]. Four linked questions
guided charting: which morphological, physiological, behavioral, and landscape variables have been associated
with insect dispersal; which measurement classes support those associations; where findings vary by taxon, sex,
life stage, environment, or analytical scale; and which cross-domain relationships are directly supported rather
than interpretively proposed.

Search logic combined insect taxon terms with dispersal, migration, movement, emigration, immigration,
connectivity, or spread. These terms were paired with domain blocks addressing wing and body morphology,
flight muscle, energetics, endocrine or molecular state, movement behavior, habitat configuration, matrix
structure, topography, climatic conditions, tracking, and connectivity methods. The evidence window was
restricted to 2017-2022. PubMed-compatible scholarly searching, publisher and DOI verification, and
supplementary citation checking were used in constructing the evidence set.

Database-specific export totals and downstream screening counts were not preserved as verified numerical values.
Consistent with an evidence-bounded review, those quantities were therefore not retrospectively inferred from the
size of the reference list or reconstructed from later screening decisions. The selection process is consequently
reported as a qualitative sequence rather than as artificial numerical arithmetic.

Records were retained when they directly addressed insect dispersal or provided methods necessary for
interpreting dispersal evidence. Data charting separated taxon; sex or life stage where reported; laboratory, field,
comparative, or modeling setting; focal construct; measurement method or data source; temporal design; reported
direction; contradictory or null evidence; methodological limitation; and applicability boundary.

Evidence was then classified according to its inferential position: direct movement observation; behavioral or
performance observation; morphological or physiological correlate; population-connectivity inference; and
population- or range-spread inference. These classes were not treated as a ranking of biological importance.
Rather, they define what each measurement can support without crossing an untested inference boundary.

Results and Discussion

The evidence base was heterogeneous in both organismal coverage and measurement level. Lepidopteran studies
were particularly prominent in analyses of wing form, migration, habitat-specific movement, topography,

100



101

Alvarez et al.,

telemetry, and conservation. Drosophila studies contributed experimental-evolution and behavioral evidence,
while termites, aphids, dragonflies, and small beetles broadened the physiological, landscape, and biomechanical
range represented.

The principal evidence classes also differed markedly in what they measured. Morphological studies focused on
wing geometry, body size, or flight-associated structures. Physiological studies examined energetic stress, thermal
state, flight-muscle condition, endocrine regulation, or transcriptomic profiles. Behavioral studies addressed
emigration, movement propensity, mate finding, and habitat-dependent trajectories. Landscape studies considered
matrix cover, topography, resource distribution, climatic variation, and population connectivity.

These differences matter because superficially similar claims about “high dispersal” can originate from
fundamentally different observations. A long-winged phenotype, long-duration experimental flight, frequent
emigration from a patch, large field displacement, weak population genetic differentiation, and rapid range spread
need not describe the same biological process. The mapped evidence therefore supports multidimensional
interpretation but does not justify collapsing those measures into a common dispersal score.

Cross-domain evidence was also methodologically asymmetric. Individual studies commonly concentrated on one
or two components rather than measuring morphology, physiology, behavior, and landscape response
concurrently in the same individuals under field conditions. The cross-domain synthesis developed later is
therefore explicitly proposed as an organizational model rather than presented as an empirically validated
syndrome classification.

Morphological dispersal traits

Morphology constrains or facilitates flight, but morphological association cannot automatically be translated into
realized dispersal. Comparative work on butterfly wings links shape variation with aspects of flight behavior while
emphasizing that the functional interpretation of wing form depends on ecological context [6]. Field evidence
from dragonflies similarly demonstrates species-specific responses to open and closed landscape cover, showing
that realized movement cannot be inferred from an external landscape category without considering the organism
interacting with it [7].

Environmental conditions can also alter dispersal-associated morphology. Experimental modification of host-
plant conditions under elevated carbon dioxide changed monarch wing morphology, but the morphological
response itself did not establish that field dispersal increased [8]. This distinction is critical because
environmentally induced variation in wing dimensions may reflect developmental plasticity without
demonstrating a corresponding change in movement propensity, transfer success, or population consequence.
Morphology also acquires meaning through demographic context. Conservation research on butterflies
emphasizes that movement and demography should be evaluated together because displacement alone does not
reveal successful settlement or contribution to population persistence [9]. Experimental flight in Melitaea cinxia
alters energetic, reproductive, and longevity-related states, indicating that measurement of flight can itself
intersect with life-history allocation [10]. Thus, even apparently direct tests of flight capacity should not be treated
as behaviorally or physiologically neutral observations.

At larger spatial scales, insect movement research relies on complementary methods because departure, long-
distance displacement, arrival, and subsequent reproduction are not captured equally by any single technique [11].
Behavioral decomposition reinforces this point: emigration, movement through the intervening matrix, and
immigration or settlement constitute separable components of dispersal [12]. A trait correlated with one
component need not predict the others.

The distinction becomes still more important when movement is inferred from population spread. Invasion
dynamics combine dispersal with reproduction, survival, density dependence, and environmental conditions, so
rates of range expansion cannot be reduced to individual flight ability [13]. Likewise, comparative evidence from
butterflies indicates that migration and dispersal can show contrasting relationships with flight morphology and
reproductive allocation [14]. Similar external movement phenotypes may therefore arise from different life-
history configurations.

The morphological evidence consequently supports a restrained interpretation: wing form, body size, and related
flight structures provide information about aerodynamic configuration, developmental allocation, or potential
performance, but they do not independently establish realized dispersal. The analytical conflicts that arise when
morphological signals are transferred across inference stages are condensed below.
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Table 1 shows that the central problem is not which morphological traits have been studied, but what level of

dispersal inference each morphological signal can legitimately sustain.

Table 1. Reconciling morphological signals with the dispersal process they can actually support

Morphological association

Morphology-to-

. . Environmentally shifted
Wing-shape association y

Species-specific cover

dispersal question wing form response
Taxonomic or Butterfly comparative Monarch—host-plant ]
. y_ P . P Dragonfly field movement
methodological scope evidence experiment

Construct measured

Wing geometry linked with
flight behavior

Wing morphology under
altered plant environment

Movement through open
versus closed cover

Observed pattern

Morphology covaries with
flight-related function

Morphology changes with
developmental environment

Species respond differently to
the same cover classes

Dispersal inference
supported

Separate morphological
plasticity from movement
outcome

Treat as a context-dependent
performance correlate

Interpret morphology and
movement within species
context

Uncertainty

Realized movement is not
established by form alone

Ecological context alters
functional meaning

Landscape permeability is
organism-dependent

Performance and realized movement

Morphology-to-

Flight-stress phenotype Movement-demography

Migration—dispersal contrast

dispersal question coupling
i . . Butterfly conservation Comparative butterfl
Taxonor_nlc or Experimental butterfly flight y . P . y
methodological scope studies evidence

Construct measured

Organismal state following
imposed flight

Movement interpreted with
population processes

Flight morphology and
reproductive allocation

Observed pattern

Flight effort intersects with
energetic and reproductive
condition

Displacement alone does not
establish demographic
contribution

Different movement strategies
can carry contrasting
allocation patterns

Keep movement potential
distinct from population
consequence

Reject a single morphology-
based syndrome label

Avoid treating performance
tests as biologically neutral

Dispersal inference
supported

Assay conditions can modify
the phenotype being
interpreted

Movement category and life-
history state alter
interpretation

Survival, settlement, and

ncertain L
Uncertainty reproduction intervene

Physiological capacity

Physiological capacity introduces a state-dependent layer between anatomical structure and expressed movement.
Flight structures may exist, but their functional use depends on temperature, energetic condition, muscular state,
endocrine regulation, and other physiological constraints. These mechanisms operate at different biological levels
and need not covary in a simple direction.

In crickets, cool environmental temperature is associated with changes in dispersal-flight behavior and
physiology, demonstrating that flight-related performance can depend on thermal context rather than on
morphology alone [15]. This illustrates an important boundary between possessing a flight apparatus and being
physiologically able or behaviorally prepared to deploy it under particular environmental conditions.

In the termite Reticulitermes chinensis, dispersal flight is accompanied by biochemical, molecular, and
morphological changes in flight muscle [16]. Within this species and life-history stage, the evidence supports a
coordinated flight-state phenotype. It does not, however, establish that the same combination of muscular or
biochemical changes characterizes dispersal across insect orders.

A different trajectory occurs during the transition away from flight. In aphids, nutritional conditions and juvenile-
hormone sensitivity participate in flight-muscle degeneration during the dispersal-to-reproduction transition [17].
The structures underlying dispersal capacity can therefore be actively reorganized as life-history priorities change.
Physiological state is consequently temporally dynamic rather than a fixed individual attribute.

Transcriptomic evidence adds another level. Genome-wide expression differences associated with migratory state
in hoverflies identify molecular pathways correlated with movement-related phenotypes [18]. Such expression
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profiles are valuable for identifying candidate processes, but association with migratory state is not equivalent to
demonstrating that a particular transcriptomic signature causes movement or represents a generally adaptive
mechanism.

Taken together, these studies argue against treating physiological capacity as a scalar variable. The synthesis used
here therefore proposes three analytically distinct states: latent flight capacity, activated flight physiology, and
post-flight physiological reallocation. These categories organize evidence from different levels without implying
that insects universally pass through a fixed physiological sequence.

Behavioral propensity

Behavior determines whether available morphological and physiological capacity is expressed as movement. This
distinction is evident in a range-expanding invasive insect in which body size relates to flight capacity and flight
propensity, illustrating that the ability to fly and the tendency to initiate flight are not necessarily equivalent [19].
A dispersal syndrome based only on capacity can therefore misclassify individuals that possess adequate flight
performance but rarely initiate movement.

Dispersal decisions can also depend on social context. Experimental evidence indicates that an individual's
propensity to disperse may respond to the behavioral composition of its peers rather than only to its own behavioral
type [20]. This finding does not imply that peer effects occur uniformly among insects, but it demonstrates that
dispersal propensity can emerge relationally rather than as a fixed individual disposition.

Habitat structure adds another behavioral contingency. In Drosophila, dispersal across patchy habitat reflects
interaction between genotype and habitat configuration [21]. Genetic differences therefore cannot be interpreted
independently of the environmental geometry through which movement is expressed. Reproductive conditions
matter as well: mate-finding context can modify sex-biased dispersal and local mate limitation [22], linking
departure decisions to the social and reproductive environment.

Field movement studies reinforce the need to identify the behavioral stage being measured. Habitat-specific
butterfly behavior alters trajectories across landscapes, and movement models that omit those responses can
mischaracterize effective displacement [23]. Topography can also interact with sex, producing sex-biased
differences in dispersal across terrain [24]. Within a bivoltine butterfly, dispersal differs between sexes and
generations, showing that temporal life-history state can modify movement even within a single species [25].
These findings support a proposed stage-specific distinction among initiation propensity, transfer behavior, and
settlement-related response. Sex, reproductive state, social context, habitat structure, and generation are treated as
modifiers of these stages rather than as universally directional determinants. This framing helps distinguish
apparently conflicting findings that may actually concern different behavioral decisions.

The analytical value of staging becomes clearest when observations with different biological meanings are placed
side by side. The following matrix therefore separates what was observed from the behavioral inference that can
reasonably follow.

Table 2. Behavioral stages that change the meaning of an insect dispersal observation

Behavioral Where i ——
ehaviora Inference from the event ere It was Validation
event observed
Behavioral . Meaning for Measurement
. Observation aning Focal system Boundary
checkpoint dispersal needed
Departure and initiation
. Flight ability Body size and Measure
Capacity - .

Versus compared Ability does not Range-expanding assay context performance and
S with flight guarantee departure insect can influence initiation
initiation . .

propensity both measures independently
Change in
. g . Peer effects may .
Socially movement Propensity can . Manipulate focal
. . . Experimental not transfer
contingent with peer depend on the social . and group phenotype
R - . group context among social
initiation behavioral environment separately
- systems or taxa
composition
n x . . - . Cross genotype with
Ge ot'ype Dispersal Behavioral Drosophila in Experimental _g yp .
habitat . ) replicated habitat
across expression depends patchy habitat patch geometry
response structures
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structured on environmental limits field
patches configuration transfer
Search, transfer, and mate finding
Departure ma - Sex ratio and Record mating state
- Movement P y Sex-specific . .g
Mate-finding respond to . local mating and social
. under mate . reproductive . . .
dispersal A reproductive conditions alter environment with
limitation . context . .
opportunity interpretation movement
Habitat- Paths through Matrix behavior . Habitat classes Fit movement
o - . Butterfly field . . .
specific contrasting alters realized movement are species-and  models with habitat-
transfer habitat types displacement scale-dependent specific responses
- . . Local relief and .
Sex-specific ~ Terrain can constrain . . . Replicate sexes
Topography . Butterfly field species behavior .
movement or facilitate transfer . . across contrasting
X sex . . dispersal restrict . .
across terrain differently by sex . topographic settings
generalization
Generation-dependent propensity
. Separate
. Movement . Generation _p
Generation- Behavioral state can A - . generational effects
compared Bivoltine covaries with
dependent vary through the from
. across butterfly phenology and
propensity . season . contemporaneous
generations environment .
conditions

Landscape context

Realized dispersal depends not only on whether an insect can and will move, but also on whether the surrounding
landscape permits, redirects, or terminates that movement. In agricultural landscapes, set-aside configuration can
alter the balance between local abundance and movement, indicating that management features favorable for
occupancy are not automatically equivalent to features facilitating transfer [26, 27]. Landscape context therefore
acts on realized trajectories rather than simply modifying an intrinsic dispersal coefficient.

Genetic-connectivity evidence adds a longer-term perspective. Alpine landscape barriers can structure
connectivity among butterfly populations, but such patterns integrate successful movement and reproduction over
time rather than directly recording individual journeys [28]. Climatic context also matters: aphid dispersal
responses to temperature can change with precipitation conditions, demonstrating that environmental drivers may
interact rather than operate independently [29].

These findings support a distinction between landscape opportunity, which determines accessible pathways and
resources, and landscape resistance, which alters the probability that initiated movement reaches another suitable
location. Neither construct should be treated as species-independent. Habitat categories, topographic features,
climatic states, and resource distributions acquire functional meaning through the sensory, behavioral, and
physiological characteristics of the insect encountering them.

The resulting interpretive problem is better expressed as conditional predictions than as a list of landscape
variables.

Table 3. Landscape conditions that change when dispersal observations can be generalized
Landscape state Generalization boundary

Landscape

Condition that

Consequence for

System Field signature changes o Required test
contrast - generalization
meaning
Resource opportunity
Resource-rich .
Management High local Measure
Versus . Abundance and . .
Agricultural configuration abundance need occupancy and
movement- . movement . . .
. butterflies and species not imply high movement
permissive responses .
. behavior differ transfer separately
habitat
Matrix permeability
. . Genetic structure Landscape Pair connectivity
Barrier versus Alpine L . . .
Connectivity across integrates features can inference with
permeable butterfly - . . .
. . landscape structure  reproduction and restrict effective direct movement
matrix populations . L .
time connectivity where possible
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Climate interaction
Seasonal and

Climatic main . Direction of Test interacting
- Temperature and regional A
effect versus Aphid flight L . response may drivers rather
L precipitation conditions . .
climatic phenology . change with than isolated
. . responses constrain .
interaction . concurrent climate averages
transferability
Opportunity—resistance synthesis
Context
Landscape . determines Validate within
Proposed . Species, sex, L
] Cross-domain pathways, whether initiated taxa before
opportunity— ; stage, and scale .
. synthesis resources, and - L movement comparative
resistance state . remain explicit . .
constraints becomes realized generalization
transfer

Cross-domain dispersal syndromes

Across the reviewed evidence, no single domain is sufficient to describe dispersal. The synthesis therefore
proposes a four-component architecture: morphological affordance, physiological readiness, behavioral
activation, and landscape realization. These are not sequential necessities in every insect, nor are they assumed to
be independent. They are analytical states that clarify where an observed association enters the dispersal process.
Morphological affordance describes structures that can enable or constrain flight. Physiological readiness
represents the temporary energetic, thermal, muscular, endocrine, or molecular state in which those structures
operate. Behavioral activation concerns whether movement is initiated and how transfer decisions are expressed.
Landscape realization represents whether external conditions convert initiated movement into displacement,
settlement, or longer-term connectivity.

The architecture also makes mismatch scientifically informative. High flight capacity with low departure
propensity is not contradictory; it represents capacity without activation. Strong departure behavior coupled with
restrictive terrain represents activation without successful landscape realization. Weak population connectivity
can arise from restricted transfer, low settlement, or limited reproductive contribution rather than from one
identifiable morphological deficit.

Figure 1 therefore represents dispersal syndrome diversity as trajectories through interacting state fields rather
than as a single high-to-low dispersal continuum.

Direct observation Downstream inference

Morphological Physiological Behavioral Landscape
s A ey (measured) (not directly observed)
affordance readiness activation realization
) P ) & 3 fvath S | R e Settlement
Trjectory A High capacity High readiness High activation Broad realization :
inference
Broad alignment = Structures support Energetic, 3 Motivation and motor expressed afm—py Measured —p
across capacity, potential movement and regulatory systems programs engage across landscape; movement Site selection,
activation, and performance support activity movement opportunities available realization habitat suitability,
and realization o - < b < b establishment
Dispersal, movement likefihood
? routes, microhabitat
H use, barrier crossing,
b o e S ——— ! P —— T —— - stopover duration,
High capacity resource use
but low behavioral 7 ) = Connectivity
P : ow or intermittent
activation Moderate capacity Moderate readiness '_ i 4 . Partial realization inference
L < activation < ot
i i i i R e is mixed - f- = $laald i 4 Gene flow,
»  Partial or constrained Internal state is mixed W iokaiion waskon Movement possible v I!‘r\' o
i ulation linkage,
morphological or conditionally B IR but constrained by ! ;:P e mﬂs
. twork structure
capability u u supportive < b! behavior not initiated |« L. landscape features : uf
Trajectory C )
Strong behavioral i
activation but g 2 '
Low capacity Low readiness No activation Restricted realization 1 Persistence
restricted landscape 1 inference
realization = ==®»  Morphology limits  [4*“|» Limitedenergyor 4P Behavior suppressed |4 P Landscape severely === =
movement potential stress impairs capacity or incompatible limits movement Reproduction,
ulation growth
orimposescosts [ | to activate 4.} with context » L or access pop g
long-term viability
taxon sex/life stage temporal state method spatial scale
Uncertainty 9 P P
channel Verieticn imong Differances across Seasonal, daily, and Detection, sampling, Local to regional
species and lineages sexes and stages developmental timing and measurement landscape extent
ety Evidence-supported === Proposed transition / 4——p Reciprocal state- “-» Secondary dependency / Uncertainty channel

progression mismatch environment influence cross-link connector

Figure 1. State mismatches that separate dispersal capacity from realized movement
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Evidence gaps

The strongest limitation is not simply insufficient evidence, but uneven correspondence among evidence classes.
Biomechanical studies can resolve how extreme wing architecture affects flight performance [30] and how small-
insect wing morphology relates to aerodynamic efficiency [31], yet these mechanistic advances do not by
themselves establish field dispersal, settlement, or demographic consequence.

Measurement can also alter the phenomenon being measured. Tracking devices may influence terrestrial arthropod
performance or behavior, requiring explicit evaluation of tag effects before movement estimates are generalized
[32]. Isotopic geographic assignment provides another route to reconstruct movement origin, but assignment
uncertainty and spatial baselines remain distinct from direct individual tracking [33].

The priority is therefore cross-validation across inference stages rather than accumulation of additional isolated
proxies.

Table 4. Evidence gaps that determine whether a dispersal inference can cross biological scales
Capacity or tracking without field realization
Biomechanics without field realization

Evidence currently reaches Wing-performance mechanics
Flight efficiency ;:'::eczps)!eted as dispersal INFERENCE AT RISK Laboratory pertfrc;:]r:faer:ce versus field
Prospective bridge Couple biomechanical measures with movement observations
Tracking without device-effect testing
Evidence currently reaches Tagged individual movement
Observed trajectory tr_eated as unaltered INFERENCE AT RISK Tag burden and behavioral disturbance
behavior
Prospective bridge Include untagged or device-effect controls
Geographic assignment without direct trajectory
Evidence currently reaches Isotope-based origin inference
Assigned origin trea_ted as continuous INFERENCE AT RISK Baseline resolution_and assignment
tracking uncertainty
Prospective bridge Combine assignment with independent movement evidence

Proxy and syndrome-level gaps
Cross-domain proxy substitution

Evidence currently reaches Traits, physiology, behavior, connectivity measured separately
One evidence class used as another INFERENCE AT RISK Biological level and temporal scale
Prospective bridge Measure multiple domains in the same individuals or populations
Proposed syndrome classification without prospective validation
Evidence currently reaches Integrative synthesis
Organizational categories treated as INFERENCE AT RISK Taxon and context specificity
predictive states
Prospective bridge Test predefined cross-domain predictions prospectively

The reviewed literature supports a plural rather than unitary conception of insect dispersal. Morphological features
can shape potential performance, physiological state can enable or suppress that potential, behavioral context can
determine whether movement is initiated, and landscapes can transform the same movement tendency into
contrasting realized outcomes. The major analytical error is therefore not choosing the “wrong” dispersal trait,
but assuming that measurements taken at different stages of this process answer the same question.

The proposed architecture resolves this problem by retaining boundaries among capacity, activation, realization,
and downstream inference. It also accommodates apparent contradictions. A morphology associated with efficient
flight may coexist with low emigration; strong emigration may coexist with weak connectivity; and rapid
population spread may occur without evidence that every individual has high flight capacity. These are not
necessarily inconsistent observations because they occur at different biological and inferential levels.

This interpretation also changes how conservation applications should be framed. Movement-supportive habitat
cannot be inferred solely from abundance, and connectivity cannot be interpreted without considering behavioral
transfer, settlement, reproduction, and temporal scale. Likewise, physiological and molecular associations may
identify candidate mechanisms but should not be promoted directly to adaptive or predictive explanations without
appropriate functional and field validation.
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Methodological triangulation is therefore central. Direct movement observation, performance assays,
morphology, molecular physiology, connectivity inference, and geographic assignment should be treated as
complementary evidence classes whose convergence is informative precisely because they are not interchangeable
[32]. Where methods disagree, the discrepancy may reveal life-stage change, behavioral switching, environmental
constraint, temporal averaging, or measurement disturbance rather than simple error.

The proposed cross-domain dispersal-syndrome architecture should consequently be used as a question-
generating framework: which component is being measured, which component is being inferred, what
environmental state separates them, and what validation is required before interpretation crosses that boundary?
Its value lies in preserving those distinctions while still allowing integrated biological reasoning.

Conclusion

Insect dispersal syndromes are best interpreted as context-dependent combinations of morphology, physiological
state, behavioral activation, and landscape realization rather than as fixed trait packages. The proposed
architecture organizes these domains without assuming that they are universally coupled or prospectively
predictive. Future progress depends on measuring multiple components across the same organisms and
environments, validating transitions between evidence classes, and retaining taxonomic, life-stage, sex, temporal,
methodological, and spatial boundaries when dispersal inferences are transferred across scales.

Acknowledgments: None
Conflict of Interest: None
Financial Support: None
Ethics Statement: None
References

1. Asplen MK. Dispersal strategies in terrestrial insects. Curr Opin Insect Sci. 2018;27:16-20.
doi:10.1016/j.cois.2018.01.009

2. Renault D, Laparie M, McCauley SJ, Bonte D. Environmental adaptations, ecological filtering, and dispersal
central to insect invasions. Annu Rev Entomol. 2018;63:345-68. doi:10.1146/annurev-ento-020117-043315

3. Mishra A, Tung S, Shreenidhi PM, Sadig MA, Shree Sruti VR, Chakraborty PP, et al. Sex differences in
dispersal syndrome are modulated by environment and evolution. Philos Trans R Soc Lond B Biol Sci.
2018;373(1757):20170428. doi:10.1098/rsth.2017.0428

4. Tung S, Mishra A, Gogna N, Sadiq MA, Shreenidhi PM, Shree Sruti VR, et al. Evolution of dispersal
syndrome and its corresponding metabolomic changes. Evolution. 2018;72(9):1890-903.
d0i:10.1111/ev0.13560

5. Tricco AC, Lillie E, Zarin W, O'Brien KK, Colquhoun H, Levac D, et al. PRISMA extension for scoping
reviews (PRISMA-ScR): Checklist and explanation. Ann Intern Med. 2018;169(7):467-73.
d0i:10.7326/M18-0850

6. LeRoyC, Debat V, Llaurens V. Adaptive evolution of butterfly wing shape: From morphology to behaviour.
Biol Rev Camb Philos Soc. 2019;94(4):1261-81. doi:10.1111/brv.12500

7. French SK, McCauley SJ. The movement responses of three libellulid dragonfly species to open and closed
landscape cover. Insect Conserv Divers. 2019;12(5):437-47. doi:10.1111/icad.12355

8. Decker LE, Soule AJ, de Roode JC, Hunter MD. Phytochemical changes in milkweed induced by elevated
CO2 alter wing morphology but not toxin sequestration in monarch butterflies. Funct Ecol. 2019;33(3):411-
21. doi:10.1111/1365-2435.13270

9. Schultz CB, Haddad NM, Henry EH, Crone EE. Movement and demography of at-risk butterflies: Building
blocks for conservation. Annu Rev Entomol. 2019;64:167-84. doi:10.1146/annurev-ento-011118-112204

10. Niitepdld K. Effects of flight and food stress on energetics, reproduction, and lifespan in the butterfly Melitaea
cinxia. Oecologia. 2019;191(2):271-83. doi:10.1007/s00442-019-04489-8



Alvarez et al.,

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

3L

Jones CM, Parry H, Tay WT, Reynolds DR, Chapman JW. Movement ecology of pest Helicoverpa:
Implications for ongoing spread. Annu Rev Entomol. 2019;64:277-95. doi:10.1146/annurev-ento-011118-
111959

Kral-O'Brien KC, Harmon JP. The expanding role of movement behavior in insect conservation ecology.
Curr Opin Insect Sci. 2021;45:69-74. doi:10.1016/j.cois.2021.02.006

Tobin PC, Robinet C. Advances in understanding and predicting the spread of invading insect populations.
Curr Opin Insect Sci. 2022;54:100985. doi:10.1016/j.cois.2022.100985

Bhaumik V, Kunte K. Dispersal and migration have contrasting effects on butterfly flight morphology and
reproduction. Biol Lett. 2020;16(8):20200393. doi:10.1098/rsbl.2020.0393

Sun BJ, Huebner C, Treidel LA, Clark RM, Roberts KT, Kenagy GJ, et al. Nocturnal dispersal flight of
crickets: Behavioural and physiological responses to cool environmental temperatures. Funct Ecol.
2020;34(9):1907-20. d0i:10.1111/1365-2435.13615

Zhang ZY, Ren J, Chu F, Guan JX, Yang GY, Liu YT, et al. Biochemical, molecular, and morphological
variations of flight muscles before and after dispersal flight in a eusocial termite, Reticulitermes chinensis.
Insect Sci. 2021;28(1):77-92. doi:10.1111/1744-7917.12763

Bai Y, Pei XJ, Ban N, Chen N, Liu SN, Li S, et al. Nutrition-dependent juvenile hormone sensitivity promotes
flight-muscle degeneration during the aphid dispersal-reproduction transition. Development.
2022;149(15):dev200891. doi:10.1242/dev.200891

Doyle T, Jimenez-Guri E, Hawkes WLS, Massy R, Mantica F, Permanyer J, et al. Genome-wide
transcriptomic changes reveal the genetic pathways involved in insect migration. Mol Ecol.
2022;31(16):4332-50. doi:10.1111/mec.16588

Jahant-Miller C, Miller R, Parry D. Size-dependent flight capacity and propensity in a range-expanding
invasive insect. Insect Sci. 2022;29(3):879-88. d0i:10.1111/1744-7917.12950

Kitchen AJ, Chalcraft DR. An individual's propensity to disperse is dependent on the behavioral type of its
peers but not its own behavioral type. Oecologia. 2020;194(3):403-13. doi:10.1007/s00442-020-04769-8
Edelsparre AH, Fitzpatrick MJ, Rodriguez MA, Sokolowski MB. Tracking dispersal across a patchy
landscape reveals a dynamic interaction between genotype and habitat structure. Oikos. 2021;130(1):79-94.
doi:10.1111/0ik.07368

Mishra A, Tung S, Shree Sruti VR, Srivathsa S, Dey S. Mate-finding dispersal reduces local mate limitation
and sex bias in dispersal. J Anim Ecol. 2020;89(9):2089-98. doi:10.1111/1365-2656.13278

Evans LC, Sibly RM, Thorbek P, Sims I, Oliver TH, Walters RJ. The importance of including habitat-specific
behaviour in models of butterfly movement. Oecologia. 2020;193(2):249-59. doi:10.1007/s00442-020-
04638-4

Plazio E, Bubova T, Vrabec V, Nowicki P. Sex-biased topography effects on butterfly dispersal. Mov Ecol.
2020;8(1):50. doi:10.1186/s40462-020-00234-6

Plazio E, Nowicki P. Inter-sexual and inter-generation differences in dispersal of a bivoltine butterfly. Sci
Rep. 2021;11(1):10950. doi:10.1038/s41598-021-90572-1

Threadgill KRD, Hodgson JA, Jones N, McClean CJ, Hill JK. Quantifying trade-offs between butterfly
abundance and movement in the management of agricultural set-aside strips. Insect Conserv Divers.
2021;14(6):768-79. doi:10.1111/icad.12511

Fisher KE, Bradbury SP. Influence of habitat quality and resource density on breeding-season female
monarch butterfly Danaus plexippus movement and space use in north-central USA agroecosystem
landscapes. J Appl Ecol. 2022;59(2):431-43. d0i:10.1111/1365-2664.14061

Trense D, Schmidt TL, Yang Q, Chung J, Hoffmann AA, Fischer K. Anthropogenic and natural barriers
affect genetic connectivity in an Alpine butterfly. Mol Ecol. 2021;30(1):114-30. d0i:10.1111/mec.15707
Crossley MS, Lagos-Kutz D, Davis TS, Eigenbrode SD, Hartman GL, VVoegtlin DJ, et al. Precipitation change
accentuates or reverses temperature effects on aphid dispersal. Ecol Appl. 2022;32(5):e2593.
doi:10.1002/eap.2593

Farisenkov SE, Kolomenskiy D, Petrov PN, Engels T, Lapina NA, Lehmann FO, et al. Novel flight style and
light wings boost flight performance of tiny beetles. Nature. 2022;602(7895):96-100. doi:10.1038/s41586-
021-04303-7

Engels T, Kolomenskiy D, Lehmann FO. Flight efficiency is a key to diverse wing morphologies in small
insects. J R Soc Interface. 2021;18(183):20210518. doi:10.1098/rsif.2021.0518

108



109

32.

33.

Alvarez et al.,

Batsleer F, Bonte D, Dekeukeleire D, Goossens S, Poelmans W, Van der Cruyssen E, et al. The neglected
impact of tracking devices on terrestrial arthropods. Methods Ecol Evol. 2020;11(3):350-61.
d0i:10.1111/2041-210X.13356

Reich MS, Flockhart DTT, Norris DR, Hu L, Bataille CP. Continuous-surface geographic assignment of
migratory animals using strontium isotopes: A case study with monarch butterflies. Methods Ecol Evol.
2021;12(12):2445-57. d0i:10.1111/2041-210X.13707



