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DNA barcode release

Abstract

Freshwater biodiversity underpins ecosystem functioning but is rapidly declining 
due to urbanization and habitat modification, particularly in Southeast Asia where 
accurate species inventories remain limited. Integrative taxonomy, combining mor-
phological and molecular approaches, provides a robust framework for generating 
standardized biodiversity data and biomonitoring assessments. We assessed mayfly 
(Ephemeroptera) biodiversity across a natural-to-urbanized gradient in Hong Kong us-
ing nymph morphology and cytochrome c oxidase subunit I (COI) barcoding to estab-
lish the first regional DNA barcode reference library. Our integrated taxonomy efforts 
resulted in 45 unique morphospecies (i.e. gamma-diversity). Subsequently, the Hong 
Kong mayfly barcode database includes 146 barcode sequences representing 53 Bar-
code Index Numbers (BINs), of which 67.3% were newly registered in the Barcode of 
Life Data System (BOLD), including seven putative undescribed lineages and four new 
regional records. Additionally, we found that mayfly richness declined significantly 
with increasing urban intensity (β = –0.308, p = 0.007) and conductivity (β = –0.427, 
p = 0.002), with elevation showing a marginal effect. Indicator species analysis identi-
fied Choroterpes elliptica HK01 as potentially indicative of natural sites and Tenuibae-
tis pseudofrequentus and Caenis lubrica likely corresponding with peri-urban habitats, 
while no taxa were indicative of urbanized sites. Our results demonstrate both the 
substantial mayfly diversity in Hong Kong and highlight the detrimental impacts of 
urbanization on freshwater assemblages. Critically, the barcode library presented here 
supports future DNA-based biomonitoring applications (e.g. eDNA metabarcoding), 
providing an important resource for rapid biodiversity assessment of critical habitats 
and helping to ensure long-term ecosystem health and stability.
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Introduction

Accurate DNA barcode reference libraries are foundational for modern bio-
diversity assessment, supporting standardized species identification, which 
are further assisted through integrative taxonomy (Hebert and Gregory 2005). 
Curated barcode databases with associated voucher specimens improve taxo-
nomic resolution, facilitate the detection of cryptic diversity, and provide the ref-
erence infrastructure necessary for emerging molecular-based biodiversity and 
biomonitoring approaches, such as environmental DNA (eDNA) metabarcoding 
(Seymour et al. 2025) and bulk-community analyses (Macher et al. 2018; Han et 
al. 2026b). Comprehensive barcode resources also support large-scale assess-
ments of biogeographic patterns, ecological change, invasive species detec-
tion, and long-term conservation monitoring by enabling interoperable and re-
producible biodiversity datasets across regions and time (Seymour et al. 2024). 
While major international initiatives, including the Barcode of Life Data System 
(BOLD), continue to expand global coverage, substantial geographic and taxo-
nomic gaps remain, particularly across tropical and subtropical regions, where 
biodiversity is highest, globally, and where taxonomic expertise is often limited 
(Han et al. 2026a; Lin et al. 2026). Establishing regional DNA barcode data-
bases can drastically enhance species inventory reporting by enabling local re-
searchers to verify species via reference material using standardized molecular 
approaches when taxonomic expertise may not be available.

Mayflies (Order: Ephemeroptera) are a diverse group (estimated >4,000 spe-
cies globally) of aquatic macroinvertebrates that provide vital roles as primary 
consumers, prey for fish, birds, and bats (Brittain 1982), and as biomonitoring 
indicators (Jacobus et al. 2019). Intense urbanization, including channelization, 
heavy sedimentation, and runoff drainage, has been linked to localized mayfly 
extinction along with other freshwater species, leading to heavily homogenized 
biodiversity (Firmiano et al. 2017; Alhejoj et al. 2023). Peri-urban zones are 
partially urbanized areas which have been shown to buffer biodiversity loss 
between natural and heavily urbanized sites. Mayfly species associated with 
peri-urban zones include generalist mayflies within the genera Callibaetis and 
Ephemerella, as well as members of the family Heptageniidae (Vilenica et al. 
2020; Williams-Subiza et al. 2022). Parallel to physicochemical changes, land 
use transitions from natural to peri-urban to fully urbanized waterways produce 
stepwise reductions in biodiversity (Gutiérrez-Rial et al. 2023). Natural streams 
generally support the highest richness and functional diversity, while peri-urban 
systems may retain 70–90% of regional taxa, often reflecting a mixture of sen-
sitive and tolerant species. In contrast, urbanized sites frequently exhibit reduc-
tions in mayfly richness, accompanied by a shift toward low community diver-
sity dominated by a few generalist taxa (Firmiano et al. 2017; Williams-Subiza 
et al. 2022; Gutiérrez-Rial et al. 2023). However, mayfly species distributions 
often shift across regions due to changes in community assembly and local 
environmental factors, making regional assessments of mayfly inventories and 
environmental influences essential for effective resource and ecosystem man-
agement (Benhadji et al. 2025).

Existing mayfly species inventories are lacking in many regions, particularly 
with regards to DNA barcode references (Macko et al. 2024). Chinese may-
fly taxonomic knowledge is particularly limited, with a significant taxonomic 
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impediment compared to North America and Europe (Jacobus et al. 2021). 
While regions like the United States and Canada benefit from highly accessi-
ble, centralized libraries like Mayfly Central and robust BOLD Systems cover-
age, where roughly 60% of known species are barcoded, Chinese data is frag-
mented across family-specific revisions and private datasets (Li et al. 2022). 
While Europe and North America have increasingly moved toward comprehen-
sive DNA barcode libraries linked to taxonomic inventories to resolve cryptic 
species, much of China’s genetic data remains unlinked to formal names in 
public repositories. The lack of publicly accessible taxonomic and molecular 
data impedes vulnerability evaluations and conservation planning and reflects 
an urgent need to update regional inventories to enable better informed policy 
decisions and implementations. Additionally, reference barcode and voucher 
specimen databases help ensure future biodiversity surveys benefit from re-
liable reference material, which enables accurate and standardized species 
identification through the use of integrative taxonomy.

Integrative taxonomy combines morphological characterization with mo-
lecular methods to enable more efficient and accurate species level identifi-
cation (Dayrat 2005). For freshwater biomonitoring, mayfly nymphs are used 
as opposed to adults since nymph development and establishment is directly 
linked to the local environmental conditions (Benhadji et al. 2025). While mor-
phological identification of mayfly nymphs is well established, there are lim-
itations with regards to accurate species level information for cryptic diversity 
and where regional expertise is lacking, such as in Southeast Asia (Ball et al. 
2005). DNA barcoding, particularly the cytochrome c oxidase subunit 1 (COI) 
barcoding region of the mitochondrial genome, has become increasing utilized 
in integrative taxonomy workflows, facilitating rapid development of local and 
regional biodiversity databases (Han et al. 2026a; Lin et al. 2026).

Hong Kong, a high-density metropolis, supports substantial freshwater di-
versity due to its rugged topography and subtropical climate. While 56 mayfly 
species have been previously identified from the region (Tong 2001), updat-
ed assessments have not been conducted and no formal survey or barcode 
reference library currently exists to resolve cryptic diversity or to evaluate re-
gional bioindicators. Additionally, no study has looked to assess the effects 
of urbanization on mayfly biodiversity within the region, with existing studies 
having been restricted to natural, headwater sites. This study aims to resolve 
key gaps in mayfly biodiversity knowledge with three key objectives: (1) use 
integrative taxonomy to develop a regional, publicly accessible COI barcode 
library for Hong Kong mayflies; (2) assess the relationship between regional 
urbanization and mayfly biodiversity; and (3) identify potential mayfly indicator 
species across Hong Kong’s urbanized landscape.

Methods

Study area and sampling sites

Hong Kong SAR, China is densely populated with ~7 million inhabitants, peak-
ing at >57,000 people per km2, and averaging ~7,000 individuals per km2 across 
the territory. While urban density is exceptionally high, approximately 70% of 
the territory is undeveloped, with 40% currently designated as country parks. 
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The 30% of the territory that is developed includes a mosaic of land use that 
has shifted considerably over the years and reflects a tiered intensity of human 
impact. More specifically, 22% of the Hong Kong SAR is classified as high-den-
sity urban cores, 3% as rural, low population density settlements, and 5% as 
fragmented agricultural land. The unique land use structure offers a sharp nat-
ural to urbanization gradient within a compact geographic area.

We sampled from 30 Hong Kong streams to assess the biodiversity of may-
flies across the natural-to-urbanized gradient (Fig. 1). Three urbanization cat-
egories were defined. 1) Natural (low disturbance): located within protected 
country parks; characterized by intact riparian buffers (woodland/shrubland/
grassland) and minimal impervious cover. 2) Peri-urban (moderate disturbance): 
sites with low-density residential or agricultural matrices while retaining a high 
degree of ecological environments and connectivity; subject to moderate nutri-
ent loading and hydrological alteration. 3) Urbanized (high disturbance): sites 
exhibiting urban stream syndrome (Walsh et al. 2005), characterized by exten-
sive impervious surfaces, channelization, and flashy hydrographs. Sites were 
selected to encompass the full natural-to-urbanized land-use gradient across 
Hong Kong while maximizing geographic representation and accessibility.

Sample collection and DNA barcode sequencing

Mayfly specimens were collected from 22 sites in September 2022 (10 natu-
ral, 8 peri-urban, 5 urban) and 30 sites in November 2023, including the same 
22 sites sampled in September 2022, along with 8 additional sites (3 natural, 
4 peri-urban and 1 urban) (Fig. 1). We prioritized head water sites that were 
accessible while ensuring we encompassed the full natural-to-urbanized 
land-use gradient across Hong Kong. At each sampling event, mayfly nymphs 
were collected using a standardized 3-minute kick sampling protocol, with a 
D-frame kick net (500 μm mesh) across all microhabitats present (Furse et al. 
1981; Seymour et al. 2021). Bulk specimens were preserved in 95% ethanol 
and counted and identified to morphospecies at the University of Hong Kong’s 
eDNA & eEcology Lab.

DNA was extracted from 2–5 representative specimens per morphospe-
cies using the Universal Genomic DNA kit (CW2298, CoWin Biotech, China), 
following the manufacturer’s protocol. For each specimen, 4–6 legs or the 
thorax (for smaller specimens) were used. We aimed to generate 3–5 bar-
codes for all morphospecies identified, but were restricted to 1 or 2 barcodes 
for 3 groups due to limited abundances or poor quality DNA extraction (see 
Suppl. material 1: table S2 for a complete breakdown of specimens and bar-
codes generated). The 658 bp cytochrome c oxidase subunit I (COI) barcode 
region was amplified using LCO1490/HCO2198 primers (Folmer et al. 1994). 
If samples failed to amplify with the standard primers, we used our custom 
primers (MayF1/R1; MayF2/R2; Table 1), which were designed for this study 
by modifying the standard primers to bind to other target groups (e.g., Han 
et al. 2026a). The MayF1/MayR1 and MayF2/MayR2 primers increased over-
all success by 21.4%, enabling amplification in previously recalcitrant taxa 
(Afronurus alces: 100%, n = 4; Bungona longisetosus: 40%, n = 10; Cloeon 
navasi: 43%, n = 7) and improving sequence quality for samples that gener-
ated poor standard sequences (19.8% cases with incomplete traces using 
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standard primers while zero using modified primers). All PCR reactions (total 
volume = 25 µl) contained 12.5 µl 2 × Hieff PCR Master Mix (YEASEN, China), 
6.5 µl water, 0.5 µl of each primer (10 µM), and 5 µl of template. Thermal cy-
cling conditions: 94 °C for 2 min; 35–41 cycles of 94 °C for 30 s, 49–50 °C for 
30 s, 72 °C for 50 s; 72 °C for 10 min (ProFlex PCR System, Applied Biosystems, 
USA). PCR cycles were only increased after failed amplification at 35 cycles 

Figure 1. Spatial distribution of the sampling sites (n = 30) across Hong Kong. Circles indicate sampling locations overlaid 
on a land use composition map. Sites with dotted circles indicate sites that were only sampled in 2023, with all other sites 
sampled in 2022 and 2023. The study area encompasses a gradient of urbanization, including Natural (Woodland, Shru-
bland/Grassland), Peri-urban (Agricultural Land, Rural Settlement), and Urbanized (Impervious Surface) habitats. Site-spe-
cific land use classifications (natural, peri-urban, and urban) are indicated by the color of the corresponding site point.

Table 1. Primers (658 bp fragment length) used for the amplification of the cytochrome 
c oxidase subunit I (COI) mitochondrial barcoding gene.

Primer Direction Sequence (5´–3´)

LCO1490 Forward GGTCAACAAATCATAAAGATATTGG

HCO2198 Reverse TAAACTTCAGGGTGACCAAAAAATCA

MayF1 Forward ATTCAACAAACCAYAAGGACATTGG

MayR1 Reverse TAAACTTCAGGGTGCCCRAAGAAYCA

MayF2 Forward TTTCAACAAAYCAYAAGGATATTGG

MayR2 Reverse TAAACTTCTGGGTGMCCAAARAAYCA
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as a means to account for low concentration DNA samples without adversely 
affecting amplicon quality (Mitchell 2015; Vierna et al. 2017). Products were 
visualized on 1.2% agarose gels and sequenced bidirectionally using Sanger 
sequencing at GeneWiz Inc. (Suzhou, China).

Integrated taxonomic identification

We used an integrative morphology and molecular approach to ensure ro-
bust species delimitation (Zhou et al. 2009; Cardoni et al. 2015; Han et al. 
2026a). Mayfly nymphs were initially sorted and identified to the lowest pos-
sible taxonomic level using a stereo microscope and regional taxonomic keys 
(Tong 2001). To resolve challenging groups, particularly within the families 
Baetidae, Heptageniidae, and the genera Choroterpes and Habrophlebiodes, 
subsets of specimens were dissected to determine taxonomic differences. 
Dissected mouthparts, antennae, legs, gills, and paraprocts were mounted on 
slides using Hoyer’s medium (Phygene Biotech, China) and examined under 
high magnification (Flexacam i5, Leica, Germany). For specimens that could 
not be confidently assigned to a known species due to a lack of descriptive liter-
ature or diagnostic features, interim morphospecies codes were assigned to al-
low for downstream molecular assessment of putative species. Representative 
specimens of each morphospecies were photographed dorsally, ventrally, and 
laterally using a M205C stereo microscope (Leica, Germany).

COI barcode sequences were edited in BioEdit v7.2.5 (Hall 1999) to generate 
consensus sequences, which were subsequently aligned using MUSCLE (Edgar 
2004). Barcode sequences and associated specimen photos and trace files 
were then uploaded to the Barcode of Life Data Systems (BOLD) (dataset DS-
HKMAYFLY) (Ratnasingham and Hebert 2007) for primary molecular grouping 
and Barcode Index Number (BIN) assignment.

To complement the BOLD framework and cross-check our morphological 
assignments against a broader public repository, sequences were also que-
ried against the GenBank (NCBI) database via BLAST (Camacho et al. 2009) to 
determine taxonomic proximity. In this workflow, a conservative 95% similarity 
BLAST threshold was utilized as a diagnostic baseline to flag broad taxonomic 
alignment (e.g., confirming order- or genus-level placement) and to screen for 
potential database gaps or contamination (Padial et al. 2010). Six potential 
outcomes were addressed:

1) Concordance: where molecular matches (>95% similarity to a reference 
sequence) were consistent with morphological identification, the species 
name was confirmed. 2) Morphological re-evaluation (intra-ordinal conflict): if 
a high-similarity molecular match (>95%) conflicted with the initial morpholog-
ical ID but remained within Ephemeroptera, the voucher specimens were re-ex-
amined. The molecular ID was only accepted if morphological features could 
be re-interpreted to support it. 3) Contamination detection (extra-ordinal con-
flict): if a high-similarity match identified the specimen as a non-target organ-
ism (out of the order Ephemeroptera), the sequence was flagged as contam-
ination and removed from the dataset. 4) Database gaps (low similarity, low 
divergence): if similarity to reference databases was <95% but the specimens 
within the morphospecies group showed zero or negligible genetic divergence, 
the morphological identification was retained, and the record was treated as 
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a new barcode for a known species or a regional endemic not yet represented 
in global databases. 5) Cryptic diversity (low similarity, high divergence): if the 
top-hit match was <95% and high genetic divergence was observed within a 
single morphospecies group, we hypothesized the presence of cryptic lineag-
es. These were assigned unique interim names and further validated via neigh-
bor-joining (NJ) tree clustering. 6) Reciprocal refinement (systematic ambigui-
ty): in instances where morphological diagnosis was constrained by specimen 
condition (e.g., underdeveloped diagnostic features) and molecular database 
queries yielded low similarity (<95%), taxonomic assignments were resolved 
through internal sequence comparison. By analyzing the genetic cohesion 
within our own sample clades, we were able to either: (a) confirm the identity of 
ambiguous specimens, or (b) correct initial “morphospecies” misassignments 
through the detection of zero or negligible internal divergence.

In cases where sequences failed to amplify after multiple attempts, the iden-
tification defaulted to the morphological assignment. This integrated approach 
ensures that our taxonomic library provides a curated system based on concor-
dant evidence.

Barcode library and sequence analysis

To validate the efficacy of the COI library for species delimitation, we em-
ployed four complementary analytical approaches. First, sequences were as-
signed barcode index numbers (BINs) within the BOLD System using the RESL 
(Refined Single Linkage) algorithm (Ratnasingham and Hebert 2013). The RESL 
algorithm uses an initial 2.2% divergence threshold as a heuristic baseline to 
generate primary sequence clusters. The RESL then refines these clusters into 
Operational Taxonomic Units (OTUs) through subsequent graph theoretic anal-
yses, including Markov clustering and silhouette score evaluations, rather than 
relying on a rigid, universal species boundary (Ratnasingham and Hebert 2013). 
Second, genetic distances were calculated using the Kimura-2-Parameter (K2P) 
model (Kimura 1980) in MEGA 12 (Kumar et al. 2024). We quantified mean 
and maximum pairwise intraspecific genetic divergences, as well as mean and 
minimum pairwise interspecific genetic divergences (distance to the nearest 
neighbor). These metrics were used to assess the presence of a barcode gap 
for species delimitation, defined as the separation between the maximum in-
ternal variation of a species and the minimum distance to its closest relative. 
Third, to visualize the concordance between molecular clusters and morpho-
logical identifications, a Neighbor-Joining (NJ) tree was constructed using the 
K2P model with 1,000 bootstrap replicates (Saitou and Nei 1987). The NJ tree 
included the 146 assigned barcodes. Among the 146 BIN-assigned records, 
three sequences were shorter than 500 bp (Suppl. material 1: table S2) and 
therefore do not meet the BOLD barcode compliance criteria. However, we in-
cluded these short barcodes in NJ tree analyses because they exhibited high 
sequence quality, with no ambiguous bases or evidence of contamination. The 
short sequences also perfectly aligned with, and showed genetic congruence 
to, their complimentary longer compliant barcode sequences assigned to the 
same BINs. The NJ tree showed that the short sequences clustered tightly with 
their corresponding BINs, supporting their taxonomic placement and analytical 
value, therefore verifying that the shorter sequences did not introduce noise or 
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inconsistencies into the analysis. The NJ tree was visualized and annotated 
using iTOL v7 (Letunic and Bork 2024), providing a means to evaluate species 
monophyly and assess potential instances of paraphyly or polyphyly, which 
serves as a diagnostic check for specimens that may need re-examining or for 
potential contaminant screening. Lastly, a conservative 2.2% standard diver-
gence threshold was used as a benchmark for potential cryptic diversity or tax-
onomic revision in our dataset. Arthropoda rarely exceeds a 2.2% divergence 
threshold, hence the chosen cutoff, unless there are potential cryptic lineages 
or a flawed taxonomic classification system (Hebert et al. 2003).

Environmental and micro-habitat characterization

To objectively characterize the natural-to-urbanized gradient, site classification 
was determined by land use composition analysis within a 100 m radius of each 
sampling reach. A 100 m radius was chosen because it is wide enough to capture 
surrounding variability linked to local surface runoff, while also allowing enough 
space to prevent overlapping data between nearby sites (Morley and Karr 2002; 
Seymour et al. 2016). The land use classification analysis utilized the 2023 Land 
Utilization Raster Grids dataset provided by the Hong Kong Planning Department 
(Planning Department 2024). Land use classification was based on the propor-
tional composition of land-cover types within a 100 m buffer surrounding each 
sampling site. Percent cover values for woodland, shrubland, grassland, agricul-
ture, rural settlement, and urbanized surfaces were first verified to sum to 100% 
per site. Sites were then assigned to one of three categories (natural, peri-urban, 
urbanized) using a rule-based decision framework. Specifically, sites with ≥25% 
urbanized cover were classified as urbanized (Hill et al. 2000). Sites with ≥80% 
combined natural cover (woodland, shrubland, and grassland) were classified 
as natural. Remaining sites were classified as peri-urban if they contained ≥10% 
combined agricultural and rural settlement land use or >5% urban cover. Sites 
not meeting any threshold criteria were conservatively assigned to the peri-urban 
category, reflecting fragmented or mixed land use conditions (Ahogle et al. 2025).

At each sampling site, substrate composition (percentage of silt, sand, boul-
der, and gravel) was quantified (Seymour et al. 2021) during the November 
2023 sampling period. Physicochemical variables, including acidity (pH), salin-
ity (conductivity), dissolved oxygen (DO), and total dissolved solids (TDS) were 
measured in situ using a multiparameter meter probe (U-50 HORIBA, Japan). 
Elevation was recorded at each site using GPS. Land cover classification in-
cluded natural, peri-urban, and urban, as defined above.

Diversity and statistical analysis

All statistical analyses were conducted in R v4.5.1 (R Core Team 2025). Gamma 
diversity was defined as the total number of taxa recorded across all 30 sites. 
Site-level diversity was assessed using species richness, calculated as the num-
ber of taxa recorded per sampling event. To evaluate inventory completeness 
and estimate regional species richness, species accumulation curves (SAC) 
and the Abundance-based Coverage Estimator (ACE) were calculated using the 
‘vegan’ package (Oksanen et al. 2025). Total regional richness was estimated 
by pooling abundance data across all sampling events using the ACE metric. 
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To visualize the rate of species discovery as a function of sampling effort, a 
sample-based species accumulation curve was generated using the random 
method with 1000 permutations (Suppl. material 1: fig. S1).

Given the overdispersion in the data, environmental effects on richness were 
tested using a negative binomial generalized linear model (Zuur et al. 2009). 
Models were fitted using the R package 'glmmTMB' (McGillycuddy et al. 2025). 
Species richness was initially modeled as a function of scaled elevation, urban-
ization intensity, peri-urban intensity, natural intensity, pH, dissolved oxygen, 
conductivity, total dissolved solids, gravel coverage, sand coverage, silt cover-
age, and boulder coverage. Predictor variables were centered and standardized 
prior to analysis. Collinearity was assessed using the 'performance' package 
(Lüdecke et al. 2021), with a standard threshold of Variance Inflation Factor (VIF) 
> 5, resulting in total dissolved solids, peri-urban intensity, boulder coverage, and 
silt coverage being removed. We first assessed whether to account for seasonal 
effect of sampling by including site as a random effect using a negative bino-
mial mixed effects model, however, the site variance was near zero (σ2 < 0.001), 
indicating that the random effect was not improving the model fit and caused 
a singular fit, so we reverted to the more parsimonious negative binomial glm. 
We used a backward model selection process to select the most parsimonious 
final model (Borcard et al. 2011). Model significance was evaluated using Wald 
z-tests, and model fit was assessed using the Akaike Information Criterion (AIC).

Indicator species

Indicator taxa associated with each urbanization category were identified using 
the Indicator Value (IndVal) approach via the R package 'indicspecies' (Cáceres 
and Legendre 2009). IndVal quantifies the strength of association between 
individual taxa and predefined site groups by combining two complementary 
components: specificity (the probability that a surveyed site belongs to the 
target group given the presence of the taxon) and fidelity (the probability of 
finding the taxon within sites of that group). The product of these two com-
ponents yields the indicator value for each taxon, with high values reflecting 
taxa that occur frequently and predominantly within a single habitat category. 
Indicator analysis was performed for the three urbanization classes, natural, 
peri-urban, and urbanized, to detect taxa that were significantly associated with 
each class. Statistical significance was evaluated by permutation testing at α 
= 0.05. Significant taxa were considered habitat indicators and were used to 
characterize assemblage differences across the urbanization gradient.

Results

Barcode library and sequence analysis

A total of 12,155 mayfly nymphs were collected from 30 stream sites during 
September 2022 and November 2023. Initial taxonomic analyses resulted in 
31 morpho-taxonomic groups, which formed the baseline barcoding focus. 
Subsequently, integrated taxonomic analysis identified 45 morphospecies 
across 28 genera and 6 families (Table 2). Of the 207 specimens selected 
for DNA extraction, 154 COI sequences were obtained, yielding an average 
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Table 2. Mayfly morphospecies (Taxonomy) observed in this study with the total number of individuals observed across 
the sampling sites (Abundance), for each morphospecies group. Taxonomic names are provided in Family subsections 
as indicated in bold. Richness is provided as within Family richness and total (bottom of table). The number of barcodes 
generated for each morphospecies is provided and the associated BIN identities indicated (BINs). Finally, species au-
thorities and taxonomic references for the morphological identification are provided.

Taxonomy Richness Abundance Barcodes BINs Authority Reference

Baetidae 23 7459

Arcobaetis cf. gracilentus 4 4 BOLD:AEO5467 (Chang & Yang, 1994) Kang et al. 1994; Kaltenbach et al. 2023; 
Waltz and McCafferty 1997

Alainites lingulatus 1 1 BOLD:AAZ0763 Tong & Dudgeon, 2000 Tong and Dudgeon 2000a

Baetidae sp. HK10 1 1 BOLD:AGX0185 Tong and Dudgeon 2000b

Baetiella trispinata 3 3 BOLD:AEE1825 Tong & Dudgeon, 2000 Tong and Dudgeon 2000b; Shi and Tong 
2015

Baetis rutilocylindratus 1624 6 BOLD:AAZ0760 Wang, Qin, Chen & Zhou, 
2011

Wang et al. 2011

Baetis sp. (Early stage) 347 – – Tong and Dudgeon 2000b

Baetis maculosus 716 3 BOLD:AEE9339, 
BOLD:AHI6516

Tong, Dudgeon & Shi, 
2014

Tong et al. 2014

Baetis cf. maculosus 1 1 BOLD:AGX0184 Tong, Dudgeon & Shi, 
2014

Tong et al. 2014

Baetis cf. illiesi 1 – – Müller-Liebenau, 1984 Muller-Liebenau 1982

Bungona fusina 30 6 BOLD:AGW9771, 
BOLD:AGW9772, 
BOLD:AGX9520, 
BOLD:AGY0300

(Tong & Dudgeon, 2003) Tong and Dudgeon 2003; Shi and Tong 
2019

Bungona longisetosus 351 4 BOLD:AGY9724 (Braasch & Soldán, 1980 Shi and Tong 2019; Tong et al. 2003

Cloeon navasi 16 5 BOLD:AAG5740 van Bruggen, 1957 Tong and Dudgeon 2021; Ying et al. 2021

Labiobaetis atrebatinus 615 6 BOLD:AHG0390 (Eaton, 1870) Bae and Park 1998; Fujitani et al. 2005; 
Shi and Tong 2014

Labiobaetis mustus 90 9 BOLD:AGV1911 (Kang & Yang, 1996) Shi and Tong 2014; Kang and Yang 1996

Labiobaetis diffundus 50 3 BOLD:AGX0187 (Müller-Liebenau, 1984) Muller-Liebenau 1984; Shi and Tong 
2014; Kaltenbach and Gattolliat 2019

Liebebiella vera 2879 3 BOLD:AEC8351 (Müller-Liebenau, 1982) Muller-Liebenau 1982; Tungpairojwong 
et al. 2022

Nigrobaetis facetus 15 – – (Chang & Yang, 1994) Kang et al. 1994; Li et al. 2023

Procloeon sp.HK04 1 1 BOLD:AGU8523 – Chen and Zhou 2023

Procloeon sp.HK05 2 2 BOLD:AGX7183, 
BOLD:AGU8524

– Chen and Zhou 2023

Procloeon cf. strumiferum 34 1 BOLD:AGY1817 Chen & Zhou, 2023 Chen and Zhou 2023

Procloeon cf. chinensis 37 2 BOLD:AGX7184 (She, Gui & You, 1995) Chen and Zhou 2023; Bae and Park 1997

Procloeon venustum 12 3 BOLD:AAZ0854 – Tong 2001

Tenuibaetis 
pseudofrequentus

629 3 BOLD:AGU7017 (Müller-Liebenau, 1985) Kang et al. 1994; Muller-Liebenau 1982; 
Kubendran et al. 2015; Fujitani et al. 2011

Caenidae 3 3525

Caenis bicornis 2423 3 BOLD:AAZ0809 Tong & Dudgeon, 2002 Tong and Dudgeon 2002

Caenis lubrica 142 2 BOLD:AGW9759 Tong & Dudgeon, 2002 Tong and Dudgeon 2002

Caenis sp. HK06 960 4 BOLD:AGW9760 Tong and Dudgeon 2002

Ephemerellidae 2 76

Teloganopsis 
jinghongensis

21 3 BOLD:AGX5228 (Xu, You & Hsu, 1984) Tong and Dudgeon 2000c; Zhou et al. 
2006; Ubero-Pascal and Sartori 2009; 

Jacobus and McCafferty 2008; Ding and 
Zhou 2024

http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AEO5467
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AAZ0763
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGX0185
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AEE1825
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AAZ0760
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AEE9339
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AHI6516
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGX0184
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGW9771
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGW9772
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGX9520
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGY0300
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGY9724
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AAG5740
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AHG0390
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGV1911
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGX0187
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AEC8351
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGU8523
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGX7183
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGU8524
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGY1817
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGX7184
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AAZ0854
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGU7017
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AAZ0809
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGW9759
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGW9760
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGX5228
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of 3.85 sequences per morphospecies (range: 1–12). DNA amplification was 
unsuccessful for three taxa: Nigrobaetis facetus, Thraulus bishopi, and Baetis 
cf. iIlliesi. While we attempted to re-extract and sequence these groups, we 
were unsuccessful due to limited available material.

Of the total barcode sequences, 146 (94.8%) were successfully assigned to 
53 BINs. The 10 remaining sequences failed assignment due to high proportions 
of ambiguous bases (>1% N-count; n = 8) or represented highly divergent sin-
gletons awaiting further taxonomic validation (n = 2). Overall, this first regional 
DNA barcode library for mayflies in China includes 146 barcodes (mean length: 
626 bp; range: 409–658 bp; Suppl. material 1: table S2) from our 45 integrative 
taxonomy morphospecies groups. Of these, 39 were successfully barcoded 
(32 BOLD confirmed species), and clustered into 53 unique BIN assignments 
(Table 2). In total, 5 of the 45 morphospecies groups are represented by a sin-
gle barcode (singleton). Notably, 34 of the 53 BINs were unique records in the 
Barcode of Life Data System (BOLD). The database is publicly available, with 
digital micrographs, geographic metadata, and sequence trace files uploaded 
to BOLD to facilitate future taxonomic revisions (dataset DS-HKMAYFLY).

Taxonomy Richness Abundance Barcodes BINs Authority Reference

Torleya arenosa 55 3 BOLD:AGU6777, 
BOLD:AGU6776

Tong & Dudgeon, 2000 Tong and Dudgeon 2000c; Jacobus et al. 
2004; Zhou et al. 2000

Ephemeridae 3 46

Ephemera pictipennis 4 2 BOLD:AAZ0718 Ulmer, 1924 Zhou et al. 2003

Ephemera serica 28 3 BOLD:AAZ0719 Eaton, 1871 Zhou et al. 2003; Zhou and Zheng 2003

Ephemera spilosa 14 3 BOLD:AEA8885 Navás, 1936 Kwanboon and Boonsoong 2024

Heptageniidae 8 346

Afronurus alces 78 5 BOLD:AGZ0821, 
BOLD:AGX2589, 
BOLD:AEB5302

Braasch & Jacobus, 
2011

Braasch and Jacobus 2011

Afronurus dudgeoni 47 4 BOLD:AGX4686, 
BOLD:AEE1270

(Tong, 2001) Tong 2001

Compsoneuria 
taipokauensis

76 – – (Tong & Dudgeon, 2003) Sartori 2014; Tong and Dudgeon 2003

Electrogena sp. HK08 51 5 BOLD:AGV4799 – Kang and Yang 1994

Epeorus herklotsi 16 5 BOLD:AGX5405 (Hsu, 1936) Ma and Zhou 2022

Epeorus melli 22 7 BOLD:AGV6996 (Ulmer, 1925) Zhou et al. 2007

Heptagenia ngi 31 3 BOLD:AAZ0726 (Hsu, 1936) Ma and Zhou 2022; Gong et al. 2022

Paegniodes cupulatus 25 4 BOLD:AGX7348, 
BOLD:AGU9272

(Eaton, 1871) Ma et al. 2018

Leptophlebiidae 6 703

Choroterpes sp. HK01 105 11 BOLD:AGW5782, 
BOLD:AGW5784, 
BOLD:AGX9133

– Tong 2001

Choroterpes sp. HK02 35 2 BOLD:AGW5783 – Tong 2001

Habrophlebiodes gilliesi 398 5 BOLD:AGV6019 Peters, 1963 Zheng et al. 2023; Tsui and Peters 1970

Isca purpurea 146 5 BOLD:AGV1965 Gillies, 1951 Selvakumar et al. 2018

Paraleptophlebia rostrata 9 – – – Tiunova and Kluge 2016

Thraulus bishopi 10 – – Peters & Edmunds, 1972 Peters and Tsui 1972; Nguyen and Yeon 
2003

Total 45 12,155 146 53

http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGU6777
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGU6776
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AAZ0718
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AAZ0719
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AEA8885
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGZ0821
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGX2589
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AEB5302
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGX4686
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AEE1270
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGV4799
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGX5405
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGV6996
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AAZ0726
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGX7348
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGU9272
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGW5782
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGW5784
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGX9133
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGW5783
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGV6019
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGV1965
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Database gaps and taxonomic contributions

Comparisons with public records in GenBank revealed that 38 sequences 
(26.4%) yielded a high-confidence molecular match with globally available se-
quences (>95% similarity). Approximately 41% of the sequences (59 sequenc-
es across 21 species) represent taxa previously absent from global databases.

A species accumulation curve indicated that sampling effort was sufficient 
and approached an asymptote (Suppl. material 1: fig. S1). The Abundance-
based Coverage Estimator (ACE) predicted a regional species pool of approxi-
mately 52 species, compared to the observed gamma diversity of 45 morphos-
pecies recorded across the 30 sampling sites. This suggests that our survey 
captured approximately 86.5% of the estimated total regional richness.

Rigorous taxonomic re-evaluation resulted in four new records and seven 
putative new lineages for Hong Kong: Arcobaetis cf. gracilentus, Baetidae sp. 
HK10, Baetis cf. maculosus, Caenis sp. HK06, Electrogena sp. HK08, Procloeon 
sp. HK04, Procloeon sp. HK05, Procloeon cf. chinensis, Procloeon cf. stru-
miferum and Tenuibaetis sp. HK09. These findings expand the existing regional 
checklist by 14%, with a 65% species overlap (Suppl. material 1: table S3).

Genetic divergence and barcode gap

The mean genetic divergence across the dataset was 25.4%. A distinct bar-
coding gap was observed: the maximum intraspecific genetic divergence av-
eraged 1.4% (range: 0–9.4%), while the minimum interspecific genetic diver-
gence averaged 22.4% (range: 12.2–34.8%). No barcode sharing was detected 
between species, and no overlap occurred between maximum intraspecific 
genetic distances and distances to the nearest neighbor. Neighbor-joining (NJ) 
analysis (partial deletion, 90% coverage, 572 bp), which is not meant to be a 
definitive phylogenetic assessment, recovered monophyletic clusters for all 
morphospecies groups with high (>99%) bootstrap support. While the families 
Baetidae, Ephemerellidae, and Heptageniidae indicated monophyletic group-
ings, Ephemeridae, Leptophlebiidae, and Caenidae suggested large paraphy-
letic clustering. Within the species-rich Baetidae (23 species), only the genera 
Labiobaetis, Bungona, and Baetis did not form monophyletic clusters (Fig. 2).

Overall, 89% of species groups were successfully delimited, with three taxa 
exceeding the 2.2% baseline threshold: Bungona fusina (2.8%), Paegniodes 
cupulatus (4.7%), and Isca purpurea (8.2%). Excluding BINs with elevated 
threshold values (i.e. BINs: BOLD:AGW9771, BOLD:AGX7348, BOLD:AGV1965), 
divergence values ranged between 1.0–2.3%. Subsequent morphological 
re-evaluation of these voucher specimens revealed no consistent diagnostic 
characteristics between these deeply divergent lineages.

Species richness and indicator taxa

Species richness declined with increasing urban coverage, peaking at 26 spe-
cies and declining to 0 (mean = 9) (Figs 3, 4). The final negative binomial GLM 
results showed that richness decreased significantly with increasing urbaniza-
tion (β = -0.308, p = 0.007) and conductivity (β = -0.427, p = 0.002), while elevation 
had a marginally non-significant negative effect (β = -0.210, p = 0.051) (Fig. 4).

http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGW9771
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGX7348
http://boldsystems.org/index.php/Public_BarcodeCluster?clusteruri=BOLD:AGV1965
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Figure 2. Neighbor-joining tree of unique cytochrome c oxidase subunit I (COI) haplotypes of mayflies from Hong Kong, 
representing 39 species and 53 BINs based on the successful 146 COI barcode sequences. Familial groups are high-
lighted with color blocks. Scale bar indicates substitutions per site. Haplogroups with multiple identical haplotypes have 
≥95% bootstrap support.
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Indicator species analysis identified three taxa significantly associated 
with habitat categories. One taxon (Choroterpes elliptica HK01), a species not 
officially described in the literature, was associated with natural sites, two 
taxa (Tenuibaetis pseudofrequentus and Caenis lubrica) were associated with 
peri-urban sites, and no species were indicative of urbanization. Overall, the 
indicator analysis highlighted a diverse assemblage of mayfly taxa in peri-ur-
ban sites suggesting that these habitats serve as an important buffer be-
tween natural and urbanized sites (where biodiversity declined significantly) 
(Figs 4, 5).

Discussion

The present study represents the first integrative taxonomic assessment of 
mayfly diversity in Hong Kong, and the wider geographical area, establishing a 
foundational standardized reference database and DNA barcode library for the 
region. Applying a modern integrative taxonomic approach with morphological 
descriptions and supporting COI barcode sequencing, we highlight the diverse 
and dynamic regional mayfly biodiversity, with clear shifts in community com-
position across a natural to urban gradient. The established reference data also 
includes four new regional species records and seven novel lineages represent-
ing putative new species. We further highlight the continued utilization of the 
COI gene as a high-resolution marker for species delineation, supporting the 
implementation of molecular-based bioassessment and bulk sampling in Hong 
Kong and the broader Southeast Asian region.

Figure 3. Species richness across different land use types. Horizontal lines within boxes 
represent the median value; box boundaries indicate the first and third quartiles (inter-
quartile range). Whiskers extend to 1.5 times the interquartile range. Individual points 
represent individual sampling events (N = 52 sample events), which are jittered horizon-
tally to visualize data distribution and sample size density within each land use group.
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We found notable lineages with elevated intraspecific divergence (2.8–8.2%), 
specifically Bungona fusina, Paegniodes cupulatus, and Isca purpurea. The ele-
vated intraspecific variation was driven by three outlier BINs restricted to sites 
in Tai Lam Wu and Pak Tam, which are local country parks with suspected high 
biodiversity based on local experts, though no formal surveys have been pub-
lished or made publicly available. Also of note are multiple mayfly BINs exceed-
ing 2.2% divergence, suggesting cryptic diversity (Zhou et al. 2010). The likely 
unique genetic lineages point to possibly essential local ecological refugia and 
regional genetic reservoirs that should be investigated further, particularly with 
regards to conservation efforts. The need for continued investigation is also 
compounded given our findings emphasizing that urbanization-driven habi-
tat loss likely imposing a loss of genetic and biological diversity, particularly 
as Hong Kong continues rapid urban growth and removal of natural refugia. 
Protecting such potential genetic hot-spots in the face of continued land use 
alteration is vital for ecosystem resilience and adaptive potential (Des Roches 
et al. 2021; Hoban et al. 2024).

The Neighbor-Joining (NJ) analysis effectively delineated morphospecies 
clusters. However, it is important to note that the NJ analysis used here is not 

Figure 4. Partial effect plots of environmental predictors on mayfly species richness. Panels illustrate the isolated rela-
tionships for (a) elevation, (b) urbanization, and (c) conductivity. Solid lines represent partial model predictions derived 
from the final negative binomial generalized linear mixed model (GLMM), with shaded areas representing the 95% confi-
dence intervals. Partial model fits for each focal variable were generated using the ggeffects framework (Lüdecke 2018), 
holding all other continuous covariates (including pH and dissolved oxygen) fixed at their mean values. Plotted points 
represent observed, site-level richness values.
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Figure 5. Heatmap showing species-level associations with land use classes (natural, peri-urban, urban) based on indica-
tor value (IndVal) analysis and relative occurrence metrics. Each row represents a species (labeled by genus and species 
name), and each column corresponds to a land use category. Cell color intensity reflects the strength of association, 
expressed as IndVal scores. Morphospecies that were found to be significantly associated with their given land use are 
indicated in bold and with an asterisk.
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intended to resolve deep phylogenetic relationships, as the inadequacy of the 
658 bp COI barcode region for resolving evolutionary lineages is well-docu-
mented (Ogden and Whiting 2005; Ashour et al. 2025). The NJ analysis does, 
however, highlight instances where established taxonomic groups, such as the 
Labiobaetis–Bungona–Baetis complex and families like Leptophlebiidae and 
Caenidae, fail to form discrete, cohesive clusters. These non-clustering events 
likely stem from unresolved phylogeny compounded by incomplete taxon sam-
pling (Zhou et al. 2010; Luo et al. 2015). Our results provide a preliminary indi-
cation of taxonomic or phylogenetic uncertainty among Hong Kong mayflies, 
highlighting an urgent need for multi-marker phylogenomic reconstructions to 
confirm these evolutionary relationships (Phlai-ngam et al. 2024).

Of the 53 BINs assigned, 67.3% were new to the BOLD System database, rep-
resenting a large diversity gap. While a subset of these new BINs are currently 
represented by single sequences due to the natural rarity of these taxa and 
the constraints of morphological sorting prior to sequencing, sampling was 
highly exhaustive with only three morphospecies across the processed spec-
imens representing true singletons. The low success rate of public database 
matches (26%) underscores the substantial molecular reference gap current-
ly limiting biogeographic and biomonitoring research across Southeast Asia. 
Southeast Asia is a global biodiversity hub, however it currently only accounts 
for one-eighth of known global mayfly diversity compared to the more thor-
oughly inventoried Nearctic and Palaearctic realms (Balian et al. 2008). Locally, 
the representation of Chinese mayflies within global molecular databases re-
mains disproportionately low. Based on data retrieved from the Barcode of Life 
Data Systems (BOLD) in July 2026, Chinese accessions account for only 164 
of the 3,102 global Ephemeroptera Barcode Index Numbers (BINs) registered 
in the system. This total includes the 53 unique BINs generated from the pres-
ent study, meaning Chinese representation increased from approximately 3.6% 
(112 BINs) prior to this work to 5.3% (164 BINs) currently. This low reporting 
highlights a critical public database gap and suggests a significant underes-
timation of regional diversity, particularly given the high expected genetic en-
demism of mayflies (Edmunds Jr 1972) and other insect taxa (Han et al. 2023, 
2026a). The newly registered single-specimen BINs documented here provide 
critical baseline references to bridge this gap, which will naturally gain deep-
er multi-specimen representation as regional libraries expand. Such data gaps 
are noteworthy as they obscure true species affinities and impede vulnerability 
evaluations, as evidenced by the 43% decline in mayfly species observed in 
better-studied regions like Czechia (Sánchez-Bayo and Wyckhuys 2019).

Prior to this study, Hong Kong's mayfly checklist was exclusively morpho-
logical-based. Mayfly research in Hong Kong dates to the 1930s when natu-
ralists first documented the fauna (Soldán 2001). Hubbard (1986) provided 
the initial baseline study, compiling 46 morphospecies (18 genera, 6 families). 
Tong (2001) updated the list and currently represents the most comprehensive 
survey to date, including 79 sampling sites, extending Hubbard's checklist to 
56 morphospecies (34 genera, 9 families). Since Tong (2001), regional mayfly 
research shifted toward applied research in upland streams, with further taxo-
nomic and biodiversity investigations stalled. The gap in survey efforts has left 
a knowledge gap in our understanding of the wider and current state of region-
al mayfly biodiversity, undoubtedly altered as the region continues to undergo 
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extensive urbanization (Feng et al. 2021). Sadly, our inability to rapidly assess 
species loss is a persistent trend for many freshwater species under increas-
ing anthropogenic pressure due to a decline in taxonomic expertise (Engel et 
al. 2021). The adoption of molecular databases, however, does enable a more 
adaptive means to simplify and standardize routine assessments, which this 
study hopes to highlight. Additionally, barcoding efforts help to reveal potential 
cryptic lineages indistinguishable under existing keys, or to integratively assist 
with identification of specimens at difficult to identify life stages, such as with 
Afronurus alces, Bungona longisetosus, and Cloeon navasi in this study (Ball 
et al. 2005; Leys et al. 2017). With the increasing anthropogenic and societal 
adoptions of new and rapidly altering technology that threaten ecological sta-
bility, it is crucial that research efforts adopt and implement new approaches, 
including the integration of traditional taxonomy with molecular methods to 
accurately reflect true regional diversity (Dayrat 2005).

Regionally, we found mayfly richness declined significantly along the urban-
ization gradient, showing strong negative effects of both urbanization and con-
ductivity. Conductivity exerted the strongest effect size, highlighting its role as 
a key environmental filter structuring mayfly assemblages. As a proxy for ionic 
pollution and dissolved solids, increased conductivity, driven by urban runoff, 
wastewater inputs, and catchment disturbance, likely imposes direct physio-
logical stress on mayfly taxa, reducing survival and development (Walsh et al. 
2005; Roy et al. 2025). This is consistent with our observed decline in richness 
across sites, suggesting that relatively small increases in ionic concentration 
can disproportionately impact sensitive taxa. Concurrently, increasing urban-
ization introduces multiple co-occurring stressors, including channelization, 
altered hydrological regimes, and increased fine sediment deposition, all of 
which reduce habitat heterogeneity and limit niche availability (Kennedy and 
Turner 2011; Williams-Subiza et al. 2022). Collectively, these results demon-
strate that both chemical (conductivity) and physical (urbanization) stressors 
contribute simultaneously to the degradation of mayfly communities, reinforc-
ing the sensitivity of alpha-diversity to catchment-scale and localized environ-
mental changes (Fierro et al. 2019; Vilenica et al. 2022).

Indicator species analysis revealed clear ecological partitioning across the 
urbanization gradient, with Choroterpes elliptica HK01 associated with natu-
ral sites, and Tenuibaetis pseudofrequentus and Caenis lubrica associated with 
peri-urban habitats, while no taxa were indicative of urbanized systems. The 
restriction of Choroterpes elliptica HK01 (Leptophlebiidae) to natural sites is 
consistent with its expected role as a specialist taxon adapted to minimally dis-
turbed headwaters characterized by low conductivity, high dissolved oxygen, 
and structurally complex substrates. Species within Choroterpes are typically 
associated with coarse benthic habitats and rely on well-oxygenated condi-
tions for respiration, with delicate, filamentous gills that are highly suscepti-
ble to clogging under increased sediment loads (Flowers 2009). This makes 
them particularly vulnerable to the combined effects of urban runoff and hab-
itat modification. In contrast, the peri-urban indicators Tenuibaetis pseudofre-
quentus and Caenis lubrica represent taxa with broader ecological tolerances 
and functional traits suited to moderately disturbed environments. Tenuibaetis 
species (Baetidae) are generally characterized by high dispersal ability, rapid 
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life cycles, and tolerance to fluctuating flow and moderate nutrient enrichment, 
allowing them to persist in transitional systems (Fujitani et al. 2011; Suttinun 
et al. 2022). Similarly, Caenis lubrica (Caenidae) possesses operculate gills 
that protect respiratory surfaces from fine sediment deposition, conferring re-
silience to increased siltation and elevated conductivity typical of peri-urban 
streams (Li et al. 2021; Mumtaz et al. 2021). The presence of these taxa sug-
gests that these peri-urban habitats may act as transitional systems support-
ing a distinct assemblage of moderately tolerant species, consistent with inter-
mediate disturbance dynamics.

The absence of indicator species in urbanized sites points to a potentially 
intense environmental filtering process under high urban disturbance. Elevated 
conductivity, simplified channel morphology, and increased fine sediment depo-
sition likely exceed the tolerance thresholds of both sensitive specialists and 
moderately tolerant taxa, resulting in assemblages dominated by a small num-
ber of cosmopolitan generalists (Walsh et al. 2005). These taxa, often occur-
ring across multiple habitat categories, lack the specificity and fidelity required 
for indicator designation under the IndVal framework (Cáceres and Legendre 
2009). This pattern reflects a broader process of biotic homogenization, where-
by increasing urbanization not only reduces species richness but also erodes 
ecological distinctiveness, leading to communities that are functionally simpli-
fied and lack characteristic indicator taxa (McKinney 2006; Perrelet et al. 2025). 
While these observed community shifts strongly align with environmental filter-
ing and transition-zone theories, we recognize that a more expansive sampling 
regime across a wider temporal or spatial scale would strengthen the general-
ization of these conclusions.

Conclusion

This study establishes the first comprehensively curated DNA barcode ref-
erence library for mayflies in Hong Kong through an integrative taxonomic 
framework that combines morphological validation with COI sequencing. By 
generating a vetted and standardized biodiversity dataset, this work not only 
expands regional species inventories, revealing cryptic diversity and new re-
cords, but also provides a reliable, publicly accessible foundation for future 
research and monitoring. Such integrative approaches are critical for over-
coming taxonomic impediments, ensuring that biodiversity data are both ac-
curate and interoperable across global databases. Importantly, the availability 
of high-quality reference sequences directly enhances the power of modern 
biomonitoring tools, including environmental DNA (eDNA) metabarcoding 
(Seymour 2019), enabling more rapid, scalable, and non-invasive assess-
ments of freshwater ecosystems. Coupled with our identification of environ-
mental drivers of diversity and habitat-specific indicator taxa, this framework 
supports more precise and evidence-based environmental assessment, par-
ticularly in rapidly urbanizing landscapes (Nimalrathna et al. 2026). As urban 
pressures intensify across Hong Kong and the broader geographical area, 
the integration of standardized taxonomic resources with ecological analysis 
will be essential for improving bioassessment accuracy, tracking biodiversity 
change, and informing adaptive conservation strategies.
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