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gaps in a changing world
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Vietnam is a global hotspot, hosting 493 Odonata species, with ~95% evaluated by the IUCN. Odonata
species play vital ecological roles in aquatic and terrestrial ecosystems; yet, they face escalating
threats from climate change, habitat loss, and pollution. Adult taxonomy has dominated research; yet,
critical eco-evolutionary, ecotoxicological, and conservation studies are lacking. This synthesis of 200
years of Viethamese Odonata research bridges knowledge gaps, offering insights into tropical
ecosystem vulnerability in a changing world. We propose an integrative framework scalable to all
aquatic invertebrates and understudied tropical regions to advance research and conservation: (1)
enhance larval and adult taxonomy and phylogeny using morphology, DNA barcoding (COI gene), and
whole genome sequencing for ecologically important, critically endangered or rare species; (2)
implement monitoring programmes with eDNA metabarcoding, remote sensing, automated imaging,
and citizen science to track distributions, phenology, and traits; (3) conduct eco-evolutionary and
ecotoxicological studies with multi-omics to elucidate mechanisms underlying ecophysiology and

evolutionary responses; and (4) apply machine learning to project distributions and responses to
environmental changes. This framework aligns with global biodiversity and sustainability policy
agendas, including the Convention on Biological Diversity and SDGs 14: Life Below Water, and 15: Life
on Land, and offers actionable solutions for protecting vulnerable ecosystems.

Dragonflies and damselflies (Odonata) are among the earliest flying insects
on Earth'’. They exhibit a hemimetabolous life cycle with eggs that are
mostlylaid in the water, but some species can also lay eggs or even pro-larvae
on tree branches’, followed by long, multiple larval stages living in the water,
and the adults are terrestrial**. In aquatic ecosystems such as lakes, rivers,
streams, rice fields, and aquaculture ponds, damselfly and dragonfly larvae
are important intermediate predators that prey upon various small inver-
tebrates such as mosquito larvae, daphnids, polychaetes, oligochaetes, small
fish, and amphibian tadpoles (Fig. 1)>*°. This predatory behavior positions
them as potential biocontrol agents for vector-borne disease vectors, such as
mosquitoes’. Concurrently, odonate larvae are also an important food
source for many fish species®. As predators, odonate larvae have significant
implications for the food web dynamics and agricultural and aquaculture
systems, such as fish rearing and amphibian populations, which can
potentially affect aquaculture yields’.

In terrestrial environments, odonate adults serve as a critical conduit for
transferring aquatic-derived nutrients, particularly omega-3 fatty acids (w3),

to terrestrial food webs, supporting a range of insectivorous taxa, including
adult amphibians, birds, and bats (see Fig. 1, refs. 8,10,11). This nutrient
transfer is ecologically significant, as w3 are essential for avian reproduction,
chick development, and migratory success'>”’. However, dragonflies and
damselflies can also act as vectors for transferring contaminants such as
pharmaceuticals and endocrine disrupters, facilitating their movement from
aquatic to terrestrial ecosystems, where they may accumulate in terrestrial
predators (Fig. 1, see also e.g, ref. 14). This dual role underscores the
importance of odonates in mediating both beneficial nutrient dynamics and
potential ecological risks in cross-ecosystem interactions.

Vietnam is considered the center of biodiversity for dragonflies and
damselflies”. A total of 493 dragonfly and damselfly species have been
recorded to June 2024 (see Supplementary Table 1). A growing concern is
the impact of climate change and other human activities on the Vietnamese
Odonata, yet the majority of studies have primarily focused on adult tax-
onomy (see Supplementary Note 2), with sparse data on distributions and
ecological roles.
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Fig. 1| A conceptual diagram illustrating the central role of dragonflies and

damselflies in Vietnam and other tropical ecosystems. Dark cyan arrows indicate a
dual role of odonates in transferring energy, nutrients (such as omega-3 fatty acids -
®3), and pollutants (P); black lines show that vector-borne diseases are inhibited by
odonate larvae and adults; orange arrows represent the emergence of odonates from

designed by KVDinh

larvae to become adults, carrying both nutrients and pollutants from aquatic to
terrestrial ecosystems. Photo credits: the damselfly larva © Duong Phuong; dra-
gonfly larva © Phylopic. Photos of damselfly and dragonfly adults were taken by the
first author, Phan QT. All other icons and the figure are created using a Biorender
license to Khuong V. Dinh. Photos are not to scale.

This review positions Vietnamese Odonata as a model to bridge these
global gaps, synthesising their taxonomy, distribution, and conservation
status while assessing climate and human impacts across ecosystems, with
parallels to Southeast Asian countries and other tropical regions. The
hyperdiversity of tropical ecosystems, including those in Vietnam, is pre-
dicted to collapse due to warming in conjunction with other anthropogenic
stressors, such as pollutants, invasive species, and habitat loss'®"”. However,
we lack baseline biodiversity and ecological assessments to guide con-
servation and further pathways for nature recovery or nature-based solu-
tions. Vietnam’s vulnerability, marked by a 0.62 °C temperature rise since
1960 and massive environmental problems, especially in the past two
decades'"’, potentially amplifies this crisis.

In this context, we propose an integrative framework for advancing
Vietnamese Odonata taxonomy and phylogeny, systematic monitoring
programs, ecological, evolutionary, and environmental studies using
advanced technologies such as environmental DNA (eDNA) metabarcod-
ing, omics techniques, high throughput imaging systems, and citizen sci-
ence, to comprehensively predict responses to environmental changes.
These methodologies are critical innovations tailored to Southeast Asia’s
challenges: eDNA enables non-invasive detection of cryptic or rare Odonata
taxa in remote, fragmented habitats, facilitating large-scale biomonitoring
where traditional surveys are challenging”*>. Citizen science empowers
community-driven data collection to overcome resource limitations, but
local capacity, and engage diverse stakeholders in conservation efforts. By
highlighting the novelty and urgency of this approach in Vietnam’s
understudied odonate research, this framework provide tangible pathways
to concrete outcomes: the combination of traditional and targeted survey,
citizen science with genomic and eDNA tools will generate baseline data
distributional and phylogenetic data for prioritizing endemic hotspots;
integrating monitoring and omics experiments will quanitify stressor

responses to inform targeted conservation strategies such as habitat corri-
dors or population thresholds; and alignment with frameworks like the
Convention on Biological Diversity and SDGs 14: Life Below Water, and 15:
Life on Land will enable Vietnam’s contributions to global assessment,
fostering scalable solutions for tropical invertebrate conservation in a
changing world.

History of taxonomic studies on Viethamese Odonata
The taxonomy of Odonata in Vietnam has a rich history spanning nearly
two centuries (see more details in Supplementary Note 2), marked by the
first description of Aristocypha fulgipennis (Guérin, 1831). The taxonomic
studies of Vietnamese Odonata before the 1980s were limited and often
plagued by inaccuracies. For example, Martin® recorded some damselflies
such as Anisopleura lestoides (Selys, 1853) from Tonkin (northern Viet-
nam), yet Himildinen and Karube™ did not find Anisopleura specimens in
Martin’s collection. Current records confine A. lestoides to India and Nepal,
E. bocki to Sumatra®. From 1975 to 2015, research on Odonata in Vietnam
expanded significantly, especially since 1995 (Fig. 2), but was primarily led
by international researchers with contributions from a limited number of
Vietnamese scientists. This period marked progress in species discovery
with a clear geographic bias toward northern Vietnam (Supplementary
Table 1) but underscored the need for broader geographic coverage and
ecological data to complement taxonomic efforts. Since 2015, at least 70 new
species have been discovered in Vietnam (Fig. 2, see also details in Sup-
plementary Table 2). This period marked a shift toward more systematic
surveys, with detailed species checklists compiled for specific national parks
and nature reserves, particularly in central and southern Vietnam, enhan-
cing regional biodiversity records (Supplementary Note 2).

Taxonomy of odonate larvae in Vietnam has recently gained attention,
with several studies describing the final instar or stadium larvae to refine
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Fig. 2 | Cumulative discoveries of Odonata species in
Vietnam (1831-2024). A total of 154 new species
were described over approximately 200 years (See
Supplementary Table 2 for the details of species and
years of discoveries), accounting for 31.2% (154/
493) of the total recorded species diversity to date
(Supplementary Table 1). The graph highlights an
accelerating rate of descriptions since 1995, reflect-
ing intensified surveys in biodiversity hotspots and
the potential for further undescribed taxa in
understudied regions, such as the Central
Highlands.
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species identification and phylogenetic understanding. For example, the
final instar larva of Anotogaster klossi Fraser, 1919 has recently been
described and compared with its congeners™ (see also Supplementary Table
3 for a full list of all studies on the taxonomy of Odonata larvae in Vietnam).
These studies enhance the taxonomic resolution and provide foundational
data for ecological, evolutionary, and ecotoxicological research on larval
stages, which dominate the aquatic phase of Odonata life cycles and serve as
sensitive indicators of aquatic ecosystem health (see following sections).

Despite these advancements in the taxonomy of Odonata in Vietnam,
many regions have little or no information on species records. Ongoing
efforts by odonatologists continue to drive the discovery of new species,
particularly in the mountainous regions, highlighting the high biodiversity
of species and habitats in these regions, comparable to other tropical
mountain forests, such as the Colombian Western Andes”. There is
growing concern that numerous species may face extinction before they can
be identified and named”. Advanced methodologies, such as deep hier-
archical Bayesian learning”, offer promising tools for identifying unknown
species, thereby supporting a more thorough assessment of Odonata species
diversity in Vietnam.

Distribution of Odonata species in Vietham

Among 493 odonate species in Vietnam, only 15% (e.g., species in the
families Libellulidae, Chlorocyphidae, Coenagrionidae) exhibit wide-
spread distributions across the country, characterised as generalist species
capable of occupying diverse habitats. 138 species are recorded from a
single site or location (province), confined to a specific region or micro-
habitats, especially mountainous streams, or wetlands (Fig. 3, see Sup-
plementary Table 1 for details). This pronounced localisation may be
explained by (1) a high diversity of specialised microhabitats in frag-
mented landscapes™' and/or (2) uneven survey efforts or incomplete
samplings. Further research, including data on dispersal rates,
colonization—extinction dynamics, gene flow, or species turnover across
habitat patches, is needed to test this hypothesis and confirm the role of
such ecological processes in shaping these distributions. To address these
knowledge gaps, there is an urgent need to expand systematic surveys
across poorly studied regions of Vietnam to build local research capacity.
Citizen science platforms such as iNaturalist, Global Biodiversity Infor-
mation Facility (GBIF), offer potential for populating distribution data-
bases (see Supplementary Table 4 for citizen science-derived observation
tallies across regions in eleven Southeast Asian countries). Citizen science

initiatives in Thailand and Singapore enhance monitoring efforts and
support conservation assessments’ ",

Habitat loss and fragmentation, driven by human disturbances (see
more details in section ”Potential impacts of human activities on the Viet-
namese and tropical Odonata”), likely reduce patch connectivity, limiting
dispersal and increasing extinction risks in isolated populations™*. Tropical
odonates with low dispersal abilities, such as Zygoptera species, are parti-
cularly sensitive to habitat fragmentation, as their metapopulations rely on
closely spaced, high-quality patches (e.g., shade streams”). Reduced
genetic diversity in small, isolated populations exacerbates vulnerability,
limiting adaptive potential to climate change and anthropogenic
disturbances™ ™',

Generalist species, such as Pantala flavescens (Fabricius, 1798), Aci-
soma panorpoides Rambur, 1842, Brachydiplax chalybea Brauer, 1868,
Crocothemis servilia (Drury, 1773), Orthetrum sabina (Drury, 1770),
Diplacodes trivialis (Rambur, 1842), Ischnura senegalensis (Rambur, 1842),
Agriocnemis femina (Brauer, 1868), Copera marginipes (Rambur, 1842),
may have broader thermal performance curves and higher dispersal capa-
cities, enabling them to colonize ponds, reservoirs in human-modified
landscapes***’. These species likely maintain robust metapopulations
through high patch occupancy and frequent colonisation, even in frag-
mented or degraded habitats***. In contrast, species with highly localised,
specialised, and less abundant are under extreme threats from climate
change and human activities, yet remain understudied™*>*.

Phenology of Vietnamese Odonata

Vietnam’s extensive latitudinal range, spanning approximately 15 degrees,
creates significant climatic variation between its northern and southern
regions, influencing phenology, or the seasonal life cycle patterns of odonate
species. In southern Vietnam, characterised by a tropical monsoon climate,
the phenology of odonate species is likely influenced by the alternating wet
and dry seasons, with drought being a significant factor. Precipitation pat-
terns in Vietnam are marked by high variability on annual and interdecadal
scales, rendering long-term trends challenging to discern. Nationally, the
mean annual rainfall has increased by 2.1% since 1960; however, reductions
in rainfall have been noted in the northern and southern parts of the Central
Highlands. At a subnational level, central regions have experienced
increased precipitation, while northern and southern regions have seen
declines*. Climatic phenomena such as El Nifio and La Nifia continue to
exert a significant influence on precipitation trends”.
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Fig. 3 | The map of dragonfly and damselfly species recorded in a single location or province in different sub-climate regions in Vietnam, alongside their [TUCN Red List
conservation statuses. A comprehensive list of these species with recorded locations is provided in Supplementary Table 5.

Prolonged droughts of the dry season, e.g., in the southern parts of the
Central Highlands (see Fig. 2), a biodiverse plateau region in south-central
Vietnam, renowned for its montane forests, endemic flora, and fauna®, are
expected to act as a critical limiting factor, influencing reproductive cycles,
larval development, and adult emergence. Reduced water availability in
temporary ponds can limit breeding sites, forcing species to accelerate larval
development or risk desiccation. Such acceleration may result in trade-offs,
reducing adult body size and fecundity, which could potentially compro-
mise population persistence”*. These dynamics could be particularly rele-
vant for species such as Agriocnemis nana (Laidlaw, 1914), Ceriagrion
indochinense Asahina, 1967, Rhyothemis plutonia Selys, 1883, and
Aethriamanta gracilis (Brauer, 1878) inhabiting the Central Highlands of
Vietnam, for example, swamps in Yok Don National Park (Fig. 4). Those
unable to complete development before habitats dry may face population
declines or even extirpation, as observed in analogous tropical systems in
Africa™.

Conversely, northern Vietnam, spanning regions from Tuyen Quang
to Hue, exhibits a subtropical climate with pronounced seasonal variations.
Summer temperatures can reach over 40 °C across these areas (see section
“Potential impacts of climate change on Vietnamese and tropical Odonata”),
while high-elevation zones occasionally experience snowfall during winter.
Such climate extremes impose significant constraints on odonate life cycles,

especially species inhabiting elevated regions in the Northeastern and
Northwestern mountains, such as Aristocypha chaoi (Wilson 2004), Indo-
cypha katharina (Needham, 1930), Atrocalopteryx atrocyana (Fraser, 1935),
Atrocalopteryx auco Haméldinen, 2014, Atrocalopteryx laosica Fraser,
1933, Atrocalopteryx melli (Ris, 1912), Priscagrion pinhyi Zhou and Wilson,
2001, Coeliccia hoanglienensis Do, 2007, Rhipidolestes chaoi Wilson, 2004,
Rhipidolestes jucundus Lieftinck, 1948, Rhipidolestes owadai Asahina, 1997,
Mesopodagrion tibetanum australe (Yu and Bu, 2009), Rhinocypha orea
Himaldinen and Karube, 2001° Megalestes micans Needham, 1930,
Chlorogomphus albomarginatus Karube, 1995, Anotogaster chaoi Zhou,
1998, Somatochlora dido Needham, 1930, Sympetrum spp., and Libellula
melli Schmidt, 1948. These species must contend with substantial tem-
perature fluctuations, ranging from intense summer heat, occasionally
exacerbated by heatwaves, to winter, sometimes freezing, conditions. The
lowest recorded temperature in Vietnam was —4.7 °C at Co Noi (Son La,
January 1974). Prolonged cold spells, such as the 38-day event in 2008 (from
January 13 to February 20), with temperatures dropping to —2 to —3 °C in
high-altitude areas (Mau Son, Hoang Lien Son) in northern Vietnam. A
widespread cold in winter of 2015-2016, with temperatures as low as —4.2
—4.4°C in Sa Pa and Mau Son, caused ice and snow in unprecedented
locations such as Ba Vi (Hanoi) and Ky Son (Nghe An)*. Previous studies in
higher latitude regions have shown that odonate larvae in cold
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Fig. 4 | Some common odonate species in a swamp in Yok Don National Park,
Central Highlands, Vietnam. A Rhyothemis triangularis Kirby, 1889 (male),
B Rhyothemis plutonia (male), C Aethriamanta gracilis (male), D Ceriagrion

indochinense (a mating pair), E Agriocnemis nana (male), and F Argiocnemis
rubescens Selys, 1877 (male). A swamp in the wet (G) and dry (H) seasons. Photos are
not to scale. All photos were taken by the first author, Phan QT.

environments can enter diapause, a state of developmental arrest, when
water temperatures drop below 8 °C**"*. This adaptation enables survival
through adverse conditions, particularly in mountainous regions with
pronounced thermal variability.

Investigating cold tolerance in northern Vietnamese Odonata, espe-
cially in high-altitude ecosystems, offers a compelling avenue for research.
Such studies could elucidate mechanisms of diapause, thermal plasticity, and
potential northward range shifts in response to climate change. Comparative
analyses with other taxa demonstrate similar poleward migrations driven by
winter temperatures™”’, including damselflies. For Odonata, under-
standing these dynamics is critical, as their aquatic larval stages and a ter-
restrial adult stage make them a sensitive indicator of environmental
change®. Future research should prioritise longitudinal field studies and
experimental approaches to model phenological shifts and predict ecological
impacts of Vietnamese Odonata under different climate change scenarios.

Potential impacts of climate change on Viethamese and
tropical Odonata

Over the past six decades, Vietnam has experienced pronounced climatic
shifts, including rising temperatures, altered precipitation patterns, and
changes in cyclone frequency and intensity. According to the Ministry of
Natural Resources and Environment (MONRE)*, the mean annual

temperature across Vietnam has risen by 0.62 °C since 1960. This warming
trend has been more pronounced in the dry season and southern regions,
particularly in southern Vietnam and the Central Highlands, followed by
the Northwest and the upland areas of North Central Vietnam. Between
1971 and 2010, the rate of warming averaged 0.26 °C per decade, with
greater temperature increases observed during winter months compared to
summer months (see Table 1)*.

Extreme temperature events have also become more frequent. Since
1960, the occurrence of hot days (temperatures > 35 °C) has increased across
all seasons, with the most substantial rise in hot days recorded between
September and November. Conversely, the frequency of cold days (tem-
peratures < 13 °C) has decreased significantly, with the most pronounced
reductions occurring in December, January, and February (see Table 2)*.

From 1961 to 2018, the annual average maximum temperature (Tx)
increased by 0.2-2.1 °C across most regions, with the largest increases in the
Red River Delta, southern Northeast, northern North Central Coast, and
eastern South. Smaller increases occurred in the Northwest, South Central
Coast, and the western Central Highlands. Conversely, Northwest and
Central Highlands showed a reduction of 0.2-0.6 °C over 58 years.

Dragontflies and damselflies are of tropical origin' and are highly
sensitive to ambient temperature fluctuations™, raising hypotheses about
how climate change could alter taxonomic, functional, and phylogenetic
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Table 1 | Historical mean seasonal temperature increases in
seven sub-climate regions in Vietham over 61 years:
1958-2018 (Data source: Ministry of Natural Resources and
Environment - MONRE?*, variances unavailable in the source
report)

Climate regions Winter (°C)  Spring (°C) Summer (°C)  Autumn (°C)
Northwest 1.1 0.8 0.9 1.3
Northeast 1.0 0.8 0.8 1.1
Red River Delta 0.9 0.9 0.7 1.2
Central North 0.8 0.9 0.8 1.3
Central South 0.6 0.4 0.6 0.9
Central Highlands 1.3 0.7 1.0 1.4
South and the 1.1 0.8 0.9 1.1

Mekong Delta

Table 2 | Observed annual hot and cold days in North Central
and South Central Vietham (Data source: Ministry of Natural
Resources and Environment - MONRE *)

Periods Hot days (>35 °C) Cold days (< 13 °C)
North Central Vietnam
1960-2007 50-60 5-15in El Nifio years
10-20 in La Nifia years
2009-2024 50-70inENSOandLaNifia  5-10in El Nifio years

years
80-100 in El Nifio years

10-15 in La Nifia years

South Central Vietnam

1960-2007 40-50 0
2009-2024 40-60inENSOandLaNifa 0
years

70 in El Nifio years

Values represent regional ranges from national meteorological records, highlighting historical
extremes relevant to Odonata thermal exposures. Variances and site-specific details are unavailable
in the source.

diversity of odonate species across space and time®. For example, predictive
models for tropical Odonata in Vietnam might integrate ecological niche
theory to hypothesize environmental constraints®, life history theory to
explore potential trade-offs, and thermal performance theory to predict
physiological limits™***, though these frameworks remain untested in the
Vietnamese context due to limited empirical data. Such models hypothesize
that tropical odonate species could be particularly vulnerable to warming, as
many appear to operate near their upper thermal limits**** and have often
limited geographic ranges. Even small temperature increases might push
them beyond hypothesised thermal optima or critical thermal maxima
(CTmax). Supporting this hypothesis, a study in the Mexican tropics at
~19°N latitude reported CTmax values of 37 - 42 °C for odonates®. No
comparable data exist for Vietnamese species, but the increasing frequency
of extreme heatwaves, such as record-high temperatures of 43.4 °C in April
2019°, 44.1 °C on May 6, 2023, in Thuong Xuan, Thanh Hoa, and 44.2 °C
on May 7, 2023, in Tuong Duong, Nghe An, highlight potential risks.
According to the National Center for Hydro-Meteorological Forecasting”,
102 weather stations across Vietnam recorded unprecedented high tem-
peratures in April 2024, with three consecutive heatwaves. The average
temperature was 2—4 °C higher than the same period in 2023. These trends
underscore the need for Vietnam-specific studies to test whether odonates
face a high risk under rapidly warming climates, especially during
heatwaves.

Reduced body size at maturity is one of the universal responses of
animals to a warming climate, consistently observed across diverse
taxa®”. In dragonflies and damselflies, the relationship between body size
and temperature along latitudinal gradients generally conforms to this

pattern, aligning with the rule”. However, this relationship is modu-

lated by ecological and physiological factors, notably changes in the
voltinism or the number of generations per year”’. Increased tempera-
tures can lead to higher voltinism, potentially intensifying selection
pressures on body size and morphology*”’. Accelerated life cycles in
tropical odonate species are expected to be even more pronounced
under warming, but we lack such studies for Vietnamese dragonflies and
damselflies.

Warming also influences specific morphological traits in Odonata. For
example, some species exhibit reduced wing size and flight muscles under
elevated temperatures’"’”. These responses may impair flight performance
and dispersal capacity’>”, especially small-bodied tropical damselflies™.

Climate warming drives species range shifts, a well-documented
response in many taxa’’°. Among insects, dragonflies and damselflies
exhibit rapid northward range expansions, although a few odonate species
do not show this trend™”°. In Vietnam, only a few studies have investigated
this topic. For damselflies, Neurobasis chinensis (Linnaeus, 1758), a species
that has a core distribution in South-Central Vietnam, is projected to shift
northward under warming scenarios’””. However, its northward range will
be limited by high-altitude barriers, notably the Himalayan mountain range
at elevations above 1200 m”’. Similarly, the dragonfly Pantala flavescens
(Fabricius, 1798), a widely distributed species with a core distribution in
northern Vietnam, is predicted to shift northeastward, with the Asian range
centering in south-eastern China under future climate scenarios’’. These
shifts, however, may be impeded by reduced flight performance in frag-
mented tropical landscapes, such as those affected by riparian forest loss™,
further challenging the adaptive capacity of tropical odonates to track
warming climates”.

A step further is determining species-at-risk under a warming climate,
particularly with increasing frequency, duration, and severity of the
heatwaves***'. This can be done by experimentally determining key phy-
siological metrics, including thermal performance curves, critical thermal
thresholds®, and thermal safety margins®, which quantify the responses of
all Vietnamese dragonflies and damselflies to temperature extremes, thereby
assessing their vulnerability to climate warming and heatwaves based on the
current and future projections”. These metrics, combined with long-term
monitoring of species distribution and abundance, temperature fluctua-
tions, rain, drought, and pollutant exposure (see e.g., pesticides™), enable
mapping of species vulnerability to projected future climate scenarios (see
Fig. 7). Integrating these physiological and ecological data will provide a
robust framework for priotitising conservation efforts for Vietnam’s Odo-
nata under accelerating climate change.

Potential impacts of human activities on the Vietna-
mese and tropical Odonata
Habitat loss caused by deforestation, land use, and pollution from agri-
culture and agroforestry, altered hydrology, are major anthropogenic threats
to odonate species, and more generally, invertebrates worldwide*>**°. Few
available studies could provide some indications of how human activities
may affect tropical damselflies and dragonflies in Southeast Asian countries.
Habitat loss, driven primarily by land use changes, represents the
predominant factor contributing to the decline of the entomofauna®*’, with
over 40% of insect species facing extinction risk”. In Vietnam and other
Southeast Asian countries, deforestation is one of the major causes of habitat
loss”, substantially affecting the species richness and abundance of both
larvae and adults. Historically, deforestation was a serious problem in
Vietnam, caused by wartime activities'’, illegal or unsustainable logging"’,
expansion of agriculture®, and aquaculture®. These activities reduced pri-
mary forest cover from 43% of the country’s land area in 1943” to a
minimum of 25-31% in 1991-1993. Subsequently, national reforestation
efforts increased forest cover to 32-37% by 1999-2001°"**. However, the
transition from primary tropical rainforest to secondary forests, often
dominated by monoculture plantations such as coffee, tea, rubber, and
timber, has profoundly altered habitats for many dragonfly and damselfly
species. For example, Rhinocypha orea is only found in Tam Dao National
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Park, northern Vietnam™. Its population has declined due to deforestation
and extremely high levels of tourism activities”.

In other Southeast Asian countries, for example, Malaysia, a survey of
16 streams in Sabah showed that habitat disturbances negatively correlate
with larval abundance and species richness of 49 species, while adults show
no significant changes™. The plantation of oil palm appears to have the
strongest negative effect on damselfly larvae in nearby streams, resulting in
their near absence due to four potential effects™. Firstly, homogeneous oil
palm plantations eliminate all low overhanging vegetation, particularly
along waterways, which are essential for damselflies to rest and
reproduce™. The lack of shaded areas in 0il palm forests makes the daytime
temperature too warm for small-bodied damselflies, which could lead to
competition from larger, sun-loving, cosmopolitan Anisoptera”. The
temperature in the cleared areas of oil palm forests is, on average, 5°C
higher than in primary forests”. A daily temperature fluctuation of 9 °C in
the oil palm forest is also more than twice as high as in primary forests™.
Other environmental factors, such as reduced pH, dissolved organic
matter, and water levels, also negatively impact larval diversity in oil palm
waterways’.

Similarly, human-induced disturbances and the turnover from pri-
mary to secondary forests negatively affect the species composition, abun-
dance, and functional diversity of 88 odonate species, particularly
zygopteran forest specialists in tropical rainforests of East Kalimantan,
Indonesia®. Damselflies, especially forest specialists, are the most vulnerable
group to burned forests in tropical regions, such as in Indonesia™. It may
take a decade for these species to recover from 50% to 98% of species
richness™.

The second major driver of ecological degradation is the pervasive
contamination from pesticides and agrochemicals***””. Vietnam ranks
among the regions with the highest risk of pesticide pollution globally**. The
excessive application of pesticides in Vietnamese agriculture”® and agro-
forestry, poses great threats to odonate populations in natural water bodies
such as wetlands, ponds, lakes, streams, and rivers™'®”. Many odonate
species are highly specialised to adapt to these habitats. For example, species
in the Central Highlands of Vietnam (e.g., Table 3) can be vulnerable to
agrochemicals and excessive fertilisers from coffee production'”'. Pesticide
exposures have been shown to disrupt odonate biology across multiple
levels, from genes, physiology, immune responses, fitness-related traits, to
natural populations and communities (reviewed in ref. 102). However,
similar studies on the tropical dragonflies and damselflies in Vietnam are
lacking.

In Southeast Asian countries, some evidence suggests complex ecolo-
gical responses to agrochemical use. For example, in Seberang Perai,
Malaysia, species diversity and individual abundance of dragonflies and
damselflies were higher in rice plots applied with the herbicides propanil,
quinclorac, molinate/propanil, 2,4-D amine, and bensulfuron than in the
control plots'”. This increase may result from herbicide-induced decom-
position of plant materials, which elevates organic matter availability,
thereby enhancing food resources for odonate prey'”. Additionally, herbi-
cides may reduce populations of odonate predators, such as fish and
amphibians, thereby decreasing predation pressure on dragonfly and
damselfly larvae.

Another important stressor is extensive hydropower dam construction
that has profoundly altered the rivers, wetlands, and delta hydrological
regimes, threatening biodiversity'”, potentially including odonate species.
The impact of hydropower plants on odonate species has not been studied in
Vietnam or other Southeast Asian countries, but similar studies have been
conducted in other tropical regions. For example, across control and dam-
impacted sites in the Brazilian Savanna, 1,128 odonate species were recor-
ded, but small hydroelectric power (SHP) plants resulted in a decline of 25%
species richness downstream due to altered water flow, pH, and turbidity'”.
These changes impact larval development'”, especially sensitive Zygoptera
species that have elongated body shapes, caudal lamellae respiration, con-
forming thermoregulation, and endophytic oviposition'®. It is crucial to
investigate the direct impacts of these changes and how these are

compounded by intensive aquaculture and agriculture, and rapid urbani-
zation in Vietnam.

Importantly, climate change, habitat loss, and pollution do not affect
odonate species independently, but more likely, these stressors can interact
and drastically increase the vulnerability of damselflies and
dragonflies™"””"'"*, For example, delayed effects of starvation and heatwaves
may increase the vulnerability of damselfly larvae to pesticides'*. Similarly, a
field study in 60 small waterways within oil palm plantations in Peninsular
Malaysia showed that habitat loss from agroforestry combined with low pH
and high sedimentation significantly reduced the diversity of tropical
Odonata™. These interactions underscore the urgent need for compre-
hensive studies to elucidate the cumulative effects of anthropogenic stressors
on odonate populations and to inform effective conservation strategies.

Conservation of Vietnamese Odonata

Globally, 10-16% of dragonflies and damselflies are threatened with
extinction, driven primarily by habitat loss, climate change, and
pollution**”. In Vietnam, Odonata face similar pressures exacerbated by
rapid urbanisation, deforestation, and wetland degradation. Of the
493 species recorded in Vietnam, 467 (~95%) have been assessed for their
conservation status on the IUCN Red List of Threatened Species (Fig. 5),
providing the first baseline for assessing their vulnerability.

The majority of assessed Vietnamese Odonata, 434 species (88%),
including 112 or 81% of 138 single-location recorded species, are classified
as Least Concern (LC), Data Deficient (DD) and Not Evaluated (NE) (Fig.
5). Least concern species may imply their abundance in the wild, yet this
designation often masks the underappreciated ecological roles and con-
servation needs of these odonate species, which remain overlooked in
broader biodiversity protection efforts. The Least Concern classification for
some species may also be misleading, as it could reflect insufficient data
rather than true population stability, particularly for species in fragmented
habitats (e.g., Central Highlands). The high proportion of DD and NE
species, given that ~95% of Vietnam’s Odonata are IUCN-evaluated, indi-
cates a lack of ecological and population data beyond taxonomic identifi-
cation. A total of 60 species are listed as threatened or near-threatened (Fig.
5),including 20 Vulnerable (VU), 13 Near Threatened (NT), 20 Endangered
(EN), and 7 Critically Endangered (CR) species. Additionally, 95 species
(19.3%) are Data Deficient (DD) (Fig. 5), highlighting significant knowledge
gaps in their distribution, population trends, and taxonomic status.

Endemic and rare species are particularly at risk. For example, Euphaea
sanguinea (VU), Coeliccia coronata (VU), C. diomedea (NT), C. mattii
(VU), C. schorri (VU), Megalestes australis (VU), are only found in some
specific localities in Central Vietnam and the Central Highlands'"*'**. Cri-
tically Endangered and Endangered species, such as Archineura maxima
(CR), Atrocalopteryx auco (CR), Paracercion ambiguum (CR), Coeliccia
hayashii (EN), Coeliccia curua (EN), Coeliccia natgeo (EN), Matticnemis doi
(CR), are known from single or highly localised sites in Vietnam’"'"*"'",
making them exceptionally vulnerable to habitat disturbances. Notably,
Archineura maxima, known only from a single female collected in 1904, has
no recent records and may be extinct'”’, underscoring the urgency of tar-
geted surveys.

Effective conservation strategies must adopt an inclusive approach,
integrating considerations of species diversity, the vital ecosystem services
provided by odonate species, and their phylogenetic heritage within targeted

ecosystems®’.

Roadmap for Odonata research in Vietham with appli-

cations to tropical regions

Taxonomy and systematics

Most studies on the Vietnamese dragonflies and damselflies focus on adult
taxonomy, often providing some basic descriptions of new species and their
associated habitats or localities. Larval stages constitute the most substantial
and persistent knowledge gap in Vietnamese Odonata research and must be
treated as a core priority within any forward-looking research roadmap. Of
the 493 species currently recognized from Vietnam, larval stages have been

npj Biodiversity | (2026)5:12


www.nature.com/npjbiodivers

https://doi.org/10.1038/s44185-026-00124-x

Review

Table 3| Some specialised odonate species associated with streams in the Central Highlands of Vietnam, based on 15 years of
field observations by the first author (Phan QT)

Species in streams in the Central Highlands

Distributions

Euphaea hirta Hamalainen & Karube, 2001°°

Lam Dong (Bao Loc; Nam Nung; Bidoup Nui Ba), Dak Lak (Chu Yang Sin; Nam Kar), Dong Nai (Vinh An; Cat Tien)

Euphaea sanguinea Kompier & Hayashi, 2018

Pak Lak (Chu Yang Sin), Lam Dong (Nam Nung; Ta Dung; Bao Loc)

Rhinocypha seducta Haméldinen & Karube, 2001

Gia Lai (Kon Chu Rang NR), Quang Ngai (Chu Mom Ray; Mang Den, Kon Plong), Dak Lak (Chu Yang Sin), Lam Dong
(Di Linh; Bao Loc; Dong Nai Thuong; Bu Gia Map), Dong Nai (Cat Tien)

Coeliccia coronata Kompier, Dow & Steinhoff,
2020'""

Dak Lak (Chu Yang Sin), Lam Dong (Bao Loc; Nam Nung), Khanh Hoa (Hon Ba)

Coeliccia diehlae Phan & Bui, 2021

Gia Lai (K’Bang)

Coeliccia duytan Phan, 2017

Dak Lak (Chu Mom Ray)

Coeliccia hayashii Phan & Kompier, 2016'"

Gia Lai (K'Bang)

Coeliccia lecongcoi Phan, 2019

Quang Ngai (Ngoc Linh), Gia Lai (Kon Ka Kinh)

Coeliccia lephuocdieui Phan, Ngo & Bui, 2020

Gia Lai (Kon Ka Kinh)

Coeliccia mattii Phan & Kompier, 2016'"®

Dak Lak (Chu Yang Sin), Lam Dong (Bao Loc; Da Lat; Nam Nung), Khanh Hoa (Hon Ba)

Coeliccia schorri Phan & To, 2019

Gia Lai (K’Bang; An Toan), Da Nang (Song Thanh; Tay Giang)

Coeliccia suoitia Dow, 2016

Lam Dong (Da Lat; Bidoup Nui Ba; Bao Loc)

Prodasineura doisuthepensis Hoess, 2007

Gia Lai (K’Bang; An Toan), Quang Ngai (Chu Mom Ray; Kon Plong), Dak Lak (Chu Yang Sin), Lam Dong (Bao Loc),
Khanh Hoa (Hon Ba), Dong Nai (Cat Tien)

Prodasineura hoffmanni Kosterin, 2015

Quang Ngai (Kon Plong), Dak Lak (Chu Yang Sin), Dak Nong (Nam Nung), Lam Dong (Bao Loc; Da Lat; Bidoup Nui
Ba; Bu Gia Map), Dong Nai (Cat Tien)

Podolestes pandanus Wilson & Reels, 2001

Dak Lak (Ea H’leo)

Indolestes cyaneus (Selys, 1862)

Gia Lai (Kon Ka Kinh), Quang Ngai (Kon Plong), Da Nang (Tay Giang)

Platylestes platystylus (Rambur, 1842)

Dak Lak, Lam Dong (Lac Duong), Dong Nai (Cat Tien)

Indocnemis marijanmatoki Phan, 2018'"*

Khanh Hoa (Hon Ba), Gia Lai (K’Bang)

Drepanosticta hansruedii Phan, 2021

Lam Dong (Bao Loc; Ham Thuan Nam)

Protosticta binhi Phan, To, Trinh & Dinh, 2019'®

Gia Lai (K’Bang; An Toan)

Protosticta linnaei VVan Tol, 2008

Dak Lak (Chu Yang Sin)

Protosticta proboscis Kompier, 2016

Lam Dong (Bao Loc)

Sarasaeschna minuta Asahina, 1986

Lam Dong (Da Lat)

Asiagomphus kosterini Kompier, 2018

Quang Ngai (Kon Plong), Lam Dong (Bidoup - Nui Ba)

Burmagomphus schneideri Do, 2011'%

Gia Lai (K’Bang)

Macrogomphus annulatus (Selys, 1854)

Lam Dong (Da Lat)

Microgomphus juritzai Karube, 2000

Dak Lak (Ea H’Leo), Lam Dong (Bao Loc; Nam Nung)

Leptogomphus baolocensis Karube, 2001

Lam Dong (Bao Loc; Nam Nung)

Stylogomphus delicatus Kompier, 2017

Lam Dong (Bao Loc)

Stylogomphus inglisi Fraser, 1922

Dak Lak (Ea H’leo)

Chlorogomphus caloptera Karube, 2013

Lam Dong (Da lat; Bao Loc, Bao Lam), Khanh Hoa (Hon Ba)

Chlorogomphus hoaian Phan & Karube, 2022

Quang Ngai (Ngoc Linh; Chu Mom Ray; Kon Plong), Gia Lai (Kon Ka Kinh; An Toan)

Chlorogomphus serratus Karube, Katatani &
Phan, 2024

Lam Dong (Lac Duong)

Chlorogomphus vani Phan & Karube, 2022

bak Lak (Chu Yang Sin)

Epophthalmia frontalis Selys, 1871

Lam Dong (Bao Loc)

Macromia calliope Ris, 1916

Quang Ngai (Kon Plong)

Macromia chaiyaphumensis Hamaldinen, 1985

Lam Dong (Bao Loc)

Macromia cydippe Laidlaw, 1922

Lam Dong (Bao Loc)

Hemicordulia tenera Lieftinck, 1930

Lam Dong (Da Lat; Bao Loc)

Risiophlebia dohrni (Kruger, 1902)

(
(
(
(

Lam Dong (Bao Loc)

described for only 158 species (32%), with markedly lower coverage in
Zygoptera (22%: 48/217 species) than in Anisoptera (40%: 110/276 species)
(Supplementary Table 1). These results summarize larval knowledge
available for species occurring in Vietnam and draw largely on regional
Southeast Asian material (e.g., Thailand'*'), reflecting the strong ecological
continuity of odonate larval habitats across the region. Coverage remains
highly uneven among families, ranging from relatively well-documented

groups such as Libellulidae (59%: 47/79 species) and Macromiidae (79%: 15/
19 species) to severely underrepresented families, including Devadattidae,
Rhipidolestidae, Argiolestidae, and Priscagrionidae, for which no larvae
have yet been described. Even among taxonomically diverse and ecologically
important families, larval knowledge remains limited, including Gomphi-
dae (28%: 24/86 species), Aeshnidae (28%: 15/53 species), Platycnemididae
(15%: 9/61 species), and Chlorogomphidae (13%: 3/24 species).
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Fig. 5 | The conservation status of odonate species
in Vietnam according to the International Union

for Conservation of Nature (IUCN). NE Not 350 -
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Larval morphology provides phylogenetic, taxonomic, and evolu-
tionary information that is largely independent of adult characters, and a
long-standing bias toward adult stages continues to constrain integrative
systematics'*'*. Within Vietnam, larval taxonomy remains at an early
stage, although recent descriptions of final instar or stadium larvae have
refined species identification and phylogenetic understanding across
families (Supplementary Note 3 and Supplementary Table 3). Expanding
larval descriptions based on tropical Asian freshwater systems, and explicitly
linking larvae to adults through rearing and molecular approaches, should
therefore be regarded as a strategic priority equivalent to adult-based tax-
onomy, COI barcoding, and phylogenomics.

Taxonomic challenges persist across several families due to morpho-
logical complexity, limited genetic data, and varying levels of research effort.
In particular, the family Aeshnidae includes species with poorly resolved
identities and limited diagnostic precision. For example, Karube docu-
mented the presence of Periaeschna magdalena Martin, 1909, in Bach Ma
National Park'**. Subsequent rigorous morphological analyses reclassified
these specimens as P. yazhenae Xu, 2012 ', based on the absence of the
diagnostic ”T” mark on the frons, a defining feature of P. magdalena'”.
Similarly, family Gomphidae are highly diverse in Vietnam, yet many taxa
(e.g., Sieboldius gigas (Martin, 1904)*, and Megalogomphus sommeri Selys,
1854'*%; or Orientogomphus circularis (Selys, 1894), and Orientogomphus
naninus (Forster, 1905)'”) remain inadequately revised, with uncertain
species boundaries. In contrast, the superfamily Calopterygoidea has been
relatively well studied, providing a more stable taxonomic framework and
thus a useful comparison. In addition, the high diversity of families Coe-
nagrionidae and Libellulidae poses major challenges, as many species are
superficially similar and require integrative approaches for reliable
delimitation.

For most, if not all, of 107 newly described or new record species (21.7%
of total species), genetic analyses are needed to confirm whether some of
these are distinct species or ecotypes, as polymorphism is prevalent in
Odonata'”. Body and wing coloration are often essential morphological
characteristics for species identification, but many species undergo dramatic
color changes during maturation, complicating taxonomic assessments. For
example, the bluish damselfly Coeliccia cyanomelas Ris, 1912 males exhibit
three synonyms in three forms: Coeliccia mingxiensis Xu, 2006—an early
mature form with yellow, curved antehumeral stripes, Coeliccia wilsoni
Zhang and Hou, 2011—an intermediate-mature form with a large yellowish
antehumeral stripe, and Coeliccia sexmaculata Wang, 1994—a young
mature form with pale blue, rounded antehumeral stripes (see Fig. 6).
Similarly, Coeliccia mattii males display four different body color patterns
across their adult stage (see Fig. 5, ref. 129).

Whole-genome sequencing (WGS) offers transformative potential for
resolving taxonomic uncertainties, elucidating evolutionary relationships,
and uncovering the genomic basis of phenotypic diversity in Odonata'**'*.

By providing high-resolution genomic data, WGS clarifies species bound-
aries and phylogenetic relationships (e.g., Ischnura elegans (Vander Linden,
1820), ref. 128), but this method is constrained by high costs, substantial
bioinformatic requirements, and limited local infrastructure. To date, none
of the odonate species in Vietnam has had its genome fully sequenced. To
enhance practical conservation efforts, WGS can be complemented by more
accessible genomic approaches, such as DNA barcoding, restriction-site
associated DNA sequencing (RADseq), or transcriptomics, which provide
valuable resolution for species identification and population genetics at
lower cost. Integrating WGS with these methods as part of a broader
genomic toolkit will support accurate biodiversity assessments and prior-
itising conservation efforts for Vietnam’s endemic and threatened odonate
species, such as the critically endangered Archineura maxima'’ or Atro-
calopteryx auco (a strikingly patterned endemic damselfly restricted to a few
highland streams"). This parallels recent genomic approaches to iconic
Vietnamese species like the Saola Pseudoryx nghetinhensis Dung, Giao,
Chinh, Tuoc, Arctander, MacKinnon, 1993'*.

Ecological, evolutionary, and ecotoxicological studies
Long-term monitoring programmes. Climate change and other
anthropogenic stressors are driving macrogeographical and ecological
shifts in species on Earth, including dragonflies and damselflies”"*'*.
Consequently, it is imperative to map the distribution, habitat con-
nectivity, and range shifts of Vietnamese odonate species and popula-
tions under climate change. Such efforts will enhance global assessments
of species range shifts in response to climate change, with significant
applications for biological conservation. To this end, long-term, stan-
dardised monitoring programs are essential for statutory bioassessments
of species and trait diversity across Vietnam (Fig. 7), especially targeting
those in the highly specialised habitats, e.g., in the Central Highlands
(Table 3). These programs would provide comprehensive data for
assessing how climate change and human activities, addressing a critical
gap in tropical and Asian biodiversity assessments, which remain severely
underrepresented in global assessments (see e.g., refs. 85,133). Indeed, a
global assessment of invertebrate biodiversity in over 72,000 lotic sites
across 45 nations and 6 continents revealed that equatorial regions suffer
the highest percentage (41-61%) of impaired sites'*".

Our knowledge of the ecology, evolution, ecotoxicology, and envir-
onmental monitoring of dragonflies and damselflies in Vietnam and other
Southeast Asian and the entire Global South countries is extremely limited.
In Vietnam, only study of Hoang et al. ' used larvae of four families:
Gomphidae, Coenagrionidae, Amphipterygidae, and Libellulidae as indi-
cators to study habitat suitability for 30 macroinvertebrate families in the Du
River in Northern Vietnam. We lack fundamental knowledge about the
larval growth, development, life cycle, reproduction, behaviours, flying
performance, ecophysiology, and sensitivity of most, if not all, odonate
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Coeliccia cyanomelas, newly emerged

\

.
E‘oe/icci mattii, newly emerged

Fig. 6 | Polymorphisms in male damselflies of two selected species in Vietnam.
Not all male forms of these species have been recorded in Vietnam. Photos of
Coeliccia cyanomelas from Bach Ma National Park, Hue City, and Coeliccia mattii

attii, transiti

Coeliccia cyanomelas, fully matured

iccia mattii, fully emerged

from Nam Nung Nature Reserve, Lam Dong. Photos are not to scale. All photos were
taken by the first author, Phan QT.

species to human-induced stressors such as global warming, heatwaves,
precipitation changes, pollution, and habitat disconnectivity.

Odonata larvae play a central role in freshwater ecology (see Fig. 1) and
represent a critical but underutilized resource for biomonitoring and con-
servation in Vietnam and across tropical regions. In freshwater ecosystems,
odonate larvae are sensitive to changes in water quality, hydrology, substrate
composition, and riparian structure (see section “Potential impacts of
human activities on the Vietnamese and tropical Odonata”). Larval traits,
habitat specificity, and life-history strategies provide ecological information
such as respiratory modes (e.g., rectal vs. external caudal gills), microhabitat
specialization (burrowing, clinging, or sprawler morphologies), feeding
guilds and trophic position, voltinism and developmental duration, and
tolerance to flow regime, sediment load, and dissolved oxygen
conditions'**'’. These traits cannot be inferred reliably from adult records
alone. In tropical regions, where taxonomic gaps or ecological biases may
limit traditional Ephemeroptera, Plecoptera, and Trichoptera (EPT)-based
indices, odonate larvae offer essential complementary indicators of eco-
system integrity, as already demonstrated in regional assessments from
South and Southeast Asia'*"'*°. These traits suggest that Odonata larvae can
be effectively integrated into national freshwater monitoring frameworks by
targeting investments in larval taxonomy and ecology, expanded reference
DNA libraries linking larvae and adults, and the development of trait-based
ecological classifications'”. Including larval ecology in the research agenda
will address a critical scientific deficit and enhance the applied value of
Odonata research for conservation planning, water management, and
biodiversity policy in Vietnam and comparable tropical regions®.

The absence of long-term time-series data on species composition and
abundance introduces substantial uncertainty into ecological risk assess-
ments, hindering the development of robust conservation strategies. To
address these challenges, Vietnam must prioritise the establishment of
systematic, long-term bioassessment programs. These programs should
integrate advanced monitoring techniques (see below) alongside quantita-
tive metrics of species diversity, niche differentiations, population dynamics,
and habitat connectivity to elucidate the synergistic effects of climate change
and anthropogenic pressures on odonate communities. By aligning with
global biodiversity monitoring frameworks, such initiatives will contribute
to a more equitable representation of tropical ecosystems in international
conservation efforts, ultimately supporting the resilience of vulnerable
species and ecosystems.

Together with monitoring programs, ecological, evolutionary, and
ecotoxicological experiments are critical for evaluating the adaptability
of tropical odonate species and populations to climate change and other
anthropogenic stressors (Fig. 7). Ecological experiments frequently
utilise damselfly larvae to assess their sensitivity, adaptability, and
recovery from exposure to stressors such as warming, pollutants, and
invasive species'”. In contrast, adult odonates are employed to investi-
gate reproductive behaviours, including mating competition, and flight
performance, which serves as a proxy for dispersal capacity and move-
ment dynamics in heterogeneous, human-dominated landscapes®.
Research must account for seasonal variations in species diversity,
including range shift and migration, as well as physiological responses to
environmental changes”.
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Fig. 7 | The framework outlines taxonomical, biodiversity, ecological, evolu-
tionary, and ecotoxicological research on odonate species in Vietnam. Human-
induced stressors (left to right): warming and heatwaves, deoxygenation, deforesta-
tion, habitat fragmentation, and pollutants. Key methodologies including field
monitoring programmes using standardised sampling techniques a long with citizen
science (upper left) and remote sensing (sattelites and drones — upper right), Eco-evo-
ecotox experiments = ecological, evolutionary and ecotoxicological experiments;
omics technologies (eDNA = environmental DNA, WGS = whole genome sequen-
cing); and AI = artificial intelligence; Solid arrows indicate direct data and infor-
mation flows among components (e.g., citizen science observations contributing to
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GBIF and field monitoring, or remote sensing informing spatial analyses and dis-
tribution mapping). Dashed arrows represent cross-disciplinary integration and
iterative feedback, highlighting how experimental results, omics data, and taxonomic
validation reciprocally inform hypothesis generation, monitoring design, and
mechanistic understanding. Outputs from analyses and modeling, including
machine learning and artificial intelligence, support spatial mapping, forecasting, and
conservation prioritisation. On the map, different coloured dots = different odonate
species, while dots of the same colour = different populations of the same species. The
Vietnamese map was created by the first author, Phan QT. The icons and diagram
were created in Biorender.com license to Khuong V. Dinh.

Integrative tools and strategies for advancing Odonata research,
monitoring, and conservation

eDNA metabarcoding - A non-invasive tool for Odonata monitoring.
Environmental DNA (eDNA) metabarcoding can provide a transfor-
mative and non-invasive approach to monitoring biodiversity by
extracting DNA from environmental samples, such as water from rivers,
lakes, or wetlands, to detect species presence via genetic markers'”’. This
technique involves extracting and amplifying DNA and sequencing
specific gene regions, such as the cytochrome ¢ oxidase I (COI) gene,
enabling simultaneous identification of multiple species, providing a
cost-effective and efficient alternative to traditional morphological
surveys'”. This method seems to be particularly valuable in remote or
densely vegetated areas where conventional sampling is challenging. In
Vietnam, where habitat loss and pollution threaten odonatan popula-
tions, eDNA is particularly valuable for tracking species distributions and
population dynamics in remote or densely vegetated areas where con-
ventional sampling is challenging.

The success of eDNA applications critically depends on the com-
pleteness and curation quality of the DNA barcode reference library for
Vietnamese Odonata. Our compilation in Supplementary Table 1 reveals
that, of Vietnam’s 493 recorded Odonata species, 279 (56.6%) have at least
one publicly available COI barcode in GenBank, while 214 (43.4%) remain
unbarcoded, disproportionately affecting data-deficient and endemic
lineages in under-surveyed central highlands. Coverage is uneven across

families (e.g., 84% for Coenagrionidae [37/44 species], 66% for Platycne-
mididae [35/59 species], 73% for Libellulidae [58/79], 36% for Gomphidae
[31/87], 49% for Aeshnidae [27/52], and 51.9% combined for Chlor-
ocyphidae/Euphaeidae [23/39]) and suborders (58% for Zygoptera [125/
216] vs. 54% for Anisoptera [151/277]), underscoring priorities for under-
represented groups like threatened dragonflies.

Limitations in detecting odonate species, such as rapid DNA degra-
dation in tropical climates and incomplete reference databases, require
localised validations and methodological improvements'”. To strengthen
the Vietnamese reference library, a realistic roadmap includes prioritising
endemisms and threatened taxa (e.g., via focused expeditions in karst and
highland hotspots), adopting standardized operating procedures (SOPs) for
sampling and sequencing, and mandating deposition in national collections
like the Vietnam National Museum of Nature. Framing eDNA meta-
barcoding as dependent on this robust barcode backbone will enhance its
actionability for conservation. Integrating eDNA metabarcoding with tra-
ditional surveys can enhance monitoring programmes, supporting the
conservation of Odonata and broader freshwater biodiversity. This
approach offers scalable solutions for biodiversity assessment in Vietnam’s
rapidly changing ecosystems.

Advancing to whole genome sequencing (WGS) - Unlocking
mechanistic insights. WGS can provide deeper phylogenetic resolution
and elucidate the mechanisms underlying evolutionary, ecological, and
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behavioral responses to climate change and anthropogenic stressors such
as habitat pollution'”’. WGS can identify genes and pathways linked to
flight performance, muscle efficiency, and energy metabolism, shedding
light on the genetic underpinnings of dispersal capacity'”. For Vietna-
mese odonates, this could inform predictions about their ability to
colonise new habitats or retreat to refugia as temperatures rise. WGS can
uncover genetic mechanisms of resilience, such as detoxification genes
(e.g., enzymes cytochrome P450 and glutathione S-transferases) that
confer resistance to pollutants (see, e.g., in Anopheles mosquitoes'*’).
Understanding these mechanisms can guide habitat management stra-
tegies to mitigate anthropogenic impacts. WGS, combined with epige-
nomic analyses, can reveal how environmental changes such as
temperature, pollution (e.g., metals, pesticides, pharmaceuticals, micro-
plastics), and habitat degradations influence gene expression through
DNA methylation or histone modifications. This is particularly relevant
for odonates, which exhibit phenotypic plasticity in traits like larval
development rates or adult colorations'””. Understanding WGS and
epigenetic mechanisms can clarify how Vietnamese odonates cope with
climate- and human-driven habitat changes.

Lipidomics - bridging aquatic-terrestrial energy flows. Analysing the
lipidomes of Odonata is crucial for understanding the energy reserve,
which shows a positive correlation with the flying performance to dis-
perse in fragmented habitats or for range shift under global warming (e.g.,
in Coenagrion species'*"'*?). Furthermore, by examining the lipid com-
position, we can quantify the abundance and type of fatty acids, especially
omega-3 such as eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), which are essential for terrestrial animals, including birds, bats,
and riparian spiders. Odonata, rich in EPA and DHA, serve as critical
prey for these small predators, transferring essential fatty acids from
aquatic to terrestrial ecosystems, supporting their physiological functions
and reproduction'"". Such research informs conservation strategies by
emphasizing the importance of preserving aquatic insect populations to
sustain both aquatic and terrestrial food webs. Like WGS, lipidomics also
faces analytical costs and expertise gaps, but its integration into multi-
omics frameworks promises holistic strategies for Odonate in Vietnam,
from molecular mechanisms to ecosystem responses and resiliences.

Local citizen science networks - crowdsourcing spatial insights.
Local citizen science harnesses community-driven data collection by
integrating smartphone camera systems with taxonomic information
and platforms such as “iNaturalist” or Global Biodiversity Information
Facility (GBIF) (see Fig. 7). These platforms are already contributing
significantly to mapping species distribution and phenology of Odonata
in Vietnam and Southeast Asia, with iNaturalist and GBIF hosting a
rapidly growing volume of georeferenced odonate records that provide
valuable baseline data for species distribution, phenology, and con-
servation assessments (Supplementary Table 4), demonstrate the effec-
tiveness of social media and citizen science platforms in capturing large-
scale distributional data for dragonflies and damselflies, offering a model
for Vietnam. These tools enable accurate species identification and
georeferenced data submission, significantly enhancing spatial and
temporal monitoring of odonate distributions and phenological shifts
(e.g., refs. 32,42,143). By standardizing data collection protocols and
providing training on species identification, these networks can generate
robust datasets to track ecological responses to climate change and
anthropogenic stressors, supporting evidence-based conservation stra-
tegies for Odonata and broader freshwater biodiversity.

Remote sensing and automated imaging (e.g., refs. 144,145) can
provide high-resolution environmental data to model habitat suitability and
detect anthropogenic stressors like habitat degradation and pesticide
contamination.

Machine learning and artificial intelligence - predictive frontiers.
Finally, machine learning algorithms, e.g, random forest or

convolutional neural network, applied to all types of datasets, offer pre-
dictive power for species distribution modeling, particularly evolutionary
responses to environmental changes. These tools are especially critical for
odonate research in Vietnam’s challenging mountainous and tropical
environments, where harsh weather, rugged terrain, and seasonal
flooding often impede traditional field experiments and observational
studies, thus necessitating an innovative, data-driven approach to
advance conservation and toxicological assessments of Odonta.

Recommendations

The rich diversity of Vietnam’s 493 Odonata species, coupled with their
ecological significance as bioindicators and vulnerability to climate change
and habitat loss, underscores the urgent need for innovative research and
conservation strategies. This review is the first to synthesise 200 years of
Vietnamese Odonata research, highlighting critical data gaps, and proposes
a multidisciplinary framework to advance Odonata research. This frame-
work is scalable to all aquatic invertebrates, such as crustaceans and insects
(e.g., Ephemeroptera, Plecoptera, and Trichoptera) and understudied tro-
pical regions (e.g., Southeast Asia, Congo Basin, and Amazon Basin) for
biodiversity research and conservation. The following recommendations
provide a roadmap to bridge ecological and conservation gaps, aligning with
the UN Sustainable Development Goals (SDGs 13: Climate Action, 14: Life
Below Water, and 15: Life on Land) and the Global Biodiversity Frame-
work’s (GBF) 30 x 30 target to protect 30% of ecosystems by 2030, providing
a model for global biodiversity conservation.

1. Enhance both larval and adult taxonomy, phylogeny, and ecology
using integrated morphology and genomic tools: Develop compre-
hensive inventories integrating basic ecological data, encompassing
larval habitat preferences, life history traits, phenology, and larval-adult
habitat connections, which are vital for elucidating distribution
patterns, assessing vulnerabilities, and informing conservation strate-
gies. Furthermore, leveraging WGS and phylogenetic analyses can
resolve taxonomic uncertainties, such as polymorphisms in the genus
Coeliccia, resolve uncertainties in families like Gomphidae and
Aeshnidae, and clarify species boundaries for the 107 newly described
species since 1975. These advancements will enhance the accuracy of
biodiversity assessments, addressing the taxonomic bias that currently
limits ecological insights.

2. Establish long-term monitoring programmes: Implement standar-
dised bioassessment programmes that combine regular field samplings
of larvae and adults with eDNA metabarcoding, remote sensing, and
citizen science to track distribution gaps (e.g., addressing 138 single-site
records), species diversity, population dynamics, and habitat con-
nectivity. Furthermore, it is critically important to apply quantitative
analyses, e.g., generalized mixed models for abundance trends, spatial
autocorrelation metrics for connectivity, and time-series regressions
for phenological shifts, to detect statistically significant changes and
forecast vulnerability under climate change scenarios and human
impacts.

3. Prioritize genome research: Conduct WGS and epigenomic analyses
to resolve taxonomic uncertainties, identify adaptive traits, and
understand responses to environmental changes.

4. Integrate multidisciplinary approaches: combine ecological, evolu-
tionary, and ecotoxicological experiments, high-throughput omics,
and machine learning to holistically project large-scale and long-term
odonate responses to climate change and anthropogenic stressors.

5. Align with global frameworks: Ensure monitoring programmes
contribute to international biodiversity assessments, addressing the
underrepresentation of tropical ecosystems.

6. Enhance capacity building: develop training programs for researchers
and citizens to support advanced monitoring and conservation efforts.

By advancing these research domains, Vietnamese Odonata can
bridge global ecological and conservation gaps, providing a model for
understanding and protecting tropical biodiversity in a changing
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world'®. This integrated approach not only addresses Vietnam-specific
challenges, such as habitat loss and climate-driven range shifts, but also
offers a scalable blueprint for global Odonatology, entomology, and
invertebrate zoology. It provides policymakers with actionable tools,
such as standardised monitoring and capacity building, to safeguard
tropical ecosystems under increasing environmental pressure, ensuring
resilience in a changing world.
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