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Abstract

Marine protected areas (MPAs) have been established worldwide to protect biodiversity and enhance ecosystem services. Rare
species play vital roles in marine conservation as they exhibit unique ecosystem functions and are vulnerable to extinction.
However, determining their importance to conservation effects remains challenging due to the lack of feasible and standard-
ized evaluation methods. The noninvasive environmental DNA (eDNA) method is increasingly used in marine biomonitoring
because of its efficiency and sensitivity. Hill numbers provide a uniform evaluation scheme for assessing biodiversity. In this
study, we calculated Hill numbers from eDNA data to determine marine fish diversity in MPAs. Traditional survey data and dif-
ferent bioinformatic clustering pipelines were also included to decide the impact of survey and analysis methods on ecological
interpretation. The results showed that eDNA detected significantly more species than contemporaneous traditional survey
data. We further found less significant inter-group differences for different seasons and pipelines when rare species dimin-
ished, indicating that excluding rare species in evaluations could affect the ecological interpretation of marine conservation
effects. Protection time of MPAs demonstrated positive correlations with all diversity indices, albeit not statistically significant.
In conclusion, we demonstrated the importance of rare species in marine biodiversity assessment and recommend appropri-
ate usage of eDNA and downstream diversity indices to achieve a comprehensive evaluation of the marine conservation effect
of MPAs.
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Introduction

Under the scenario of global climate change, anthropogenic ac-
tivities have disturbed marine coastal ecosystems, caused severe
habitat loss and resulted in declining marine biodiversity (Blowes
et al. 2019, Chaudhary et al. 2021). Consequently, it is imperative
to adopt effective actions to prevent biodiversity from declining
and protect ecosystem functions. Marine protected areas (MPAs)
are established worldwide to protect biodiversity within desig-
nated areas (Roberts et al. 2017, Sala et al. 2021). Currently, there
are over 18 000 MPAs which cover approximately 8.2% of the whole
ocean area according to the Marine Protected Planet (UNEP-WCMC
2024). Hong Kong, located in the subtropical region, is surrounded
by the South China Sea and influenced by freshwater input from
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the Pearl River. Hydrological conditions are varied and nourish
tremendous marine biodiversity in the region (Morton et al. 1983,
Ng et al. 2017). To protect local biodiversity, especially fishery re-
sources that serve as important food for humans and play a vi-
tal role in the marine ecosystems, eight marine parks (MPs) and
one marine reserve (MR) have been established in succession in
Hong Kong since 1996. These MPAs are regulated by the Agricul-
ture, Fisheries and Conservation Department (AFCD), the Govern-
ment of the Hong Kong Special Administrative Region (SAR) (Wong
1996). MPAs have been shown to significantly enhance local bio-
diversity in Hong Kong (Liu et al. 1997). The fishery survey con-
ducted by the AFCD demonstrated a positive conservation effect of
MPs and the MR on fish species richness, biomass, and body length
(AFCD 2021). Nevertheless, studies of the status of fish biodiversity
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within MPAs and its influencing mechanism are still lacking. Bio-
diversity is jointly shaped by intrinsic environmental conditions,
anthropogenic factors, and protection activities, including protec-
tion level, duration, and size (Frid et al. 2023, Clausius et al. 2025).
However, the current evaluation scheme for marine conservation
effects rarely disentangles the relative importance of protection
activity and spatiotemporal factors. It is imperative to conduct the
investigation and provide fundamental proof for marine conserva-
tion management.

Protection activities usually focus on diversity hotspots with
high species richness, while rare species, i.e. species with small
population sizes and/or limited distribution range may not occur
in these hotspots (Hepper & Synge 1982, Prendergast et al. 1993).
Thus, conservation efforts mainly exert on the dominant species
with wide distribution ranges in the community, while rare species
with more restricted ranges were less likely to be protected (Lawler
et al. 2003). However, rare species with low abundance are more
vulnerable to environmental changes and more susceptible to ex-
tinction (Davies et al. 2004). Moreover, fish species that perform
unique functions and have low functional redundancy are usu-
ally rare in an ecosystem and are important for ecosystem func-
tioning (Mouillot et al. 2013). Extinction of rare species can lead to
functional richness reductions and further affect multiple ecosys-
tem processes (Leitdo et al. 2016). Increasing the representation
of these range-restricted species in conservation planning could
contribute to constructing effective protection networks (Larsen
et al. 2007). Despite their high vulnerability and critical functional
roles, rare species are often overlooked in conventional hotspot-
based conservation, making targeted assessment a necessary step
to address current protection gaps (Lin et al. 2024). It is important
to determine the status of the local fish community, including rare
species, to further advise the ecological management in the area.

Fishery surveys within MPAs in Hong Kong currently rely on tra-
ditional survey methods including hand lining, long lining, and gill
netting methods. These methods depend largely on fishers’ expe-
rience and can lead to sampling bias, inadequate sampling cov-
erage, and more importantly, neglecting rare species. Thus, find-
ing supplementary methods for biomonitoring in the MPAs is nec-
essary. Environmental DNA (eDNA) refers to genetic materials ob-
tained from environmental samples such as water, sediment, and
air (Taberlet et al. 2012). With the combination of metabarcoding
and downstream bioinformatic analyses, it provides easy access
to biodiversity at local and regional scales. The eDNA method has
been widely used in biomonitoring in various environments as it is
efficient and low-cost (Bohmann et al. 2014, Djurhuus et al. 2020)
and more sensitive than traditional methods at detecting species
richness as shown in meta-analyses (McElroy et al. 2020, Keck et al.
2022). Furthermore, the eDNA approach is sensitive to biotic sig-
nals with low concentrations, making it an efficient method for de-
tecting rare species and suitable for marine conservation research
(Jerde et al. 2011, Thomsen et al. 2015, Kvalheim et al. 2024). Sev-
eral studies have demonstrated the feasibility of eDNA method in
assessing biodiversity within MPAs (Gold et al. 2021, Capurso et al.
2023, Polinski et al. 2025). Nevertheless, the downstream bioin-
formatic analysis may severely impact the ecological interpreta-
tion of the data (Beng et al. 2020). Different analysis methods, e.g.
operational taxonomic unit (OTU)-level and amplicon sequence
variant (ASV)-level clustering pipelines, can produce varying inter-
pretation of the same metabarcoding dataset (Prodan et al. 2020).
OTU-level pipelines cluster sequences at a typical identity of 97%,

while ASV-level pipelines provide higher resolution by reconstruct-
ing the exact biological sequences presentin the sample (Callahan
et al. 2017). In studies where OTU- and ASV-level methods were
both used and yielded different ecological interpretations of diver-
sity, the differences in ecological outcomes were found to be the
result of differences in how rare calculating units were interpreted
(Chiarello et al. 2022). To achieve an unbiased understanding of
target ecosystems, adopting appropriate sequencing and analy-
sis strategies is both necessary and challenging (Zinger et al. 2019,
Machler et al. 2021).

Another key component for ecological evaluation is the bioindi-
cator selected to assess how diverse the ecosystem is. Commonly
used bioindicators including species richness, Shannon, Simpson,
Rao’s quadratic entropy, and Pielou’s evenness are one-sided di-
versity indices (Shannon 1948, Simpson 1949, Pielou 1966, Rao
1982). Usage of these indices requires thorough considerations
such as calculating unit, abundance relativity, and representative-
ness to obtain meaningful diversity measures within an ecosystem
(Alberdi & Gilbert 2019). The Hill numbers address the need for
comprehensive bioindicators by incorporating an array of diver-
sity indices, including the effective number of species, variations
of Shannon diversity, and Simpson diversity, forming a unified
framework to provide intuitive and meaningful estimates of diver-
sity (Hill 1973). The commonly used indices mentioned above are
highly sample-dependent and are therefore challenging to com-
pare across different studies as sampling efforts can be inade-
quate and uneven (Coddington et al. 2009, Marathe et al. 2021).
Hill numbers eliminate the effect of under-sampling by quantify-
ing diversity with equal sample coverage and leveraging the sen-
sitivity of common and rare species (Roswell et al. 2021). In addi-
tion, relative abundance and under-sampling can have a large ef-
fect when determining the regional variation of a biological com-
munity, i.e. beta diversity. Hill numbers resolve the above discrep-
ancy by calculating the effective number of species, where beta
diversity represents the effective number of distinct assemblages
(Chao et al. 2012, Chao et al. 2014). Therefore, Hill numbers can
serve as a robust tool for biodiversity assessment.

In this study, we collected water samples from MPAs in Hong
Kong across all four seasons and utilized the eDNA method to in-
vestigate fish diversity and assess the effectiveness of marine pro-
tection on the fish communities, especially the rare species. Tra-
ditional survey data collected over 21 years by the AFCD was in-
cluded to verify the reliability of the eDNA data. By using differ-
ent clustering methods and multidimensional biodiversity indica-
tors, including the Hill number reflecting relative abundance and
the rarity index reflecting species occurrence, we aim to (i) verify
the feasibility of eDNA metabarcoding by comparing the results
to those inferred from traditional survey datasets, (ii) determine
whether rare species affect ecological evaluation outcomes, (iii)
evaluate the advantage of Hill numbers over traditional bioindi-
cators, and (iv) assess the impact of marine protection measures
on local fish communities.

Materials and methods

Sampling sites and sample collection

From October 2022 to September 2023, sample collection was con-
ducted in sites with three different protection levels, i.e. the no-
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take MR, the partially protected marine park (MP) and the non-
protected area (NPA) (Fig. 1a, Table S1). The Cape D’Aguilar Ma-
rine Reserve (CDMR), a no-take area, is in the southern waters of
Hong Kong. The Tung Ping Chau Marine Park (TPCMP), Hoi Ha Wan
Marine Park (HHWMP), and Yan Chau Tong Marine Park (YCTMP)
in the eastern waters were partially protected, and established to
protect the diverse coral community. The Brothers Marine Park
(BMP), Sha Chau and Lung Kwu Chau Marine Park (SCLKCMP),
South Lantau Marine Park (SLMP), Southwest Lantau Marine Park
(SWLMP) in the western waters were partially protected and aimed
to protect the prey species of Chinese White Dolphins (Sousa chi-
nensis). The CDMR (20 hectares), YCTMP (680 hectares), HHWMP
(260 hectares) and SCLKCMP (1,200 hectares) were designated as
MPAs in July 1996. The TPCMP (270 hectares), BMP (970 hectares),
SWLMP (650 hectares) and SLMP (2,067 hectares) were enacted
from 2001,2016,2020, and 2022, respectively. The proposed North
Lantau MP was situated in the western water and nominated for
the conservation of the habitat of Chinese White Dolphins and the
marine environment. Recently, it has been designated as an offi-
cial MP since 1t November 2024, but it was not under regulation
before and during the sampling time in this study. Sample col-
lection within the MPs and the MR was conducted with permits
(#000 780 (28) and #000 781 (30) in AF MPD/09/3 Pt.27) issued by
AFCD.

The sampling was implemented seasonally, i.e. Transitional Il
(T2, October-November 2022), Dry (December 2022-March 2023),
Transitional | (T1, April-May 2023), and Wet (June-September
2023). At each site, water depth was measured using a sonar meter
(HONDEX PS-7). Two liters of seawater were collected using a two-
liter Van Dorn water sampler from the surface (1 m below the sea
surface), middle (half of the water depth) and bottom (1 m above
the sea bottom) water layers, respectively, to have complete bio-
diversity information at the greatest efficiency (Fig. 1b). Seawater
from each depth was pooled, mixed, and subdivided into three
identical replicates containing the same amount of seawater from
three different layers. Two liters of ultrapure water (Milli-Q®) were
loaded into a sterile bag at the laboratory and taken to the field
at each site and exposed to the air during the field sampling to be
used as a field blank. To avoid cross-site contamination, the water
sampler was first decontaminated with 10% bleach, then rinsed
with on-site seawater of the upcoming site three times between
different sites. All samples were stored in a light-protected 4°C cold
room and each sample was filtered through a 0.22 um mixed cel-
lulose esters (MCE) membrane (MF-Millipore™) within 24 h of the
collection.

In total, 108 membrane samples (4 seasons x sites x 3 repli-
cates) and 36 field blank controls (4 seasons x 9 sites) were ob-
tained. The DNeasy Blood & Tissue Kit (Qiagen, Germany) was
used for eDNA extraction from all membranes according to the
manufacturer’s instructions with slight modifications, including
4 times the amount of Buffer ATL, Proteinase K, Buffer AL, and
ethanol to fit our samples. The extracted DNA was diluted in TE
buffer (10 mM Tris-Cl, 0.5 mM EDTA, pH 9.0) and stored in a —80°C
freezer until further amplification.

The traditional survey was conducted using gill netting, hand
lining, and long lining at the same sampling sites and on the same
date as eDNA sampling (AFCD 2025). On the sampling day, tradi-
tional sampling was conducted after eDNA sampling to avoid influ-
enceoneDNAsamples. Thesampling range of the traditional gears
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could cover the entire water column. As the number of specimens
collected by traditional methods was limited in the western sites,
we only included the samples collected in the eastern MPAs, i.e.
YCTMP, TPCMP, HHWMP, and CDMR, for the comparison between
the two surveys.

PCR, high-throughput sequencing, and
bioinformatic analysis

The primer set 12S_V5 (F: 5-ACTGGGATTAGATACCCC-3’, R: 5'-
TAGAACAGGCTCCTCTAG-3’) targeting the fish mitochondrial 12S ri-
bosomal RNA gene was used for the amplification (Riaz et al. 2011).
A unique 8-bp barcode was added at the 5’ end of the forward
and reverse primers to distinguish different samples. After ampli-
fication, samples were purified using TaKkaRa MiniBEST DNA Frag-
ment Purification Kit (TaKaRa, Japan), quantified using a Qubit
Flex Fluorometer (Thermo Fisher Scientific Inc., USA) and pooled
with equimolar concentrations to make the sequencing library.
Samples were selected for library preparation if they had a final
volume > 20 ulL and concentration > 60 ng/uL. The PCR prod-
ucts from the SCLKCMP T2, CDMR Wet, and YCTMP Wet samples
did not qualify for constructing sequencing libraries and were ex-
cluded from sequencing. Four sequencing libraries were gener-
ated and one PCR blank control was added to each library to mea-
sure and account for any potential contamination. In total, 97 sam-
ples, 36 field blank controls, and 4 PCR controls were sequenced.
The pooled samples and 1 PCR control from T2 season were se-
quenced using the DNBSEQ PE150 platform at BGI. The pooled
samples from T1, Wet, and Dry seasons and three PCR controls
were sequenced using the Illumina NovaSeq PE150 platform at
Novogene.

We used two clustering pipelines for the bioinformatic analysis.
The first one generated ASV using DADA2 package with Ribosomal
Database Project (RDP) Classifier (hereafter, RDP-based). The raw
high-throughput sequencing data were demultiplexed and the
barcodes and primer sequences were trimmed using Cutadapt in
Qiime2 (Martin 2011, Bolyen et al. 2019) to get paired-end data. We
used two methods to assign sequencing reads to taxa. The DADA2
package in R v4.3.1 was used following the standard tutorial for
quality control, including trimming, filtering, denoising, merging
paired-end reads, dereplication and chimera removal, to gener-
ate ASVs (Callahan et al. 2016). Taxonomic annotation of ASVs was
based on the RDP Classifier and the resulting ASV table reported
the abundance of cleaned reads for each ASV (Wang et al. 2007).
The second method used Usearch v.11 to generate OTUs follow-
ing the standard tutorial (Edgar 2010) (hereafter, Usearch-based).
Paired-end fastq files were merged using fastq_mergepairs to gen-
erate a single fasta file for each sample. The cluster_otu function in
Usearch v.11 was used to cluster OTUs with 97% similarity based
on fasta files. Taxonomy was assigned using usearch_global and
the abundance of each OTU was calculated using otutab (Edgar
2010, 2016). We used a strict data curation standard to exclude
potential sequencing errors. Specifically, the ASVs and OTUs that
could be detected by sampling and PCR blank controls, with less
than three occurrencesin all samples, or with a total abundance of
less than 100 reads were regarded as contamination and excluded
from downstream analysis.
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Figure 1 (a) Locations of Hong Kong SAR and sample sites in this study. Fully protected MR, partially protected MPs and NPA were shown in orange, red,
and blue, respectively. (b) eDNA sample collection procedure used in this study.
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Table 1 Data type and data source for five datasets used to calculate Hill numbers

Dataset Data type Data source

| All ASVs with precise taxonomic annotation eDNA (2022-2023)

1] All OTUs with precise taxonomic annotation eDNA (2022-2023)

11 ASVs assigned to species detected in historical eDNA (2022-2023), historical traditional surveys
traditional surveys (2000-2023)

\% OTUs assigned to species detected in historical eDNA (2022-2023), historical traditional surveys
traditional surveys (2000-2023)

v Species detected by traditional survey Contemporaneous traditional survey (2022-2023)

For the taxonomic annotation, we assigned the ASV and OTU
sequences using the MIDORI2 database (v. 4.06) (Leray et al. 2022).
Only species with a similarity threshold > 98% and match length >
100 were regarded as a precise match and retained for further
analyses. All species names, taxonomic status, and distribution
range were manually checked using Match taxa in WoRMS online
(WoRMS Editorial Board. 2026). Species that had no local distribu-
tion were excluded from downstream analysis (Table S2).

Establishment of five datasets

In this study, five datasets were generated to compare different
survey methods and bioinformatic pipelines for exploring fish di-
versity in MPAs (Table 1). Apart from the contemporaneous eDNA
and traditional survey during 2022-2023, we also included the 21-
year (2000-2023, except 2019 and 2020) historical traditional sur-
vey data. The data covers fish diversity from the four eastern MPAs,
i.e. CDMR, HHWMP, TPCMP, and YCTMP (Fig. 2a). During the histori-
calsurveys, samples were collected twice per wet and dry seasons.
A combination of sampling gears included cage trap, hand line,
long line, and gill net was used for each survey. For the compar-
ison between eDNA and traditional survey, we only included four
eastern MPAs, i.e. CDMR, HHWMP, TPCMP, and YCTMP (Fig. 2a).

Hill number calculations

The R package iNEXT.beta3D was used to calculate the TD and
decompose the gamma, beta, and alpha components at three
diversity orders with abundance-based data (Chao et al. 2023,
Chao & Hu 2023, Chao, Thorn et al. 2023). Three diversity or-
ders, including °D (species richness, g = 0), !D (Shannon diver-
sity, ¢ = 1) and 2D (Simpson diversity, g = 2) were determined
based on the different priorities of abundance. Specifically, when
g = 0, Hill numbers count species equally without regard to their
relative abundance; when g = 1 (g—1), individuals are counted
equally and thus species are counted in proportion to their abun-
dances; when g = 2, abundant species are favored and rare
species are discounted and can be interpreted as the effective
number of dominant or very abundant species in the assemblage.
As the sequencing effort for each sample was usually not equal
in high-throughput sequencing, we adopted the Hill numbers of
each sample at the 100% level of the Sample-coverage-based
(or coverage-based) rarefaction and extrapolation (R/E) sampling
curves.

Hill number I: TD was calculated based only on the relative
abundance of all ASVs.

Hill number II: TD was calculated based only on the relative
abundance of all OTUs.

Hill number I1I: TD was calculated based on the overlapped his-
torical traditional data and annotated ASV data.

Hill number IV: TD was calculated based on the overlapped his-
torical traditional data and annotated OTU data.

Hill number V: TD was calculated based only on the contempo-
raneous traditional survey data (Dataset V).

We also calculated the TD and phylogenetic diversity (PD, here
we calculated meanPD, effective number of equally divergent lin-
eages) of all ASVs and OTUs based on samples collected from all
eight MPAs and one NPA. To generate a comprehensive evaluation
scheme of the marine protection activity, TD and PD were included
and calculated using R package iNEXT.beta3D. TD was calculated
based on the relative abundance of ASVs/OTUs. For the PD, the fi-
nal RDP/Usearch-based sequences were aligned using MAFFT (Ka-
toh et al. 2002) and used to construct a phylogenetic tree using
FastTree (Price et al. 2009) in R.

Statistic analyses

To determine the difference levels between different Hill numbers,
aone-way analysis of variance (ANOVA) analysis was implemented
using package rstatix (Kassambara 2025) in R. The Kruskal-Wallis
test and Pairwise Wilcoxon Rank Sum test were used to determine
the significance level of differences between different Hill number
datasets as the data were not normally distributed (Kruskal et al.
1952, Corder et al. 2011).

The rarity weights for all species obtained by eDNA and tradi-
tional survey methods were calculated based on the rarity cut-off
points of the first quartile of species occurrences (Gaston 1994) us-
ing the Rarity package in R (Leroy et al. 2012). The Index of Rela-
tive Rarity (Irr) indicating the average rarity weights of all species
in an assemblage, was then calculated for each sample of the RDP-
based, Usearch-based, and contemporaneous traditional survey
datasets. Finally, rare species were selected based on the rarity
cut-off point of each dataset.

To determine the influence of region, season, and protection
activity on the taxonomic and phylogenetic diversity variation of
fish communities, the Partial Least Squares Path Modeling (PLS-
PM) was completed using the PLSPM package (Sanchez 2013) in R
v.4.3.1. The Hill numbers calculated based on eDNA samples from
all MPAs and NPA were used for analysis. Reflective mode A was se-
lected to construct the model. Protection, season, and region were
set as latent variables and diversity orders (°D, 1D and ?D) were set
as manifest variables. Specifically, the protection level, MPA size,
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Figure 2 (a) The five datasets based on eDNA and traditional survey samples in MPAs of eastern waters of Hong Kong. (b) taxonomic diversity (TD)
calculated based on the above five datasets. Line inside each box indicates median value within each group. Different diversity orders were illustrated
with different colors (°D: species richness; D: Shannon diversity, and ?D: Simpson diversity).

and MPA age were included in the protection group to generate
a comprehensive evaluation. Three diversity aspects (gamma, al-
pha, and beta) were combined to form a calculation unit of diver-
sity. Asthe PLS-PM only considers numerical factors, we converted
the season name from character factors, i.e. T2, Dry, T1, and Wet to
1,2, 3, and 4, respectively. Similarly, protection level was renamed
from fully protected, partially protected, and nonprotected to 2, 1,
and 0, respectively.

Results

Fish composition and richness

The historical data of traditional surveys during 2000-2023 in-
cluded 284 species from 67 families (Table S3). The number of fish
species collected by traditional methods during 2022-2023 in the
eastern MPAs was 119 species from 46 families (Table S3).

For RDP-based and Usearch-based pipelines, 35.9% and 35.7%
of the total sequences remained after the bioinformatic anal-
ysis, respectively. After taxonomic annotation, 722 ASVs were
successfully assigned to 234 species from 162 genera, 76 fami-
lies and 32 orders, and 314 OTUs were assigned to 234 species
from 161 genera, 76 families and 30 orders. In total, 319
species were detected by RDP-based and Usearch-based meth-
ods, and 149 species (46.7%) were detected by both meth-
ods. The top 20 abundant fish species detected by RDP-based
and Usearch-based datasets are illustrated as Fig. S1 and S2,
respectively.

Compared to the historical data of traditional surveys during
2000-2023, 82 (29% of 284 species collected) fish species were
detected by both traditional survey and RDP-based dataset and
93 (33% of 284 species collected) fish species for Usearch-based
dataset (Table S4, S5, Fig. S3).
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TD calculated by different assessing
pipelines

The Hill numbers for each of the five datasets showed inter-group
differences (Fig. 2b). After overlapping the taxonomically anno-
tated eDNA data with 21-year historical traditional survey data, the
seasonal patterns remained highly consistent, but the gamma and
alpha diversity decreased by half. Compared with the eDNA data
and overlapped historical data, the seasonal pattern of traditional
survey data during 2022-2023 had large deviations in terms of all
three aspects of Hill numbers.

When analyzing different Hill number datasets at multiple di-
versity orders, pipelines for generating statistical datasets caused
significant differences (Table 2). For the gamma and alpha aspect,
the Hill number I and Il datasets were significantly higher than Hill
number V at °D order, but showed no significant differences at 1D
and 2D orders. Hill number Ill was significantly lower than Hill num-
ber I at °D order but not at !D and 2D orders. The same pattern
was found for Hill number Il and Hill number IV. Specifically, the
beta diversity showed no significant differences across diversity
orders.

Fish TD and phylogenetic diversity
detected by eDNA

The TD of RDP-based (ASVTD) and Usearch-based (OTUTD)
datasets were similarly distributed, while the PD of RDP-based
(ASVPD) and Usearch-based (OTUPD) datasets showed inconsis-
tent distributions (Fig. 3a, Table S6). According to the ANOVA re-
sults (Table S7), the gamma, alpha, and beta diversity of ASVTD
and OTUTD showed no significant difference across diversity or-
ders. For the phylogenetic aspect, at diversity order g = 0, ASVPD
was significantly higher than OTUPD.

Across the sampling duration, ASVTD, ASVPD, OTUTD, and
OTUPD showed an apparent seasonal variation (Fig. 3a). At °D or-
der, there were significant differences among different seasons for
ASVTD, ASVPD, OTUTD, and OTUPD, with the dry season showing
higher values than the other seasons (Table S8). At 1D and 2D or-
ders, ASVTD and OTUTD showed no significant differences among
seasons, except for beta diversity.

The ANOVA results indicated that there was no significant differ-
ence among different protection levels according to the Hill num-
bers, except for 1D, 2D,,, and 2Dg of OTUTD (Fig. 3b, Table S9).

Impact of marine protection and
spatial-temporal factors at different
diversity orders

The PLS-PM results showed that sampling region, sampling sea-
son, and protection activity, including MPA level, MPA age, and
MPA size, had varied impacts on the diversity metrics (Fig. 4). The
goodness of fit values indicated comparable or better fitting mod-
els for the RDP-based datasets compared to Usearch-based. MPA
age, i.e. the protection duration, showed positive correlations with
all diversity indices, though no significant relationship was found.
MPA level showed positive relationships with all RDP-based diver-
sity indices, but was negative for Usearch-based diversity indices
except °D of OTUTD. MPA size showed different relationships with
different diversity orders. For RDP-based diversity, positive rela-
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tionships with D and 2D, and negative with °D were detected for
ASVTD, but were reversed for ASVPD (Fig. 4a, b). MPA size showed
positive relationships with Usearch-based diversity except for 2D
of OTUPD (Fig. 4c, d).

Sampling region and season exerted opposite effects on ASVTD
(Fig. 4a). Additionally, sampling region had negative correlations
with2D of ASVPD, but sampling season showed significant positive
correlations with °D, 1D, and ?D of ASVPD (Fig. 4b). For the OTUTD,
sampling season showed a significant positive relationship with
%D, a positive correlation with 1D, and negative with 2D (Fig. 4c).
For the ASVPD, sampling region showed negative correlations with
all diversity orders, while season showed positive correlation with
%D, and negative with 1D and 2D (Fig. 4d).

Correlation between Hill number and
rarity index

Among all the species detected, 69 (29%), 71 (30%), and 55 (46%)
were recognized as rare species by RDP-based, Usearch-based and
contemporaneous traditional survey, respectively, according to
their occurrence in the samples (Fig. S4, Table S10). The samples
with Irr ranking top three were collected from SLMP, YCTMP, and
CDMR in T2 for RDP-based dataset, CDOMR and HHWMP in T1 for
Usearch-based, and HHWin T1, T2, Wet, and YCT in Wet for the tra-
ditional survey.

The linear regression model showed that there was no signif-
icant relationship between the alpha aspect of Hill number and
rarity index for both eDNA and traditional surveys (Fig. 5). Notably,
as the diversity order increased, the correlations decreased, al-
though all models showed weak fitting levels.

Discussion

By combining different clustering pipelines and calculating Hill
numbers, we verified the importance of rare species in the
biodiversity assessments used to quantify the conservation ef-
fect brought by MPAs on fish diversity. We also detected signifi-
cantly higher fish diversity estimates from eDNA compared to tra-
ditional surveys, likely impacted by the presence of rare species
that weren’t detectable using traditional methods. Our findings
show that the diversity of fish species was positively correlated
with the duration of MPAs, and that there were significant seasonal
differences in fish diversity using eDNA with the lowest richness
occurring during October-December.

eDNA metabarcoding detected higher fish
diversity than traditional surveys

The noninvasive eDNA method has been increasingly used in ma-
rine biodiversity monitoring in recent years and is especially suit-
able for investigating how biodiversity responds to marine protec-
tion activities (Takahashi et al. 2023). The eDNA method proved to
be a good supplementary choice for marine fish biomonitoring in
the Pearl River Estuary (Zou et al. 2020). In this study, we compared
the eDNA method with historical traditional surveys and found
that eDNA detected less fish species than the 21-year historical tra-
ditional survey data, indicating deficiency in reference databases
and potential species loss over the last two decades in Hong Kong.
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Table 2 Results of Kruskal-Wallis test and Pairwise Wilcoxon Rank Sum test for different Hill number datasets on rank of different diversity orders

Kruskal-Wallis test

Pairwise Wilcoxon Rank Sum test?

-1-

Diversity order x? df n p Hill number
1 1 m v \
°p, 47.8 4 74 <0.001 A a b b b
D, 48.39 4 74 <0.001 A a bc b c
Dy 4.42 4 69 >0.05 A a a a a
D, 16.41 4 74 0.003 A ab ab b a
1D, 13.98 4 74 0.007 A ab ab b ab
1Dy 9.83 4 69 0.043 A a a a a
2D, 15.88 4 74 0.003 Ab ab ab b a
2D, 12.6 4 74 0.013 A ab ab b ab
2Dg 10.52 4 69 0.033 A a a a a
2: Groups share with the same letter indicating an insignificant difference.
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Figure 3 (a) Seasonal variation of gamma, alpha, and beta components of taxonomic and phylogenetic diversity inferred from RDP-based and
Usearch-based datasets. (b) Fish diversity of different protection levels for ASVTD, ASVPD, OTUTD, and OTUPD. Different orders of Hill numbers were
annotated with different colors. The horizontal line inside of the violin represents the median.
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Figure 4 PLS-PM results showing the impact of protection activity and spatial-temporal factors on the variation of (a) ASVTD, (b) ASVPD, (c) OTUTD, and
(d) OTUPD. The lines indicate direct pairwise effects with a solid line representing a positive effect, and a dashed line as negative. The width of the line
corresponds with the level of influencing effect. The coefficient of each pairwise effect was annotated next to each line. The effects with P < 0.05 were

highlighted with red.

However, the fish diversity obtained by contemporaneous tradi-
tional surveys during 2022-2023 was significantly lower than that
detected by eDNA, potentially due to the sampling bias and low
sampling efficiency of traditional sampling gears (Hallam et al.
2021). This kind of data deficiency can introduce biases in inter-
preting the true fish diversity and ecological status of the local
ecosystem and further hinder the management of the protection
activities (Rassweiler et al. 2012). Taken together, eDNA detected
greater fish diversity than the traditional survey methods, while
inconsistent overlapping results with historical traditional data
highlighted the need for robust local reference databases. Future
research should prioritize integrating multi-year eDNA monitoring
with expanded local reference libraries to accurately assess biodi-
versity and validate methodological efficacy.

The reliability of downstream taxonomic annotation can largely
influence the species-levelinformation of eDNA data. In this study,
we used the RDP Classifier for ASV assignment and the USEARCH
algorithm for OTU assignment. The underlying principles of RDP
and USEARCH are Bayesian probability and searching for high-
identity hits, respectively, which have proven effective for taxo-

nomic annotation in metabarcoding data. Comparisons between
various assignmentalgorithms, including Least Common Ancestor
(LCA)-based, Top-hit-based, Naive Bayesian-based, etc. indicated
comparable accuracy in conjunction with parameter tuning (Hleap
et al. 2021). Some studies suggested that LCA-based algorithms
performed better in species assignment and should be adopted
for metabarcoding and metagenomic data analysis (Cheng et al.
2025). In addition, the precise taxonomy assignment also depends
on accurate reference databases (Bourret et al. 2023). Future stud-
ies should consider verifying different assignment algorithms and
constructing reliable local reference databases to obtain precise
species-level taxonomic annotation for eDNA data.

Rare fish groups influence interpretation
of conservation effects on fish diversity

Notably, the presence of rare species in communities resulted in
significant inter-group differences. Rare species also contributed
to the seasonal variation of taxonomic and phylogenetic fish di-
versity detected by eDNA methods, as significantly lower diversity
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Figure 5 Linear regression model calculated based on different diversity orders of Hill number and Irr of all samples obtained by RDP-based (a-c),
Usearch-based (d-f), and traditional survey (g-i). R? indicates adjusted R? of the model. All P > 0.05.

was detected in T2 when using lower diversity orders instead of
higher orders. Consistently, Huang et al. (2016) demonstrated rare
species were important in coral conservation as species rarity and
richness differed largely among reef areas in the South China Sea,
and the anthropogenic influence on coral could not be estimated
only by species diversity. Moreover, rarity was verified to be an ef-
fective surrogate for marine fish biodiversity and further proved
the potential use of it in site prioritization for biodiversity conser-
vation planning (Astudillo-Scalia et al. 2019).

Under the global climate change scenario, rare species are
more prone to population reductions and range shifts as they
usually have already limited distributions. Top-down control from
predators can also influence the population size of rare species
and structure local community (Lynam et al. 2017). According to
seven-decade worth of historical data of marine benthic biodi-
versity along the Swedish West coast, species richness has de-
creased, especially impacting rare species, and resulting in higher
homogeneity of the community in the region (Obst et al. 2018).
On a global scale, environmental conditions including temper-
ature and precipitation can also shape the distribution gradi-
ents of species rarity for vertebrates (Albuquerque et al. 2019).
We detected a positive, though not significant, relationship be-
tween protection activities and TD for Usearch-based data in lo-
cal MPAs, and a corresponding negative correlation between pro-
tection activities and the diversity of abundant species. This indi-
cates potential enhancement of local rarity under the current pro-
tection scheme and should be considered for future conservation
planning.

Hill numbers showed high utility in marine
conservation

Instead of using the more commonly implemented species rich-
ness and evenness indices (such as Shannon, Simpson, and
Pielou’s evenness), we applied Hill numbers with varying diversity
orders, decomposed gamma diversity into beta and alpha diver-
sities, and further proved the utility of Hill numbers in this study.
By assigning different priority levels to rare and dominant species,
we uncovered theimportant role of rare speciesin ecological inter-
pretation. Understanding the compositional differences between
local species assemblages (beta diversity) is essential for conser-
vation planning (McKnight et al. 2007). In conservation schemes,
high beta diversity may reveal the spatial scaling of diversity loss
or high heterogeneity between local communities (Socolar et al.
2016). Depending on the decomposition of gamma diversity into
alpha or beta diversities, we found that the beta diversity of MPAs
was higher than in the NPA, although no significant difference was
observed. Among all MPAs, no significant difference was found in
any diversity order. Nevertheless, the gamma and alpha diversity
of MPAs were also higher than in the NPA. This suggested high het-
erogeneity of local communities in the protected areas and the im-
portance of existing MPAs in Hong Kong for biodiversity conserva-
tion.

Compared with Hill numbers, which highlighted rare species
based on relative abundance, rarity index Irr inferred rare species
according to their occurrences. Hill numbers utilize a continuous
parameter to scale theirimportance, whereas Irr employs discrete
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thresholds or predefined weights. As a result, Hillnumbers provide
an effective count of species, while Irr presents a proportion or ra-
tio. In this study, we found high inconsistency between the two in-
dicators, indicating that the rarity index may uncover hidden rar-
ity hotspots with low fish diversity. Hill numbers are particularly
useful for comparing diversity across varying levels of abundance,
whereas Irr is more effective for assessing the role of rare species
in ecosystem health and function. Future studies should consider
using both bioindicators to monitor rare species for conservation
as they provide complementary functions.

Conservation outcomes determined by
protection activities

MPAs have proven to be effective in protecting specific fish taxa
(Marraffini et al. 2024) and enhancing overall fish diversity (Lester
etal. 2008). In this study, different eDNA pipelines showed positive
correlations between fish diversity and protection duration, al-
though the correlations were not significant. According to the RDP-
based dataset, protection level showed positive relationships with
taxonomic and phylogenetic diversity, while negative for Usearch-
based data except °D. The contrary conclusions may be due to
different fish assemblages generated by different pipelines. Pre-
vious studies have stated this controversy by examining the effect
of MPAs on different organisms and found a positive effect on fish-
eries targeted species but negative for prey of these species (Giak-
oumi et al. 2017). In addition, the impact of protection level has
long been debated, including positive effects for enhancing fish
species richness (Sciberras et al. 2013, Loiseau et al. 2021) and
biomass (Sciberras et al. 2015), and the reverse effect on the func-
tional diversity of echinoderms (Rojas-Montiel et al. 2020). This
reminds us of the importance of selecting suitable target species
when determining the effect of certain MPAs. Regarding the MPA
size, positive correlations were found for species richness de-
tected by Usearch-based dataset, albeit not significant. Numerous
studies have demonstrated the importance of protection size in
conserving fishery resources (Friedlander et al. 2017) and spillover
effects (Vandeperre et al. 2011). Our results supported the findings
and further suggested an integrated scheme of no-take protection
level, large protection size, and long duration to form an effective
protection system.

The PLS-PM results further indicated that only season had a
significant correlation with diversity indices, though the seasonal
variation might be due to the sequencing bias introduced by dif-
ferent sequencing platforms we used for different seasons (T2:
DNBSEQ; T1, Wet, and Dry: NovaSeq). However, Kim et al. (2021)
demonstrated that these sequencing platforms showed compa-
rable levels of sequencing quality, uniformity of coverage, % GC
coverage, and variant accuracy. The previous study focusing only
on the samples collected in transitional Il season revealed a sig-
nificant positive effect of MPAs in enhancing fish taxonomic and
phylogenetic diversity (Zhao et al. 2024). Other studies of marine
protection effectiveness have stressed the importance of protec-
tion level and connectivity between MPAs at local scales (Séve et
al. 2023, Gill et al. 2024), while our results highlight the additional
significance of local environmental conditions in structuring the
fish community in the protected areas.

The evaluation of effectiveness of MPAs depends on multiple
aspects, including the biodiversity, ecosystem health, and eco-
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nomic values provided (Grorud-Colvert et al. 2021). Understand-
ing how individual species respond to protection is vital for conser-
vation planning, as protection activities exert different impacts on
different species. MPAs generally benefit top-predators and small
herbivores the most, while they benefit mid-trophic level species
more than rare large herbivores, based on a comprehensive meta-
data analysis in tropical regions (Sanchez et al. 2024). Therefore,
we suggest addressing the importance of rare species groups to
achieve a more integral understanding of biodiversity in MPAs to
further facilitate conservation management and sustainable fish-
ery development.

Conclusion

By calculating Hill numbers from eDNA metabarcoding data, we
demonstrated the importance of accounting for rare species in
evaluating conservation effects on fish communities. This strategy
showed high feasibility in evaluating the fish biodiversity in MPAs,
however, different bioinformatic clustering pipelines introduced
significant differences in estimates of richness and evenness. Dif-
ferent biases were introduced with each pipeline in regard to in-
terpreting environmental influences on fish diversity, but regard-
less of the chosen pipeline, the influence of protection of activ-
ity was less than that of the sampling season. In conclusion, we
recommend carefully refining and comparing different clustering
pipelines before adopting one to calculate multiple bioindicators,
ensuring a comprehensive assessment of conservation effects on
fish diversity. Future studies should consider improving and up-
dating the local list of rare species including endemic and threat-
ened ones to further enhance the taxonomy assignment and deci-
sion making of marine conservation strategy.
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