


Butterflies and Dragonflies as Ecological Barometers of Environmental Change: A Critical Review

Abstract
Butterflies and dragonflies are among the most widely observed insect groups used to interpret environmental change, yet their indicator value is sometimes asserted more confidently than the evidence permits. This critical narrative review examines how butterflies, dragonflies and damselflies function as ecological barometers across terrestrial, freshwater and connected land–water systems. Butterflies are especially informative where environmental change alters terrestrial habitat quality, host-plant availability, nectar continuity, microclimate, phenology, agricultural intensity and pesticide exposure. Dragonflies and damselflies, by contrast, integrate aquatic larval conditions with adult use of riparian and terrestrial habitat, making them useful indicators of wetland integrity, stream condition, hydrological alteration, riparian degradation and climate-driven freshwater change. The central argument is that these taxa are most valuable when treated as complementary sentinels rather than interchangeable proxies for insect biodiversity. Their strengths arise from short generation times, ectothermy, strong habitat associations, visual detectability and, in some regions, well-developed monitoring traditions. Their limitations arise from uneven detectability, biased geographic coverage, taxonomic and functional heterogeneity, lagged responses, dispersal-mediated rescue effects and the difficulty of attributing biological change to single drivers. Evidence from long-term monitoring, community science, trait-based analysis, biotic indices and distribution modelling shows that both groups can register climate warming, land-use intensification, pollution and restoration. However, the signal depends on life stage, species traits, landscape context and sampling design. Butterflies and dragonflies should therefore be embedded in multi-taxon, repeated and transparent monitoring programmes that combine abundance, occupancy, traits, phenology, breeding evidence and environmental covariates. Used in this way, they can support earlier detection of ecological change, guide habitat restoration and strengthen the accountability of biodiversity policy without reducing complex environmental change to a single charismatic indicator group.
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1. Introduction
1.1 Insects as early-warning systems in a changing biosphere
Insects are deeply involved in pollination, decomposition, herbivory, predation, nutrient cycling and food-web support, yet many insect assemblages are being reshaped by climate warming, land-use change, pollution, biological invasions and hydrological alteration. The contemporary debate on insect decline was sharpened by reports such as the more than 75% decline in flying-insect biomass over 27 years in protected areas in Germany, and by evidence that arthropod losses in European grasslands and forests are associated with landscape-level drivers (Hallmann et al., 2017; Seibold et al., 2019). At the same time, broad syntheses have shown that insect trends are not uniform across taxa, regions or ecosystems. Some analyses have reported declines in terrestrial insects alongside increases in some freshwater insect datasets, while others have found no net decline across particular long-term ecological research sites (Crossley et al., 2020; Montgomery et al., 2020; van Klink et al., 2020). The defensible conclusion is therefore not that all insects are declining everywhere, but that insect communities are changing rapidly, unevenly and often in ways that are ecologically consequential (Cardoso et al., 2020; Harvey et al., 2020; Sánchez-Bayo & Wyckhuys, 2019). Recent continental-scale butterfly monitoring from the United States strengthens this cautious framing, showing a 22% decline in total abundance from 2000 to 2020 while retaining strong variation among species and regions (Edwards et al., 2025).
The idea of insects as ecological barometers rests on their sensitivity to environmental pressure. A barometer does not explain weather by itself; it records a change in pressure that requires interpretation. Biological indicators work in a similar way. They can signal that ecological conditions are shifting, but they do not automatically identify the driver, the mechanism or the appropriate management response. This distinction is important because insects can respond quickly to environmental change through short generation times, ectothermy, small body size and close dependence on microhabitat and resource availability (Halsch et al., 2021; Hill et al., 2021). Such responsiveness makes them useful for early detection, but it also makes them vulnerable to misinterpretation when observations are sparse or when environmental drivers co-occur. Recent evidence from Alpine and Mediterranean systems further indicates that climate warming and land-use change can alter butterfly distributions through both broad elevational redistribution and fine-scale movement towards cooler, wetter microhabitats (Bruschini et al., 2024; Habel et al., 2023).
Butterflies have long been prominent in this field because they are visible, taxonomically well known in many temperate regions, closely linked to host plants and nectar resources, and suitable for repeated transect monitoring (Pollard, 1977; Thomas, 2005; van Swaay et al., 2008). Dragonflies and damselflies have become similarly important in freshwater and wetland assessment because their aquatic larvae and aerial adults connect conditions in water bodies, riparian zones and neighbouring terrestrial habitats (Bried & Samways, 2015; Clausnitzer et al., 2009; Hassall, 2015). Both groups are also attractive to naturalists and community-science recorders, which gives them a monitoring advantage over many less conspicuous insect taxa. Their public visibility, however, should not be confused with universal ecological representativeness.
1.2 Why butterflies and dragonflies should be considered together
Butterflies and dragonflies share several properties that make them useful ecological indicators. Both are ectothermic, visually detectable, responsive to weather and habitat structure, and diverse enough to include both specialists and generalists. Both groups include species that differ markedly in dispersal capacity, habitat specificity, phenology and tolerance of disturbance (Hassall & Thompson, 2008; Thomas, 2005). These differences allow researchers to examine not only species richness, but also abundance, occupancy, phenological timing, functional traits and community composition. Because many species can be identified in the field by trained observers, both taxa also support monitoring programmes that combine professional science with community participation (Schmucki et al., 2016; van Swaay et al., 2008).
Their ecological differences are just as important as their similarities. Butterflies are holometabolous insects whose larvae are often tied to particular host plants, while adults depend on nectar, shelter, suitable microclimates and habitat connectivity. A butterfly decline may therefore indicate loss of larval host plants, deterioration of vegetation structure, reduced nectar supply, pesticide exposure, phenological mismatch or fragmentation of breeding habitat (Schweiger et al., 2008; WallisDeVries & van Swaay, 2006). Dragonflies and damselflies, by contrast, spend their immature stages in water and their adult stages in air. Their populations can therefore reflect water quality, hydroperiod, sedimentation, aquatic vegetation, prey availability, flow regime, contaminant exposure and riparian structure (Bried & Samways, 2015; Guerra et al., 2026; Oliveira-Junior et al., 2019). Recent paired adult-larval data also show that adult Odonata do not always mirror water-quality conditions, whereas larval occurrence can provide a stronger water-quality signal (Peeters et al., 2025).
This complementarity is valuable because environmental change rarely stops at the edge of one habitat type. Agricultural intensification can remove butterfly host plants while delivering nutrients, pesticides and sediment into streams. Urbanisation can increase impervious surfaces, heat-island effects, stormwater pulses and habitat fragmentation. Climate warming can advance butterfly flight periods, alter host-plant phenology, lengthen odonate flight seasons, change larval development rates and shift both groups’ distributions polewards or upslope (Chen et al., 2011; Devictor et al., 2012; Forister et al., 2021; Hassall, 2015). Studying butterflies and dragonflies together therefore offers a way to interpret environmental change across linked terrestrial and freshwater systems rather than within artificially separated compartments.
1.3 Indicator claims and the need for careful interpretation
The attractiveness of butterflies and dragonflies can encourage overstatement. A group can be easy to monitor without being a universal surrogate for biodiversity. Likewise, a community can change in ways that reveal ecological stress without clearly identifying the cause. Butterfly monitoring has demonstrated the value of long-term, standardised data, but it has also shown that abundance trends, occupancy trends and distributional shifts do not always tell the same story (Thomas, 2005; van Strien et al., 2019; Wepprich et al., 2019). A butterfly assemblage can lose habitat specialists while retaining widespread generalists, or it can gain warm-adapted species while declining in total abundance. Dragonfly communities can show comparable complexity, with mobile warm-adapted species expanding while cold-adapted, forest-dependent or flow-specialist taxa become more vulnerable (Cancellario et al., 2022; Hassall, 2015).
This complexity is not a weakness of indicator science; it is the reason indicator science must be explicit about scale, mechanism and uncertainty. Richness alone is often an inadequate measure. A disturbed pond may contain many tolerant dragonflies, just as a simplified grassland may still support abundant generalist butterflies. In both cases, the number of species present can look reassuring even as conservation value declines. Stronger interpretation comes from combining species identity, abundance, breeding evidence, traits and environmental measurements.
The wider insect-decline literature reinforces this point. Results differ among studies because datasets differ in geography, taxonomic scope, time window, sampling method and statistical treatment (Crossley et al., 2020; Hallmann et al., 2017; Montgomery et al., 2020; Seibold et al., 2019). This heterogeneity does not weaken the case for concern. Rather, it shows why claims about indicator taxa must be bounded carefully. Butterflies and dragonflies are powerful barometers when sampling is repeated, detectability is considered and environmental covariates are measured. They are weaker when isolated observations or uncalibrated species lists are treated as direct measures of ecosystem condition.
A useful indicator framework should therefore ask three questions. First, is the biological response reliably associated with a change in environmental pressure? Second, is the response specific enough to guide interpretation? Third, can the indicator inform decisions such as restoration, pesticide reduction, riparian protection or climate adaptation? Butterflies and dragonflies often meet these conditions, but not automatically. Their value depends on the fit between the ecological mechanism, the monitoring design and the management question.
1.4 Scope and objectives
This review evaluates butterflies, dragonflies and damselflies as ecological barometers of environmental change across terrestrial, freshwater and connected land–water systems. It compares their biological foundations, monitoring traditions, responses to climate change, sensitivity to land-use transformation, exposure to pollution and relevance to conservation decision-making. The review adopts a critical narrative approach, with emphasis on where evidence is strong, where interpretation remains uncertain and how future monitoring can better connect insect responses to environmental diagnosis. Despite this growing evidence base, a focused synthesis is still needed to distinguish robust indicator signals from visibility-driven assumptions and to explain how butterfly and dragonfly evidence can be combined across connected land-water systems. Its central objective is to clarify when these taxa function as robust indicators, when they require cautious interpretation and how their complementary strengths can be used to support biodiversity conservation in a rapidly changing world.
2. Methods for Literature Selection
2.1 Search strategy and date range
The literature search originally covered peer-reviewed studies published from 1 January 2000 to 31 March 2026. The start year 2000 was selected because the period after 2000 saw a major expansion of standardised insect monitoring, species-distribution modelling, climate-change attribution studies, trait-based biodiversity analysis and community-science datasets. Classic older journal articles were retained where they established methods, baselines or concepts that remain central to the topic, particularly butterfly transect methodology and early evidence of climate-associated range shifts (Parmesan et al., 1999; Pollard, 1977).
The core databases searched were Web of Science, Scopus, Google Scholar and PubMed. These were supplemented by six field-specific indexing databases relevant to entomology, biodiversity monitoring, freshwater ecology and applied environmental science: Zoological Record, Biological Abstracts, BIOSIS Citation Index, CAB Abstracts, Aquatic Sciences and Fisheries Abstracts, and AGRICOLA. The search strategy combined taxonomic, indicator and environmental-pressure terms. The principal search string was “butterfl* OR Lepidoptera OR Papilionoidea” AND “dragonfl* OR damselfl* OR Odonata” AND “bioindicator* OR ecological indicator* OR sentinel* OR barometer*” AND “climate change OR warming OR phenology OR range shift* OR land use OR urbanisation OR agriculture OR pesticide* OR nutrient* OR pollution OR freshwater OR wetland* OR restoration OR citizen science OR monitoring”. Additional taxon-specific searches used “butterfl* AND climate change AND phenology”, “butterfl* AND pesticide* AND abundance”, “Odonata AND freshwater AND bioindicator”, “dragonfl* AND climate change AND range shift”, “damselfl* AND land use intensification”, “Odonata AND pollution AND biomonitoring”, “butterfl* AND host plant AND habitat quality”, and “Odonata AND riparian AND hydrological alteration”. Spelling variants such as “urbanization” and “urbanisation” were included.
2.2 Inclusion, exclusion and screening workflow
Studies were included if they were peer-reviewed journal articles with verifiable DOI metadata and if they directly addressed butterflies, dragonflies or damselflies in relation to environmental change, ecological indication, monitoring, conservation assessment, climate response, land-use change, pollution, hydrology or restoration. Eligible evidence included empirical field studies, long-term monitoring analyses, modelling studies, experiments, meta-analyses, critical reviews and methodological papers. Studies were excluded if they were books, book chapters, theses, conference papers, preprints, patents, trade-magazine articles, non-peer-reviewed reports, unsupported species lists or articles without sufficient metadata to verify authorship, title, year, journal, volume, page or article information and DOI. Authoritative institutional reports were considered in principle, but the final reference base was restricted to peer-reviewed journal literature because the reference requirements for this manuscript specified DOI-bearing sources.
Records were exported to a reference-management workflow and standardised by DOI, title, author list and publication year. Duplicates were removed first by DOI and then by close title–author matching. Titles and abstracts were screened for relevance, followed by full-text checking where the abstract did not make clear whether the article addressed environmental change rather than taxonomy or faunistics alone. English-language literature was prioritised to reduce the risk of misinterpretation and to allow accurate metadata checking. Studies were selected for influence according to methodological clarity, duration of monitoring, geographic scope, ecological mechanism, quality of environmental covariates, treatment of uncertainty, use of traits or life-history information, and relevance to conservation or monitoring practice. Citation influence was considered, but it did not override relevance or evidential quality.
2.3 Rationale for a narrative rather than systematic review
A narrative review approach was adopted because the aim was to evaluate concepts, mechanisms and interpretative limits across two biologically different indicator groups and multiple environmental pressures, rather than to estimate a single pooled effect size. Narrative reviews are appropriate where the question is broad, interdisciplinary and explanatory, provided that the search boundaries, inclusion criteria and interpretative approach are transparent (Baethge et al., 2019; Green et al., 2006). A formal systematic review would have risked imposing comparability on studies that differ substantially in geography, habitat type, sampling unit, life stage, response variable and environmental-pressure measurement. The synthesis therefore focused on convergence, contrast and interpretative caution across the literature.
Table 1 summarises the selection framework used to maintain breadth while reducing arbitrary inclusion. The purpose of the table is not to imitate a systematic-review flow diagram, but to make clear how evidence was filtered and why some older foundational studies were retained. This transparency matters because narrative synthesis depends on judgement; the judgement is more credible when its boundaries are stated openly.
Table 1. Literature-selection framework used for the narrative review
	Review component
	Application in this article

	Search period
	Main search from 1 January 2000 to 31 March 2026, with selected older journal articles retained where methodologically foundational

	Evidence retained
	Peer-reviewed empirical studies, long-term monitoring analyses, experiments, modelling studies, meta-analyses, critical reviews and methodological papers with verified DOI metadata

	Evidence excluded
	Books, grey literature, trade magazines, conference papers, theses, preprints, patents, unsupported species lists and non-peer-reviewed sources

	Screening emphasis
	Relevance to butterflies, dragonflies or damselflies as indicators of climate, land use, pollution, hydrology, habitat quality, restoration or biodiversity change

	Quality emphasis
	Repeated sampling, transparent methods, environmental covariates, trait interpretation, spatial or temporal scale, uncertainty treatment and conservation relevance

	Synthesis logic
	Narrative comparison of mechanisms, strengths, limitations and decision relevance rather than pooled meta-analytic estimation


Sources: Baethge et al. (2019); Green et al. (2006); Pollard (1977); Thomas (2005).
3. Biological Foundations of Indicator Value
3.1 Traits that connect environmental exposure to biological response
The indicator value of butterflies and dragonflies begins with the relationship between traits, exposure and measurable response. Butterflies are shaped by temperature, larval host plants, adult nectar, vegetation structure, disturbance regime and landscape connectivity. Many species have narrow larval resource requirements, so environmental change may be expressed through host-plant loss, altered host-plant quality or unsuitable larval microclimate even where adult butterflies are still seen occasionally (Schweiger et al., 2008; Thomas, 2005). Adults are conspicuous and respond quickly to favourable weather, but adult presence alone does not always confirm that a site supports successful reproduction. The most reliable butterfly indicators therefore combine adult abundance with information on breeding habitat, host plants and resource continuity.
Dragonflies and damselflies express a different indicator logic. Their larvae live in freshwater habitats, while adults forage, mate and disperse through riparian and terrestrial surroundings. This life cycle allows Odonata to integrate local aquatic conditions with the broader landscape around a water body (Bried & Samways, 2015; Miguel et al., 2017). Larvae can respond to water temperature, dissolved oxygen, prey availability, aquatic vegetation, substrate, flow and hydroperiod. Adults respond to sun exposure, riparian structure, perching sites, emergence surfaces, prey fields and connectivity among water bodies (Oliveira-Junior et al., 2019; Rocha-Ortega et al., 2019). Adult odonate surveys are practical and informative, but their interpretation is stronger when supported by evidence of oviposition, mating, larvae or exuviae.
Both groups are internally diverse. Butterfly species differ in voltinism, overwintering stage, dispersal ability, host specificity, habitat specialisation and climatic niche. Dragonflies and damselflies differ in larval development time, flow association, dispersal capacity, thermal preference, perch or flight behaviour and tolerance of open or shaded habitat. This diversity means that assemblage composition is usually more informative than simple presence. A shift from specialists to generalists, from cold-adapted to warm-adapted species, or from shaded-stream damselflies to open-water dragonflies can reveal ecological restructuring before total richness changes substantially (Cancellario et al., 2022; Devictor et al., 2012; Hassall, 2015). Trait-based interpretation is therefore central to turning insect observations into environmental evidence.
3.2 Complementarity across terrestrial and freshwater systems
Butterflies are strongest as indicators in terrestrial and semi-terrestrial habitats where plant composition, vegetation structure and management regime shape population persistence. Grasslands, heathlands, woodland rides, field margins, orchards, road verges and urban green spaces can all support butterfly populations if larval and adult resources are present. Declines in these habitats may indicate reduced plant diversity, frequent mowing, unsuitable grazing, nitrogen enrichment, pesticide drift, loss of structural heterogeneity or fragmentation (Forister et al., 2016; van Strien et al., 2019; WallisDeVries & van Swaay, 2006). Because butterfly life cycles depend on both larval and adult resources, their persistence often reflects temporal continuity as much as spatial area.
Dragonflies and damselflies are strongest as indicators of freshwater and riparian environments. They have been used to assess wetland quality, stream integrity, pond condition and freshwater conservation value because their assemblages respond to canopy cover, vegetation structure, land use, water permanence and physicochemical conditions (Miguel et al., 2017; Simaika & Samways, 2009; Vorster et al., 2020). Sensitive damselflies may indicate shaded, less disturbed streams, while many larger dragonflies can use warmer, open and sometimes artificial waters. This contrast is not a fixed rule, but it illustrates why species identity and habitat association matter. A pond dominated by disturbance-tolerant odonates is not equivalent to a stream supporting specialised damselflies, just as a grassland dominated by widespread butterflies is not equivalent to one that supports rare host-plant specialists.
Together, the two groups can reveal whether environmental change is mainly terrestrial, aquatic or linked across both systems. A farmed landscape may retain some adult butterflies in flowering margins while its streams are degraded by sediment and nutrient runoff. A city may support dragonflies in stormwater ponds while losing specialised butterflies from intensively managed lawns. Conversely, riparian restoration, pesticide reduction and improved vegetation structure can benefit both groups, although not necessarily the same species at the same pace. Their combined use therefore helps avoid a narrow reading of landscape condition.
3.3 Scale, detectability and taxonomic resolution
Indicator value depends not only on ecological sensitivity but also on how organisms are observed. Butterflies are well suited to repeated transects under suitable weather conditions, and the Pollard-walk tradition has made them among the best-monitored insects in several countries (Pollard, 1977; van Swaay et al., 2008). Dragonflies are also visible as adults, but adult counts may be less tightly linked to local larval production because adults can disperse widely, patrol territories or aggregate at temporary foraging sites (Bried & Samways, 2015). Larval sampling and exuviae collection provide stronger evidence of local breeding, although they require more expertise and are less feasible for broad volunteer monitoring.
Taxonomic resolution is another practical issue. Species-level data are preferred because environmental tolerances may differ sharply among related species. However, genus-level or family-level information can still be useful where taxonomic capacity is limited and where the management question is broad. Odonate indices such as the Dragonfly Biotic Index show how sensitivity, distribution and threat status can be combined into freshwater assessment tools (Simaika & Samways, 2009; Vorster et al., 2020). More recent work has refined how qualitative scoring methods can support conservation prioritisation, while showing that apparently technical choices in index calculation can affect site ranking (Šigutová et al., 2024). Butterfly indicators face similar challenges. Aggregated abundance indices are valuable for communication and policy, but they can obscure opposing trends among specialists and generalists (Schmucki et al., 2016; Thomas, 2005).
Table 2 draws together these contrasting properties. Its main purpose is to show that the same feature can be both an advantage and a source of bias. Adult visibility, for example, makes monitoring feasible, but it also makes counts sensitive to weather, observer effort and seasonal timing. The indicator question is therefore not simply whether butterflies or dragonflies are present, but what their presence, abundance and composition mean in relation to habitat and sampling conditions.
Table 2. Complementary indicator properties of butterflies and dragonflies
	Indicator dimension
	Butterflies
	Dragonflies and damselflies
	Interpretation caution

	Primary habitat signal
	Terrestrial vegetation, host plants, nectar resources, grassland and edge structure
	Freshwater condition, riparian structure, wetland integrity and aquatic–terrestrial connectivity
	Adult presence may not confirm local breeding

	Life-stage sensitivity
	Larvae often tied to host plants; adults depend on nectar and microclimate
	Larvae reflect aquatic conditions; adults reflect riparian and aerial habitat
	Different life stages may respond to different pressures

	Monitoring strength
	Standardised transects and long-term abundance indices are well developed in several regions
	Adult surveys are practical; larval or exuvial sampling strengthens freshwater inference
	Detectability varies with weather, season, behaviour and expertise

	Useful response metrics
	Abundance, occupancy, phenology, host-plant association and community temperature affinity
	Species composition, breeding evidence, emergence, biotic indices and habitat specialisation
	Richness alone may mislead where generalists replace specialists

	Best diagnostic use
	Terrestrial habitat quality, climate response, agricultural intensification and pesticide exposure
	Wetland and stream integrity, hydrological alteration, riparian degradation and climate effects on freshwater systems
	Both groups require environmental covariates for causal interpretation


Sources: Bried and Samways (2015); Miguel et al. (2017); Pollard (1977); Simaika and Samways (2009); Thomas (2005); van Swaay et al. (2008); Vorster et al. (2020).
4. Climate-Change Signals in Space, Time and Community Structure
4.1 Phenology and thermal sensitivity
Climate change affects butterflies and dragonflies through temperature, precipitation, seasonality, extreme events and indirect effects on resources. Butterflies have supplied some of the clearest insect evidence for phenological response to warming. In Britain, butterfly flight periods advanced in association with warmer conditions, establishing an early and influential example of insect phenology tracking climate (Roy & Sparks, 2000). Later work has shown that these responses vary among species. Some butterflies advance flight periods, some alter voltinism, some shift distributions and others decline where warming interacts with drought, habitat loss or resource limitation (Halsch et al., 2021; Hill et al., 2021).
Earlier seasonal activity is not automatically beneficial. It may increase reproductive opportunity for multivoltine species if host plants and nectar resources remain available. It may also expose larvae or adults to late frost, drought, heat stress or mismatch with plant phenology. Trophic mismatch is especially plausible where larvae depend on narrowly timed host-plant growth, and modelling has shown that climate change can produce spatial mismatch between interacting species (Schweiger et al., 2008). For this reason, first-appearance dates should be treated cautiously. They are easy to record, but they are also sensitive to observer effort and weather. Stronger phenological interpretation requires abundance across the flight season, larval survival, host-plant timing and reproductive evidence.
Odonata also respond phenologically to warming, often through earlier emergence, longer flight seasons and altered development rates (Hassall & Thompson, 2008; Hassall, 2015). Their response, however, is mediated by aquatic conditions. A warm spring can accelerate larval development in a permanent pond, but drought can shorten hydroperiod and cause larval mortality in temporary wetlands. Flowing-water species may face different constraints from pond species because stream temperature, discharge and oxygen dynamics interact. Dragonflies and damselflies are therefore useful climate indicators for freshwater systems, but their phenology should be interpreted through both air and water conditions.
4.2 Range shifts, mountain systems and climate debt
Butterflies were among the first insects used to demonstrate climate-associated range shifts at broad scales. Poleward shifts in European butterfly distributions were reported in relation to regional warming, and subsequent work showed that British butterflies responded to the opposing forces of climate warming and habitat change (Parmesan et al., 1999; Warren et al., 2001). Cross-taxon analyses later confirmed that many species have shifted ranges towards higher latitudes or elevations under warming, although the size and direction of those shifts vary with dispersal, geography and habitat availability (Chen et al., 2011). For butterflies, climate suitability alone is not enough. A species may find newly suitable climate beyond its current range but fail to reach it, or it may arrive where host plants and habitat structure are unsuitable.
The concept of climate debt captures this lag between shifting climate and biological response. At the European scale, butterflies and birds showed different degrees of lag in tracking changing climate, suggesting that community composition can remain partly structured by past conditions even as present climate suitability changes (Devictor et al., 2012). For butterflies, such debt is likely to be most serious where habitats are fragmented, host plants are patchy or mountain species have limited upslope space. Recent global work shows that butterfly diversity, range rarity and phylogenetic diversity are strongly concentrated in tropical and subtropical mountain systems, and that warming threatens much of this climatic space (Pinkert et al., 2025). This makes mountain butterflies especially important as climate indicators, but also especially vulnerable where refugia become ecological traps rather than safe havens.
Range shifts should not be read only as gains at leading edges. In the American West, community-science observations showed fewer butterflies across warming and drying landscapes, indicating that heat and aridity can depress abundance even where some species might be expected to benefit from warmer conditions (Forister et al., 2021). This is an important caution. Climate change can favour warm-adapted species while reducing total abundance or eroding specialist populations. The barometer signal is therefore not simply movement northwards or upwards, but a more complex mixture of movement, decline, colonisation, local loss and community thermophilisation.
4.3 Odonate responses across aquatic and aerial life stages
Dragonflies and damselflies are strong candidates for climate-change monitoring because many species are thermally responsive, mobile and tied to freshwater habitats that are themselves climate-sensitive (Hassall, 2015). Warming can allow some mobile warm-adapted dragonflies to expand, especially in open-water habitats. At the same time, it can threaten cold-adapted, high-elevation, shaded-stream or temporary-wetland species through altered hydroperiod, warmer water, lower oxygen, drought and vegetation change (Cancellario et al., 2022; Hassall & Thompson, 2008). A single temperature trend can therefore create apparent gains and genuine conservation losses at the same time.
Adult odonate records require particular care. Adults may appear in newly suitable areas before stable larval populations are established. Conversely, larval populations may deteriorate because of water-quality or hydroperiod change before adult observations show an obvious decline. Recent cross-continental work on Odonata found that range geography and temperature variability help explain range and phenology shifts, while also showing that abundance data remain important for assessing resilience (Sirois-Delisle et al., 2025). This supports a cautious interpretation: odonates can register climate change clearly, but occurrence records alone do not always reveal population viability.
Predicted climate-driven reorganisation of Odonata diversity also raises questions about conservation baselines. Modelling indicates that taxonomic, functional and phylogenetic diversity may be redistributed under climate change, meaning that freshwater conservation cannot rely only on preserving current assemblages at fixed sites (Cancellario et al., 2022). Monitoring must distinguish between natural colonisation, climate-driven turnover, local habitat degradation and restoration success. Dragonflies are useful climate barometers because their responses are dynamic, but that same dynamism makes simplistic interpretation risky.
Table 3 summarises the principal climate signals shown by butterflies and dragonflies. The table is not meant to imply that all species respond in the same way. Rather, it highlights how similar response categories, such as earlier emergence or range expansion, can have different meanings depending on life stage, habitat and resource context.
Table 3. Climate-change signals in butterflies and dragonflies
	Climate signal
	Butterfly interpretation
	Dragonfly and damselfly interpretation
	Main caveat

	Earlier seasonal activity
	May indicate warming-driven flight advance, altered voltinism or mismatch with host plants and nectar
	May indicate accelerated larval development, warmer water or altered emergence timing
	First-date records are sensitive to sampling effort and detectability

	Poleward or upslope shift
	Often reflects changing thermal suitability, constrained by dispersal and host-plant availability
	May reflect colonisation by mobile warm-adapted species or loss of cold-adapted specialists
	Range expansion can coincide with abundance decline elsewhere

	Community thermophilisation
	Replacement of cold-adapted or specialist species by warmer-affinity taxa
	Increased dominance of warm-water or open-habitat species in some systems
	Richness may increase while conservation value declines

	Drought and heat stress
	Reduced host-plant quality, nectar limitation and adult mortality in dry landscapes
	Hydroperiod shortening, larval mortality and wetland loss
	Temperature and water availability often interact

	Climate debt
	Communities lag behind shifting climatic suitability where habitat is fragmented
	Freshwater assemblages may lag behind hydrological and thermal change
	Lagged response can obscure current risk


Sources: Cancellario et al. (2022); Chen et al. (2011); Devictor et al. (2012); Forister et al. (2021); Halsch et al. (2021); Hassall (2015); Hassall and Thompson (2008); Hill et al. (2021); Parmesan et al. (1999); Pinkert et al. (2025); Roy and Sparks (2000); Sirois-Delisle et al. (2025).
5. Land-Use Change, Habitat Degradation and Fragmentation
5.1 Agricultural intensification and grassland simplification
Land-use change is among the strongest pressures shaping butterfly assemblages. Agricultural intensification reduces habitat heterogeneity through fertilisation, herbicide use, insecticide exposure, drainage, reseeding, frequent mowing, removal of field margins and simplified crop rotations. For butterflies, these changes operate through larval host-plant loss, reduced nectar availability, altered vegetation structure and increased isolation of breeding habitat (Thomas, 2005; Warren et al., 2001). British analyses showed severe losses of butterflies relative to plants and birds, highlighting how strongly insect specialists can respond to landscape transformation (Thomas et al., 2004). In the Netherlands, more than a century of data revealed an estimated decline of more than 80% in butterflies, a result consistent with long-term deterioration of semi-natural habitats and agricultural landscapes (van Strien et al., 2019).
The mechanisms are often subtler than a simple loss of habitat area. Nitrogen enrichment can increase plant productivity and produce taller, denser vegetation. In some grasslands, this can create cooler larval microclimates even under regional warming, potentially disadvantaging warmth-demanding larvae (WallisDeVries & van Swaay, 2006). Land abandonment can also be harmful where open-habitat specialists depend on low-intensity grazing or mowing. Butterfly declines therefore cannot be attributed simply to too much management or too little management. They often reflect the disappearance of varied, intermediate disturbance regimes that once maintained host plants, nectar and favourable microclimates.
Regional monitoring confirms the importance of repeated data. In Ohio, two decades of systematic monitoring revealed declines in butterfly abundance that would have been difficult to detect from short-term surveys (Wepprich et al., 2019). In Britain, widespread losses of pollinating insects across many groups provide broader context for the decline of floral-resource networks in human-dominated landscapes (Powney et al., 2019). Butterflies are therefore strong barometers of terrestrial habitat quality, but the best inference comes when butterfly counts are interpreted alongside vegetation data, management records and landscape history.
5.2 Forest loss, riparian degradation and freshwater integrity
Odonata are shaped by both local aquatic habitat and surrounding land use. Forest removal can increase light, alter water temperature, reduce allochthonous organic inputs, increase sedimentation and change aquatic vegetation. These changes may favour some open-water dragonflies while harming shaded-stream damselflies. Studies in Neotropical streams show that local and regional abiotic factors influence dragonfly assemblages, supporting the view that odonate communities integrate in-channel conditions with surrounding landscape structure (Oliveira-Junior et al., 2019). Land-use intensification can simplify streams and favour tolerant species, while reducing assemblage integrity where specialist taxa depend on intact riparian vegetation or better water quality (Rocha-Ortega et al., 2019).
Landscape pattern also matters. Odonate richness, composition and conservation value can be influenced by the arrangement of habitat patches, surrounding land cover and temporal change in the landscape matrix (Dolný et al., 2021). Highly mobile species may persist in fragmented landscapes by moving among ponds, but less mobile or habitat-specialist damselflies may be more sensitive to isolation and riparian disruption. This makes Odonata useful indicators of freshwater condition, but it also makes breeding evidence important. Mating, oviposition, larvae and exuviae strengthen the inference that a site is functioning as habitat rather than serving only as a temporary adult foraging area.
Dragonfly-based freshwater indices respond to this interpretative challenge by weighting species according to sensitivity, distribution and conservation value. The Dragonfly Biotic Index and related continental-scale approaches move beyond richness alone and provide a way to assess ecological integrity or conservation priority (Simaika & Samways, 2009; Vorster et al., 2020). A site with fewer but more sensitive species may be more important than a disturbed site with many tolerant generalists. Such indices are promising, but they require regional calibration and transparent assumptions.
5.3 Urbanisation, novel habitats and ecological traps
Urban landscapes are selective filters rather than biological voids. Butterflies can persist in gardens, parks, cemeteries, road verges, railway corridors and brownfield sites where larval host plants, nectar resources and reduced pesticide use are maintained. However, urban butterfly assemblages often favour mobile generalists, while specialists decline where patches are small, isolated, frequently mown or dominated by ornamental plants with little larval value (Thomas, 2005; van Swaay et al., 2008). Urban heat islands may benefit some warmth-demanding species, but they can also increase drought stress, shorten flowering periods and intensify mismatch between insects and plants.
Dragonflies may colonise urban ponds, canals, stormwater basins and restored wetlands. These habitats can be valuable, but they can also function poorly if water quality is low, hydroperiod is unstable, banks are steep, fish predation is high, or pollutant pulses are frequent (Bried & Samways, 2015; Guerra et al., 2026). Adult richness at urban waters should therefore not be read automatically as freshwater recovery. Breeding evidence and larval survival are needed to separate attractive habitat from functional habitat.
The more useful urban indicator question is not whether butterflies or dragonflies occur, but which species occur, in what abundance, with what evidence of reproduction and in relation to which habitat features. Urban green–blue infrastructure can support both groups when it includes native host plants, continuous flowering, structurally varied vegetation, pesticide reduction, clean water, shallow margins, emergent vegetation and connectivity. Indicator monitoring can guide this design, but it should avoid treating generalist colonisation as equivalent to ecological integrity.
6. Pollution, Hydrological Alteration and Multiple Stressors
6.1 Pesticides, nutrients and contaminant pathways in butterflies
Butterflies are exposed to pollution through several pathways. Larvae consume host plants that may carry pesticide residues, adults contact contaminated vegetation or nectar, and populations may suffer indirectly when herbicides reduce host plants or flowering resources. Neonicotinoid insecticides have received particular attention because of their systemic properties and their capacity to enter plant tissues. In lowland California, increasing neonicotinoid use was associated with declining butterfly faunas, suggesting that pesticide exposure may contribute to regional declines alongside climate and land-use pressures (Forister et al., 2016). Experimental work has reported non-target effects of clothianidin on monarch butterflies, and field-oriented exposure assessment has quantified pesticide risk for monarch caterpillars on milkweeds bordering agricultural land (Olaya-Arenas & Kaplan, 2019; Pecenka & Lundgren, 2015).
The pollution signal in butterflies is difficult to isolate because pesticides rarely occur alone. They are often embedded in landscapes already simplified by crop intensification, herbicide use, fertilisation, mowing and drainage. A butterfly decline near farmland may reflect direct toxicity, host-plant removal, nectar scarcity, vegetation change, drought stress or several of these mechanisms together. Nutrient enrichment adds another complication by changing plant communities and sward structure, sometimes reducing the warm open microhabitats required by larvae even when host plants remain present (WallisDeVries & van Swaay, 2006). Butterflies can therefore signal pollution pressure, but causal attribution requires environmental residue data, vegetation surveys, management history and, where possible, experimental or quasi-experimental evidence.
Stage-specific effects matter as well. Larvae may be exposed through host-plant consumption, while adults may encounter contaminants through nectar, foliage contact or landscape-scale drift. Sublethal effects may alter development, behaviour or reproduction before population decline becomes obvious. For this reason, butterflies are best used as pollution barometers within integrated monitoring programmes that include chemical, botanical and demographic measurements.
6.2 Pollutants and physicochemical stress in Odonata
Dragonflies and damselflies are exposed to pollutants mainly through aquatic larval stages. Larvae may encounter pesticides, heavy metals, nutrients, sediment, altered dissolved oxygen and emerging contaminants. Pollution can affect survival, growth, development time, emergence success, behaviour and predator–prey interactions (Guerra et al., 2026). Because odonate larvae are predators, contaminants can also move through aquatic food webs, although outcomes depend on chemical properties, prey exposure and habitat conditions.
Odonata are not uniformly sensitive. Some species tolerate eutrophic, warm or artificial waters, while others depend on clean, oxygenated, shaded or flowing habitats. Assemblage composition is therefore more informative than total abundance. A polluted pond may support many individuals of tolerant species while losing sensitive taxa. Conversely, a restored wetland may first attract mobile generalists before specialists arrive. Biotic indices help address this issue by weighting species according to sensitivity, distribution and conservation value rather than treating all species as equal indicators (Simaika & Samways, 2009; Vorster et al., 2020).
Hydrological alteration further complicates pollution interpretation. Channelisation, flow regulation, drainage, groundwater abstraction, wetland infilling and stormwater pulses can degrade habitat even where chemical water quality appears acceptable. Odonate larvae depend on hydroperiod, substrate, vegetation, flow refugia and emergence structures, so adult assemblages may reflect physical habitat degradation as much as chemical contamination (Miguel et al., 2017; Oliveira-Junior et al., 2019). Effective odonate biomonitoring should therefore record water permanence, riparian condition, aquatic vegetation, substrate, flow and surrounding land use as routine covariates.
6.3 Interacting stressors and limits of single-driver diagnosis
Environmental pressures rarely act independently. Climate warming can increase drought, reduce dilution capacity in streams, alter water temperature, change pesticide behaviour and intensify resource stress. Agricultural intensification can combine pesticide exposure, nutrient enrichment, habitat loss and hydrological modification. Urbanisation can combine heat-island effects, stormwater contamination, artificial lighting and fragmentation. Both butterflies and dragonflies are therefore exposed to stressor complexes rather than isolated drivers (Guerra et al., 2026; Halsch et al., 2021).
This complexity explains why indicators can be informative and ambiguous at the same time. A declining butterfly specialist may accurately signal environmental deterioration without identifying whether the main driver is herbicide-mediated host loss, nitrogen-mediated vegetation change, insecticide exposure, drought or isolation. An odonate assemblage dominated by tolerant open-water species may indicate disturbance, but the disturbance could involve canopy loss, nutrient enrichment, sedimentation, altered flow, warming, fish introduction or several of these together. The role of the indicator is to alert, structure inquiry and guide diagnosis. It should not replace direct measurement of environmental pressure.
Table 4 summarises these overlapping stressor pathways. Its main message is that biological responses become more interpretable when paired with environmental covariates. Insect data alone can warn that ecological conditions are changing; paired insect and environmental data can begin to explain why.
Table 4. Major stressor pathways and interpretative cautions
	Stressor pathway
	Likely butterfly response
	Likely dragonfly and damselfly response
	Interpretation caution

	Pesticide exposure
	Larval toxicity, reduced survival and altered abundance near agricultural land
	Larval toxicity, altered emergence and behavioural effects in aquatic stages
	Chemical exposure data are needed to separate toxicity from habitat loss

	Nutrient enrichment
	Host-plant community change, dense vegetation and altered larval microclimate
	Eutrophication, reduced oxygen and shifts towards tolerant aquatic species
	Moderate productivity can increase some generalists

	Hydrological alteration
	Indirect effects through riparian vegetation and drought-sensitive host plants
	Strong effects through hydroperiod, flow, sedimentation and breeding-site loss
	Adult occurrence may persist after larval habitat declines

	Climate–pollution interaction
	Heat and drought can amplify resource stress and pesticide risk
	Warming can alter contaminant effects and freshwater oxygen dynamics
	Single-driver attribution is often unreliable

	Habitat simplification
	Loss of specialists and reduced nectar and host-plant continuity
	Loss of sensitive stream or wetland specialists and dominance of tolerant species
	Species richness may remain stable despite declining conservation value


Sources: Forister et al. (2016); Guerra et al. (2026); Miguel et al. (2017); Olaya-Arenas and Kaplan (2019); Oliveira-Junior et al. (2019); Pecenka and Lundgren (2015); Rocha-Ortega et al. (2019); WallisDeVries and van Swaay (2006).
7. Monitoring, Modelling and Interpretation
7.1 Standardised transects, abundance indices and community science
The credibility of butterflies as ecological barometers rests heavily on standardised monitoring. The Pollard transect method established a repeatable approach for counting butterflies under defined weather and seasonal conditions, and it remains foundational for abundance monitoring (Pollard, 1977). Later monitoring schemes built on this method, enabling regional and continental analyses of abundance, phenology and community change (Schmucki et al., 2016; van Swaay et al., 2008). Repeated abundance data are especially valuable because they can detect demographic change more directly than presence-only records.
Transects still require caution. Counts are affected by weather, observer skill, route placement, detectability, flight period and annual variability. A transect through high-quality habitat may not represent a wider landscape, while opportunistic records may overrepresent accessible sites, charismatic species and regions with active naturalist communities. These biases do not make the data unusable; they make transparent modelling essential. Strong butterfly indicators combine repeated counts, environmental covariates, abundance models and uncertainty estimates (Schmucki et al., 2016; Wepprich et al., 2019).
Dragonfly monitoring is methodologically more varied. Adult surveys are practical, visually engaging and suitable for broad surveillance, but larval sampling, exuviae collection and observation of breeding behaviour provide stronger evidence of site-level freshwater function (Bried & Samways, 2015). The right method depends on the question. Adult surveys may be sufficient for detecting broad range shifts or seasonal changes. Site assessment, pollution diagnosis and restoration evaluation require stronger evidence that local breeding and emergence are occurring.
7.2 Species-distribution models, traits and data gaps
Large occurrence datasets and species-distribution models have expanded the spatial scale of butterfly and odonate research. For butterflies, country-level occurrence databases have made global richness patterns more visible while also revealing strong geographic bias, with many tropical and highly diverse regions still underrepresented compared with Europe and North America (Pinkert et al., 2022). For Odonata, global checklist and occurrence compilations have improved macroecological analysis but have also exposed major gaps in occurrence records and taxonomic documentation (Sandall et al., 2022). These gaps matter because indicator conclusions derived from well-monitored temperate regions may not transfer reliably to tropical landscapes with different species pools, land-use histories and sampling intensity.
Community science can help fill some of these gaps, but it also brings its own biases. Recent work on Odonata observations in the east-central United States showed that apparent biodiversity patterns may partly reflect observation density, accessibility and recorder behaviour (Bullion & Bahlai, 2024). The same issue applies to butterflies. Community-science records are invaluable for detecting broad phenological and distributional patterns, but they must be analysed with attention to effort, non-detection and spatial clustering.
Trait-based modelling can improve interpretation by connecting observed change to ecological mechanism. In butterflies, traits such as host specificity, dispersal, voltinism and climatic niche help explain why some species respond positively to warming while others decline (Hill et al., 2021). In odonates, traits related to dispersal, larval habitat, flow association and thermal preference help interpret turnover under climate and land-use change (Cancellario et al., 2022; Hassall, 2015). The strongest future monitoring frameworks will integrate traits, abundance trends, environmental covariates and detection models rather than relying on uncorrected occurrence or richness.
7.3 From barometers to decisions
An ecological barometer becomes useful when it informs decisions. Butterfly abundance indices can support agri-environment evaluation, grassland management, protected-area assessment and climate adaptation, but only when baselines distinguish natural fluctuation from directional change (Thomas, 2005; van Swaay et al., 2008). Dragonfly biotic indices can help prioritise freshwater sites and evaluate restoration, but index calibration must be regionally appropriate and sensitive to the ecological meaning of species composition (Simaika & Samways, 2009; Vorster et al., 2020). Recent work on Dragonfly Biotic Index calculation shows that the choice between summed, mean or alternative scoring approaches can affect conservation prioritisation (Šigutová et al., 2024). This is a useful reminder that indicators are not neutral instruments; their construction shapes the decisions they support.
Thresholds are particularly difficult. A decline in a rare specialist may be ecologically more important than a similar proportional decline in a widespread generalist. A rise in warm-adapted species may indicate climate tracking, but it may also signal biotic homogenisation. An increase in dragonfly richness at artificial ponds may reflect habitat creation, yet it may also reflect generalist expansion into simplified waters. Managers therefore need indicators that distinguish recovery from replacement. That distinction requires species identity, traits, abundance, breeding evidence, habitat measures and uncertainty.
Butterflies and dragonflies also have communication value. Their visibility makes ecological change tangible to non-specialists, and their monitoring can involve volunteers, schools, local conservation groups and land managers. This public value is real, but it should not dilute scientific precision. A striking butterfly decline graph or a conspicuous dragonfly colonisation event should begin ecological diagnosis, not end it.
8. Conservation and Policy Implications
8.1 Protecting climate-resilient habitat mosaics
The conservation implications of butterfly and dragonfly monitoring converge on habitat quality, heterogeneity and connectivity. For butterflies, resilient landscapes require larval host plants, nectar continuity, varied vegetation structure, reduced pesticide exposure and connected habitat patches that allow movement under climate change (Forister et al., 2021; Thomas, 2005; Warren et al., 2001). Conservation should protect both large high-quality sites and smaller stepping-stone habitats because many butterflies move through networks rather than isolated reserves. Climate adaptation also requires microclimatic diversity, including warm open patches, sheltered edges, varied sward heights and refuges from extremes (Hill et al., 2021; WallisDeVries & van Swaay, 2006).
For dragonflies and damselflies, resilient habitat mosaics require clean water, natural or semi-natural hydroperiods, emergent and submerged vegetation, intact riparian zones and connectivity among ponds, wetlands, streams and rivers (Bried & Samways, 2015; Miguel et al., 2017). Artificial ponds can support valuable assemblages, but they should not be treated as automatic substitutes for natural wetlands unless they support breeding, larval survival and sensitive species. Because Odonata include both mobile colonists and habitat specialists, freshwater restoration should be evaluated through assemblage composition and breeding evidence rather than adult richness alone.
A combined butterfly–dragonfly perspective encourages landscape planning that protects both terrestrial and aquatic ecological infrastructure. Flower-rich riparian buffers, pesticide-free field margins, restored wetlands, naturalised drainage, low-intensity grasslands and urban green–blue corridors can support multiple ecological functions. Such measures align with broader insect-conservation priorities that emphasise habitat protection, pesticide reduction, restoration, monitoring and public engagement (Cardoso et al., 2020; Harvey et al., 2020).
8.2 Freshwater restoration and riparian protection
Dragonflies are particularly useful in freshwater restoration because they respond to both local habitat and the surrounding landscape. Restored wetlands may be colonised quickly by mobile species, but the return of sensitive taxa often depends on water quality, vegetation structure, hydroperiod stability and source populations (Simaika & Samways, 2009; Vorster et al., 2020). Odonate monitoring can therefore help distinguish superficial habitat creation from ecological recovery. A newly excavated pond with many adult dragonflies may be valuable, but it should not be treated as equivalent to a mature, structurally complex wetland supporting specialists.
Riparian protection also matters for butterflies. Riparian corridors can provide nectar, larval host plants, shelter and dispersal routes, especially in agricultural or urban landscapes. Where river restoration focuses only on channel engineering and ignores terrestrial vegetation, it may miss opportunities for broader insect recovery. Conversely, pollinator planting that ignores water quality may support some butterflies while leaving aquatic biodiversity degraded. A combined indicator approach can make restoration assessment more holistic.
Hydrological change under warming increases the importance of this integration. Temporary ponds may dry earlier, streams may warm, droughts may reduce nectar and host-plant quality, and extreme rainfall may deliver contaminants into water bodies. Monitoring butterflies and dragonflies together can help determine whether restoration creates resilience or merely short-term opportunities for disturbance-tolerant species. The most useful programmes will track change across multiple years and include post-restoration baselines rather than one-off assessments.
8.3 Indicator governance, co-production and equity
Indicator programmes are social systems as well as scientific systems. Long-term butterfly monitoring has succeeded partly because standardised methods are accessible to trained volunteers, while dragonfly recording benefits from naturalist expertise and public interest in visible freshwater insects (Schmucki et al., 2016; van Swaay et al., 2008). Expanding these programmes into underrepresented regions requires investment in taxonomic training, field guides, data infrastructure and local scientific leadership. Global datasets show that occurrence records remain unevenly distributed, and this imbalance can reproduce conservation blind spots if models are treated as complete representations of biodiversity (Pinkert et al., 2022; Sandall et al., 2022).
Equity also concerns which landscapes are monitored and whose decisions are supported. Biodiversity data are often dense near universities, roads, protected areas and affluent communities, while agricultural frontiers, informal urban areas, tropical wetlands and remote catchments may remain poorly sampled. Community science can help, but only when it includes training, feedback, recognition and data-quality support. Otherwise, it risks collecting observations without building local capacity.
Policy use should be transparent about uncertainty. Butterflies and dragonflies can support biodiversity indicators, restoration targets and early-warning systems, but they should not be used to oversimplify ecological change. Decision-makers need to know whether an indicator is based on abundance or occurrence, adults or larvae, standardised or opportunistic sampling, species richness or trait-weighted composition. Responsible indicator governance makes uncertainty visible while still allowing action.
9. Conclusions
Butterflies and dragonflies are valuable ecological barometers because they make environmental change visible at scales that researchers, land managers and the public can observe. Butterflies are especially strong indicators of terrestrial habitat quality, plant-resource continuity, microclimatic change, agricultural intensification and climate-sensitive phenology. Dragonflies and damselflies are especially strong indicators of freshwater integrity, riparian condition, hydrological alteration and aquatic–terrestrial connectivity. Their greatest value lies not in treating either group as a universal proxy for biodiversity, but in using them together to interpret linked changes across land and water.
The evidence supports a careful conclusion. These insects can detect climate shifts, habitat degradation, pollution and restoration responses, but their signals depend on species traits, life stage, dispersal, sampling design and landscape context. Species richness alone is rarely enough. Abundance, occupancy, breeding evidence, phenology, functional traits and environmental covariates provide a stronger foundation for interpretation. The most defensible monitoring programmes are repeated, standardised, transparent and designed around clear management questions.
Butterflies and dragonflies also have public value. They connect people to ecological change in ways that many less visible organisms cannot. That visibility can support community science, education and conservation action, but it can also encourage overinterpretation. The task for researchers and managers is to preserve the communicative power of these insects while maintaining rigour in how their signals are analysed.
In a period of rapid environmental change, ecological barometers are needed not because they offer simple answers, but because they help reveal when conditions are shifting beyond familiar bounds. Butterflies and dragonflies, interpreted critically and together, can serve that role with considerable strength.
10. Limitations
This review is limited by the uneven geography of available evidence. Butterfly monitoring is strongest in parts of Europe and North America, while dragonfly and damselfly data remain uneven across many tropical and subtropical regions. As a result, some conclusions are better supported for temperate landscapes than for the most biodiverse regions of the world.
The review also relies on narrative synthesis rather than formal meta-analysis. This approach was appropriate for comparing mechanisms and interpretative issues across taxa, habitats and stressors, but it does not estimate pooled effect sizes. The strength of evidence therefore varies among sections, with long-term monitoring and climate-response studies generally providing stronger inference than short-term local studies.
A further limitation is that many environmental pressures co-occur. Climate warming, drought, pesticides, nutrient enrichment, habitat fragmentation and hydrological alteration are difficult to separate in observational studies. Consequently, butterflies and dragonflies often indicate ecological change more clearly than they identify its precise cause. Future work should strengthen causal inference through repeated sampling, experimental designs, chemical and habitat covariates, larval-stage data, trait-based modelling and better integration of terrestrial and freshwater monitoring.
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