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Although we are currently experiencing worldwide biodiversity loss, local
species richness does not always decline under anthropogenic pressure.
This conservation paradox may also apply in protected areas but has not
yet received conclusive evidence in marine ecosystems. Here, we survey
fish assemblages in six Mediterranean no-take reserves and their adjacent
fishing grounds using environmental DNA (eDNA) while controlling for
environmental conditions. We detect less fish species in marine reserves
than in nearby fished areas. The paradoxical gradient in species richness is
accompanied by a marked change in fish species composition under different
managements. This dissimilarity is mainly driven by species that are often
overlooked by classical visual surveys but detected with eDNA: cryptobenthic, pelagic, and rare fishes. These results do not negate the importance
of reserves in protecting biodiversity but shed new light on how under-represented species groups can positively react to fishing pressure and how
conservation efforts can shape regional biodiversity patterns.

1. Introduction
Marine ecosystems and their resources are severely threatened by multiple pressures including climate change [1], over-exploitation [2], and habitat degradation
[3]. However, despite the prevailing trend of biodiversity loss at the global
scale [4,5], the number of species does not necessarily decline at the local scale
[6,7]. Long-term time series show that only 3% of coastal marine ecosystems
are experiencing a local decline in species richness while a positive trend was
reported in 16% of the studied cases [8]. This biodiversity conservation paradox,
i.e. species richness can increase under disturbance, can be explained by a balance
between extinction and colonization rates for a given location and a high species
turnover [7,9]. Such turnover can occur when endemic species are replaced by
exotic species [10] or by the range expansion of species from adjacent regions
under climate change [8]. Biodiversity can also increase in disturbed areas if the
removal of certain vulnerable species allows the establishment and coexistence
of more resistant species under the intermediate disturbance hypothesis [11].
This conservation paradox has received little attention in the spatial context
of protected areas. Protected areas are expanding worldwide following the
new commitment to protect at least 30% of the global ocean and land by 2030,
to achieve both biodiversity and climate goals [12–14]. Since some
© 2021 The Author(s) Published by the Royal Society. All rights reserved.

A stratified sampling design was carried out to survey six
Mediterranean no-take reserves and their surrounding sites,
hereafter referred to as regions (see Methods, figure 1a; electronic supplementary material, table S1). Three sites were
considered for each of the six regions: one within the reserve
boundaries, one outside at 5 km from the reserve boundaries,
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(a) Metabarcoding and taxonomic assignment
The 72 eDNA samples (6 regions × 3 sites × 4 replicates per
site) yielded a total of 51 506 234 reads, with on average
715 364 reads per sample (±s.d. = 293 934). Assigning reads
to the reference database detected 122 unique fish taxa with
on average 35 taxa per sample (±10), among which 104
were identified at species level whereas 16 could only be
assigned to the genus level and two to the family level.
After removal of foreign species, uncertain assignments,
and freshwater fishes (electronic supplementary material,
Methods), 46 034 170 reads were assigned to a known
marine fish species. The mean number of reads per sample
dropped to 639 364 (±293 380), and read abundances were
transformed to presence/absence for all subsequent analyses.
A total of 97 fish species were identified across all samples
covering 74 genera and 43 families, with on average 30 fish
species (±9) per sample (figure 2). Almost half of the species
detected belong to four families, i.e. sparids (Sparidae, n = 16),
gobies (Gobiidae, n = 12), wrasses (Labridae, n = 7), and combtooth blennies (Blenniidae, n = 7), whereas 30 families were
represented by only one species (electronic supplementary
material, figure S2). Detections included common Mediterranean taxa such as the damselfish (Chromis chromis), the
salema porgy (Sarpa salpa), and the white seabream (Diplodus
sargus), as well as rare species like the grey triggerfish (Balistes
capriscus) and the blue shark (Prionace glauca).

(b) Species richness paradox
Overall, fish species richness seemingly increased outside the
reserve with, on average, 28 (±6) fish species within the
reserve, 30 (±10) species at 5 km outside, and 32 (±11) species
at 10 km outside, albeit no significant difference was detected
(Kruskal–Wallis χ 2 = 5.1, d.f. = 2, p = 0.078) (figure 2a).
To consider the confounding effects of environmental conditions (habitat and climate) on the protection level effect, we
created 500 m buffer zones around each transect and extracted
the coverage of each substrate type (electronic supplementary
material, Methods), mean bottom depth, and the mean benthic
and surface chlorophyll a. We recorded the sea surface temperature (SST) during sampling and calculated the mean distance of
each transect to the closest point on land. To avoid collinearity
between all these covariates, we performed a principal component analysis (PCA). The first four orthogonal PCA axes
explained 74.2% of the total variance among sites and were
retained as explanatory variables in the next analyses to control
for environmental confounding factors (electronic supplementary material, figure S3).
We used generalized linear models (GLMs) to investigate
the effect of protection on species richness while accounting
for environmental differences represented by the PCA axes.
The influence of protection on fish richness was highly
significant (GLM, R 2 = 0.40, p < 0.01; figure 2b; electronic
supplementary material, table S2). We detected no effect of
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2. Results

and one outside at 10 km, hereafter referred to as protection
levels (figure 1b). eDNA was filtered along 2 km transects
using a protocol optimized for monitoring coastal species
with four replicates per site. We assembled a new reference
genetic database (115 species sequenced to reach 75% coverage) for North-Western Mediterranean coastal fishes to
assign more eDNA sequences to known species using a
stringent bioinformatic pipeline.
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conservation-dependent species can be rapidly extirpated by
human activities outside protected areas [15,16], we can
expect more species within protected areas than their non-protected counterparts. Yet, this assumption is supported by
scarce evidence [17,18], while other studies fail to show any
marked difference in species richness as a result of protection
[19–23] or even report higher local species richness in humanmodified natural habitats [24]. Here, we suggest that this lack
of consensus may come from incomplete species detection and
uncontrolled habitat or environmental covariates, at least in
coastal marine ecosystems.
Marine protected areas (MPAs), and in particular marine
reserves which are strictly no-take MPAs [25], offer a unique
opportunity to test this conservation paradox and some
underlying hypotheses. Marine reserves are widely recognized as effective conservation tools supporting greater
density and biomass of exploited species within their boundaries than nearby fished areas [21,26–28]. Comparatively, the
extent to which marine reserves and nearby fished areas support different levels of species richness or different species
compositions remains unclear. On one side, large-bodied
and predator species are often overexploited by fisheries
and extirpated outside marine reserves increasing species
richness within reserves [15]. On the other side, marine
reserves can restore predator populations and thus strengthen
‘top-down’ trophic cascades thereby affecting biodiversity at
lower trophic levels [29]. Elucidating a potential marine conservation paradox would thus require the detection of a
broad range of fish species constituting assemblages from
large predators to small prey. Yet, many fish species are
missed by most capture- or visual-based surveys because
they are cryptobenthic, rare, or elusive [30–34]. Moreover,
mobile species may not be recorded as they only occur for
short amounts of time in a given location [30].
As an alternative, the environmental DNA (eDNA) metabarcoding approach overcomes some shortcomings of
classical surveys to characterize marine fish assemblages
[35,36] including small, cryptic, and elusive species [33,37].
eDNA is made of small fragments of intra- and extracellular
DNA generated by organisms in their proximate environment, and can be sampled to infer the presence of species,
monitor coastal ecosystems, and unveil ecological processes
[33,38–40]. Yet, the gaps in public genetic databases can
limit the breadth of species inventories based on eDNA metabarcoding [41]. In this study, we take advantage of eDNA
detectability potential, using a regionally augmented genetic
reference database, to uncover a previously hidden conservation paradox in coastal fish assemblages: marine reserves host
less species than nearby fished areas after controlling for
environmental conditions. We also show that changes in fish
species composition along a gradient of human impact are
mainly driven by species groups typically overlooked in most
MPA studies, namely cryptobenthic, pelagic, and rare fishes.
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Figure 1. Map of the three sampling sites within each of the six studied regions containing a no-take marine reserve (a), and zoom on the transects conducted in
each site near Carry-le-Rouet: inside the reserve, 5 km outside, and 10 km outside (b). The dashed line in (b) represents the boundary of the no-take reserve. (Online
version in colour.)
the region on model residuals (Kruskal–Wallis χ 2 = 5.76,
d.f. = 5, p = 0.33). The model revealed a significant 45%
increase in overall species richness at 10 km outside the
reserve compared to inside ( p < 0.01; electronic supplementary
material, table S3).

(c) Species dissimilarity between assemblages
We estimated species dissimilarity or β-diversity between fish
assemblages using the Jaccard distance. Two independent
patterns may occur when measuring β-diversity: turnover
and nestedness [42,43]. Turnover occurs when species present
at one site are absent at another site but are replaced by other
species absent from the first. Nestedness occurs when species
present at one site are absent at another but are not replaced
by new species.
Species dissimilarity between protection levels was high
with an average β-diversity of 58.8% between the reserve
and 5 km outside (figure 2c), 57.6% between the reserve
and 10 km outside (figure 2d), and 57.5% between 5 km
and 10 km outside (figure 2e). On average, 42.3% (±15.5%)
of fish species were replaced between sites under different
protection levels. This turnover represented 74% (±22.4%)
of the pairwise dissimilarities, whereas nestedness represented the remaining 26% (±22.4%). Eight species were
only recorded inside a reserve while 18 species were only
detected outside a reserve across the six regions (electronic
supplementary material, figure S4).
Distance-based redundancy analysis (dbRDA) on Jaccard
distances showed that both protection and environmental
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variables significantly explained the dissimilarity in species
composition (F-test = 2.53, p < 0.001, R 2 = 0.20). The turnover
component was also significantly explained by both the protection and the environment (F-test = 2.66, p < 0.001, R2 =
0.32). The nestedness, however, is not significantly explained
by any of the variables ( p > 0.05) (electronic supplementary
material, tables S4–S5).
Partial dbRDA revealed that the protection level, after
accounting for environmental conditions, significantly
explained 4.8% of fish assemblages (F-test = 1.80, p < 0.001,
R2 = 0.05) (figure 3a). Fish assemblages inside the reserves
were mostly characterized by pelagic fishes, whereas assemblages outside reserves were predominantly characterized by
cryptobenthic fish species as shown by the strongest contribution of species scores on the partial dbRDA axis 1 (CAP1,
figure 3b; electronic supplementary material, figure S5).

(d) Unpacking the paradox by species traits
We then analysed all species scores along the first axis of the
partial dbRDA to determine which traits characterize the
species’ associations to the reserves or to the fished areas
(left versus right side on figure 3a). Species scores were significantly correlated with their trophic level (Kendall
tau = −0.20, p < 0.01), common length (Kendall tau = −0.18,
p = 0.01), and vulnerability to fishing (Kendall tau = −0.21,
p < 0.01) (figure 4). We also found significant differences in
species scores according to their vertical position in the
water column (ANOVA F-value = 7.64, p < 0.001), with pelagic species significantly differing from cryptobenthic species
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Figure 2. (a) Overall species richness by level of protection. (b) Predicted conditional species richness by level of protection after controlling for environmental
variables. ** indicates significant difference at p < 0.01. (c–e) Partitioning of species dissimilarity (Jaccard distance; left in each plot) in its turnover (middle)
and nestedness (right) components with comparisons between the levels of protection: (c) reserve versus 5 km outside, (d ) reserve versus 10 km outside, and
(e) 5 km outside versus 10 km outside. (Online version in colour.)
(Tukey HSD = −0.12, p < 0.001) as well as, to a lesser extent,
benthic (Tukey HSD = −0.07, p = 0.01) and demersal species
(Tukey HSD = −0.08, p < 0.01) (figure 4d).
Species richness of the different fish categories (cryptobenthic, pelagic, and rare) were significantly explained by
protection and environment (GLM, R 2 = 0.40, 0.48, and 0.45,
respectively, all p < 0.01) except for highly vulnerable fishes
( p = 0.09). Each model accounted for unmeasured variations
among regions with model residuals being not significant
(Kruskal–Wallis test = 9.37, 0.70, 7.54, and 0.55, respectively,
all p > 0.05). Cryptobenthic species richness increased by
66% ( p < 0.01) at 5 km outside compared to inside the
reserves and by 136% at 10 km outside ( p < 0.001) (figure 5a).
Although pelagic species richness decreased with increasing
distance to the reserve, this was mainly driven by environmental differences with no significant marginal effect of
protection ( p > 0.05, figure 5b). Rare fish species richness significantly increased by 53% at 5 km outside ( p < 0.01) and
69% at 10 km outside the reserve ( p = 0.01) (figure 5c). Vulnerable fish species richness was homogeneous across

protection levels with, on average, one species per site
(figure 5d).

3. Discussion
(a) Less but more vulnerable species in marine reserves
This study, showing less but different species inside reserves
compared to fishing grounds nearby, does not negate the
key role of reserves in protecting biodiversity but sheds
new light on how under-represented species in classical
visual surveys—cryptobenthic, pelagic, and rare—can react
counterintuitively to fishing pressure. We reveal, through
the sampling of six no-take reserves using a standardized
eDNA protocol while accounting for environmental differences, that fish species richness decreases with protection.
This paradox could only emerge with a reliable eDNA metabarcoding approach and an extensive genetic reference
database. Besides, we highlight a marked species turnover
along the protection gradient, indicating a strong difference
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of fish assemblages within and outside reserves. Reserves offer
protection to fishes that are characterized by a high trophic
level and large body size, so vulnerable to fishing, as previously shown [44,45]. By contrast, fished areas host less
vulnerable species with a lower trophic level and smaller
body size (figure 4).
The disparity in trophic level could explain the paradoxical
changes in species richness, as fishing pressure and protection
can change trophic interactions. Predation is one of the key processes influencing the richness and composition of ecological
assemblages [46–48]. Since fishing pressure often targets large
predatory fishes [15,49], their removal in fished areas can
induce a decrease of top-down control on prey species
increasing their richness. Conversely, marine reserves
increase predator populations and thus can restore trophic
cascades within their boundaries [29], thereby affecting biodiversity at lower trophic levels and potentially causing the
local extinction of prey species inside MPAs [50].
This hypothesis is supported by the increasing diversity of
cryptobenthic fishes with increasing distance from the reserve
(figure 5a). Cryptobenthic fishes represent a large but overlooked dimension of fish biomass and diversity on reef
ecosystems [31]. Combined with their rapid growth, high productivity, and high mortality due to predation [51,52],
cryptobenthic fishes represent almost 60% of consumed reef
fish biomass [53]. As they are not targeted by fisheries but predated by almost every other fish, cryptobenthic fishes could
find refuge from predators outside marine reserves and form
highly diverse assemblages coexisting in human-dominated
areas. However, because of their small body size and cryptic
lifestyle, they are easily overlooked by conventional survey
methods that do not target them specifically [54].
Our results also show more occurrences of rare species
outside the reserves. This pattern can be explained by the
‘oddity effect’ where predators focus on conspicuous prey, in
this case rare species, to optimize foraging success [48]. This
strategy is especially beneficial when prey tend to form aggregations making it harder for predators to single out
individual prey, called the ‘confusion effect’ [48]. So, predators

could preferentially target low-abundance prey species inside
reserves and remove them. Similar disproportionate effects of
predation have previously been demonstrated in field and laboratory experiments. Stier et al. [55] found that predation by the
peacock grouper Cephalopholis argus removed 64% of rare
species from experimental reef patches but only 36% of
common species. In the same vein, Almany et al. [48] observed
that the brown dottyback Pseudochromis fuscus, a small generalist predator, targets rare prey in mixed assemblages irrespective
of colouration or visual marks. They hypothesize that the odd
behaviour of rare species compared to the common ones sets
them apart and makes them an easier target for predators.
The strong turnover in fish assemblages under different
protection levels suggests that different ecological processes
and ecosystem services operate within and outside reserves
[7]. Although less diverse, assemblages within reserves are
characterized by larger and higher trophic-level species
which typically have higher commercial and touristic values.
Fish assemblages inside reserves are characterized by pelagic
species, especially Sarda sarda, Engraulis encrasicolus, Chelon
auratus, Xiphias gladius, and Trachurus mediterraneus. These
species have a commercial interest but also contribute to reef
productivity through water nutrient enrichment and could
play important trophic roles inside reserves [56]. Outside
reserves, we find higher biodiversity and assemblages dominated by smaller, (crypto)benthic and demersal species. The
increased diversity of cryptobenthic species in impacted
areas is hopeful for conservation as well. Cryptobenthic
fishes fuel reef trophodynamics and provide crucial food
resources for carnivorous fishes [53]. In doing so, they contribute to sustain fish populations in exploited areas. They also
provide a reservoir of available biomass for exploited predator
populations to recover if fishing pressure is alleviated or
suspended in currently fished areas.

(b) Potential and limitations of eDNA metabarcoding
The development of eDNA as a reliable method to monitor
biodiversity and evaluate anthropogenic impacts is crucial
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The higher species richness found outside reserves does not
imply that marine reserves fail to protect biodiversity. It
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4. Methods
(a) Study area and eDNA sampling
Six Mediterranean marine reserves with strict no-take policy and
established at least six years prior to sampling were selected for
our study (figure 1). The Mediterranean Sea is a hotspot of
marine biodiversity [75] but all its ecoregions and territorial
waters are under high human pressure [76], except for the very
few fully protected marine reserves [77]. Four replicates of 30 l
of seawater were collected along a 2 km transect inside each
site within each reserve, 5 km, and 10 km outside, i.e. in
impacted areas, and filtered using a 0.20-µM filtration capsule
(electronic supplementary material, Methods).

(b) eDNA extraction and sequencing
eDNA was extracted and amplified by PCR with the fish-specific
primer pair teleo targeting a 70 bp fragment at the end of the
mitochondrial DNA 12S rRNA gene [78,79] (electronic supplementary material, Methods). PCR reactions were carried out
in 12 replicates per sample and unique tags were given to each
sample. Libraries were prepared using the MetaFast protocol.
A paired-end sequencing (2 × 125 bp) was carried out on a
MiSeq (Illumina, San Diego, CA, USA) using the MiSeq Flow
Cell Kit Version3 (Illumina, San Diego, CA, USA) following the
manufacturer’s instructions. Library preparation and sequencing
were performed at Fasteris (Geneva, Switzerland).

(c) Reference database
At the onset of our study only 31% of all Mediterranean fish
species [80] were referenced in the European Nucleotide Archive
(ENA) [81] (release 138) for the 12S rRNA fragment targeted by
the teleo primers. To supplement this reference database, fin clips
of 115 fish species from the North-Western Mediterranean were
collected from fisheries landings and added to the database.
DNA was extracted from tissue samples and a 12S rRNA gene
fragment of ca 675 bp encompassing the teleo metabarcoding
fragment was targeted using the forward primer V05F_898 and
the reverse teleo primer [82]. A 340 bp fragment was additionally targeted for 16 species using the newly designed forward
primer MF12S_F (50 -CTAGAGGAGCCTGTYVT) and the reverse
primer MF12S_R (50 -GRHAAGTCGTAACATGGTA) (electronic
supplementary material, Methods).
The final reference database used in this study contained
sequences of 320 species corresponding to 41% of all
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(c) Diversifying managements for diversifying regional
fish assemblages

rather tells us that species richness and site-level diversity
metrics cannot be considered as reliable indicators of human
pressure since they miss important species compositional
changes and traits [6,58]. Our results shed light on how conservation, like fisheries management [70], can shape biodiversity
patterns at a regional scale. Marine reserves do not necessarily
increase species diversity. Rather, a mosaic of protection levels,
that creates heterogeneous fishing pressures, can promote heterogeneous ecological processes at various intensities, thus
increasing biotic dissimilarity between adjacent areas and the
overall level of regional diversity (or γ-diversity). Since the sustainability of ecosystem functioning and the continuous
delivery of ecosystem services at the regional scale is positively
related to the number of species comprising the regional pool
(γ-diversity) [71,72], which depends on both local or α-diversity and the dissimilarity in species composition between
sites (β-diversity) [73], our study suggests that diversifying
management options could better sustain ecosystem functioning
and limit the ongoing biotic homogenization [74].
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because important changes in biodiversity might currently
occur under our radar [39,57]. Depending on the organisms
of interest, eDNA can be used to sample whole eukaryote
assemblages [58] or more specific taxonomic groups ranging
from sponges and corals [59] to larger taxa such as sharks
[30]. In our case, we potentially missed some native and
common species in the Mediterranean Sea since the teleo
marker cannot distinguish the wrasses Symphodus rostratus,
S. cinnereus, S. mediterraneus, and S. roissali from each other,
or Labrus merula from L. viridis, as well as the rarer pipefishes
Syngnathus abaster and S. sp cfr taenionotus. Most regional and
global reference databases for the teleo metabarcode also still
need to be completed to avoid limited species assignments
[41]. In our case, we enriched the online genetic database
(European Nucleotide Archive) which covered only 31% of
all Mediterranean fish species by sampling and sequencing
additional 115 species to reach 75% coverage of the regional
species pool (see Methods). This unprecedented effort allowed
the detection of 97 species ranging from the very small Liechtenstein’s goby Corcyrogobius liechtensteini (2.7 cm) to the large
blue shark Prionace glauca (250 cm). Cryptobenthic, pelagic,
and elusive species are often ignored in MPA assessments.
Without their detection, we would not be able to uncover
the hidden biodiversity patterns between marine reserves
and their proximate outsides. We also show that our genetic
reference database was not biased towards some species
groups (electronic supplementary material, figure S6), so we
are confident that a more exhaustive database would provide
the same patterns.
The detection of eDNA in seawater is partly due to its persistence in the environment, which depends on biotic and abiotic
factors driving eDNA production, degradation, and transport
[60–62]. Much is still unknown about the spatial and temporal
resolution of eDNA in the marine coastal environment. Mesocosm experiments report variable decay rates of eDNA in
seawater, with half-lives ranging from 1 up to 71 h [60,63]. However, decay and dilution happen faster in natural environments.
A field experiment in coastal seawater finds that eDNA becomes
undetectable only 1 h after introduction [64]. Coupling decay
rates to dispersal distances, estimated by particle tracking
models, suggests that suspended eDNA can on average be transported for only 1 km before 50% has decayed [36]. In our system,
the average current velocity during sampling was 0.04 m s−1 or
approximately 140 m h−1. Combined with relatively short halflives, it is unlikely that sufficient detectable eDNA could be
transported between our sites 5 km and 10 km apart confirming
the independence of our sites and the local origin of our signal.
These estimates are corroborated by the growing body of empirical studies finding strong spatial fidelity of eDNA signals,
differentiating sites only hundreds of metres apart despite tidal
and oceanic movements [65–68]. Together, these results demonstrate the applicability of eDNA for local monitoring studies [69].
Yet, accurate particle transport models which directly take into
account eDNA concentration, advection, dilution, coastline morphology, and ground-truthed decay rates would allow a better
understanding of eDNA transport and detectability patterns
across the seascape.

(d) Taxonomic assignment of reads
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(e) Diversity indices
We compared total fish species richness among protection levels
as well as the richness of the cryptobenthic, pelagic, rare, and
vulnerable species. Cryptobenthic species were selected based
on their families [31]. Pelagic species were those defined by the
‘Vertical Distribution’ parameter in the FishMed database [86].
Rare species were those detected in two samples or less within
each region. The vulnerability of species to fishing was obtained
from FishBase [87]. The vulnerable species are those with a vulnerability higher than 70, which corresponds to ‘high’ or ‘very
high’ vulnerability to fishing on a scale from 1 to 100 [87].
We estimated species dissimilarity or β-diversity between
assemblages using the Jaccard distance. To determine the relative
contribution of species turnover and nestedness to total β-diversity,
we used the additive partitioning of the pairwise Jaccard dissimilarity [42]. This framework teases apart the variation in species
composition from species turnover only, which is independent of
richness, and from nested patterns [43]. We calculated the total dissimilarity, turnover, and nestedness between all samples using the
R packages vegan and betapart [88,89].

(f ) Modelling reserve effect
We used GLMs to investigate the effect of protection on species
richness while accounting for environmental differences represented by the PCA axes. After checking for their distribution,
total, cryptobenthic, pelagic, and rare species richness were modelled using a Gaussian distribution, whereas vulnerable species
richness was modelled using a Poisson distribution.
We determined model fit by calculating the R 2 for each
model, and tested the conditional effect of coefficients by

Data accessibility. The data and R codes to replicate analyses and figures
are available at https://github.com/eboulanger/MEDeDNA–
reserves. The new teleo reference sequences and Illumnia raw
sequences are available from the Dryad Digital Repository:
https://doi.org/10.5061/dryad.18931zcx1 [94] and https://doi.
org/10.5061/dryad.j9kd51cbr [95].

Authors’ contributions. E.B., N.L., P.B., T.D., S.M., and D.M. designed the
study. E.B., P.L., J.B.J., J.D., F.H., and N.G. conducted fieldwork. A.V.
and T.D. supervised the biomolecular analysis and A.V. performed
the bioinformatic analyses. E.B. and D.M. performed the statistical
analyses and wrote the first draft. E.B., N.L., J.B.J., S.M., and D.M.
interpreted data and wrote the paper. All authors offered revision
suggestions and approved the final version of the manuscript.

Competing interests. We declare we have no competing interests.
Funding. Funding was provided by the Region Occitanie, the Agence
de l’Eau RMC and the RESERVEBENEFIT project through the
2015-2016 BiodivERsA COFUND call with the ANR (France).

Acknowledgements. The authors thank all staff and students involved in
the field and laboratory work, as well as the managers of the studied
MPAs.

References
1.

2.

3.

Hastings RA, Rutterford LA, Freer JJ, Collins RA,
Simpson SD, Genner MJ. 2020 Climate change
drives poleward increases and equatorward declines
in marine species. Curr. Biol. 30, 1572–1577.e2.
(doi:10.1016/j.cub.2020.02.043)
Fernandes PG et al. 2017 Coherent assessments
of Europe’s marine fishes show regional
divergence and megafauna loss. Nat.
Ecol. Evol. 1, 0170. (doi:10.1038/s41559017-0170)
Rogers A, Blanchard JL, Mumby PJ. 2018 Fisheries
productivity under progressive coral reef

4.

5.

6.

degradation. J. Appl. Ecol. 55, 1041–1049. (doi:10.
1111/1365-2664.13051)
Díaz S et al. 2019 Pervasive human-driven decline
of life on Earth points to the need for
transformative change. Science 366, eaax3100.
(doi:10.1126/science.aax3100)
Yan HF et al. 2021 Overfishing and habitat loss drive
range contraction of iconic marine fishes to near
extinction. Sci. Adv. 7, eabb6026. (doi:10.1126/
sciadv.abb6026)
Hillebrand H et al. 2018 Biodiversity change is
uncoupled from species richness trends: consequences

7.

8.

for conservation and monitoring. J. Appl. Ecol. 55,
169–184. (doi:10.1111/1365-2664.12959)
Dornelas M, Gotelli NJ, McGill B, Shimadzu H,
Moyes F, Sievers C, Magurran AE. 2014 Assemblage
time series reveal biodiversity change but not
systematic loss. Science 344, 296–299. (doi:10.
1126/science.1248484)
Elahi R, O’Connor MI, Byrnes JEK, Dunic J, Eriksson
BK, Hensel MJS, Kearns PJ. 2015 Recent trends in
local-scale marine biodiversity reflect community
structure and human impacts. Curr. Biol. 25,
1938–1943. (doi:10.1016/j.cub.2015.05.030)

8

Proc. R. Soc. B 288: 20210112

The sequence reads were analysed using the OBITools package
[78,83]. Taxonomic assignment of reads was performed using
the program ECOTAG, with both the new regional fish reference
database and the public reference database of sequences
extracted from ENA (release 140) using the ECOPCR program
[84,85]. Reads showing less than 98% similarity were removed.
Taxa were preferentially assigned based on the local reference
database, except if the similarity was higher for the public reference database. The resulting dataset was manually checked to
correct erroneous identifications and remove foreign species
(electronic supplementary material, Methods).

calculating the marginal effects with the R package margins
[90]. We tested the effects of potentially missed important factors
by comparing residuals of our models between regions using a
Kruskal–Wallis test.
We used a dbRDA (function capscale, package vegan) to analyse
changes in assemblage composition measured by Jaccard distance
between samples in relation to the protection level and the four
environmental PCA axes. We computed additional dbRDA on
the species turnover and nestedness with each time the protection
category and four environmental PCs as explanatory variables. Significance of the models as well as the significance of each axis and of
the marginal effect of each variable were tested using ANOVA-like
permutation tests with 9999 permutations as implemented in the
vegan’s anova.cca function [89,91].
Next, we computed a partial dbRDA using the Jaccard distance to isolate the effect of protection after accounting for
environment [92]. From this partial dbRDA, we extracted the
species scores along the axis that explains most of the variance
to infer which species contribute most to the differences in
assemblage composition between protection levels. We focused
on species whose projected length on the first axis (CAP1)
belongs to the top 25% of absolute species scores. We then
used the Kendall rank correlation coefficient to test the correlation between the species scores and the species’ trophic level,
common length, and vulnerability to fishing. We used ANOVA
and Tukey post hoc to test for the differences in species scores
according to their vertical position (cryptobenthic, benthic,
demersal, and pelagic). All analyses were carried out in
R v. 3.6.1 [93].

royalsocietypublishing.org/journal/rspb

Mediterranean fish species but 75% of the regional North-Western species pool. The remaining gap did not bias the
biodiversity assessment made in this study (electronic supplementary material, Methods, table S6, figure S6).

9.

11.

12.

Downloaded from https://royalsocietypublishing.org/ on 03 May 2021

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38. Djurhuus A et al. 2020 Environmental DNA reveals
seasonal shifts and potential interactions in a
marine community. Nat. Commun. 11, 1–9. (doi:10.
1038/s41467-019-14105-1)
39. Juhel J-B et al. 2020 Accumulation curves of
environmental DNA sequences predict coastal fish
diversity in the coral triangle. Proc. R. Soc. B 287,
20200248. (doi:10.1098/rspb.2020.0248)
40. Sigsgaard EE et al. 2020 Using vertebrate
environmental DNA from seawater in biomonitoring
of marine habitats. Conserv. Biol. 34, 697–710.
(doi:10.1111/cobi.13437)
41. Marques V, Milhau T, Albouy C, Dejean T, Manel S,
Mouillot D, Juhel J. 2021 GAPeDNA: assessing and
mapping global species gaps in genetic databases
for eDNA metabarcoding. Divers. Distrib. 00, 1–13.
(doi:10.1111/ddi.13142)
42. Baselga A. 2010 Partitioning the turnover and
nestedness components of beta diversity. Glob. Ecol.
Biogeogr. 19, 134–143. (doi:10.1111/j.1466-8238.
2009.00490.x)
43. Baselga A, Leprieur F. 2015 Comparing methods to
separate components of beta diversity. Methods
Ecol. Evol. 6, 1069–1079. (doi:10.1111/2041-210X.
12388)
44. Lamb RW, Johnson DW. 2010 Trophic restructuring
of coral reef fish communities in a large marine
reserve. Mar. Ecol. Prog. Ser. 408, 169–180. (doi:10.
3354/meps08509)
45. Graham NAJ, McClanahan TR, MacNeil MA,
Wilson SK, Cinner JE, Huchery C, Holmes TH.
2017 Human disruption of coral reef trophic
structure. Curr. Biol. 27, 231–236. (doi:10.1016/j.
cub.2016.10.062)
46. Hixon MA. 1986 Fish predation and local prey
diversity. In Contemporary studies on fish feeding:
the proceedings of GUTSHOP ‘84 (eds CA Simenstad,
GM Cailliet), pp. 235–258. Dordrecth: Springer.
47. Johnston NK, Pu Z, Jiang L. 2016 Predator identity
influences metacommunity assembly. J. Anim. Ecol.
85, 1161–1170. (doi:10.1111/1365-2656.12551)
48. Almany GR, Peacock LF, Syms C, McCormick MI,
Jones GP. 2007 Predators target rare prey in coral
reef fish assemblages. Oecologia 152, 751–761.
(doi:10.1007/s00442-007-0693-3)
49. Myers RA, Worm B. 2003 Rapid worldwide
depletion of large predatory fish communities.
Nature 423, 280–283. (doi:10.1038/nature01610)
50. Takashina N, Mougi A, Iwasa Y. 2012 Paradox of
marine protected areas: suppression of fishing may
cause species loss. Popul. Ecol. 54, 475–485.
(doi:10.1007/s10144-012-0323-8)
51. Steele MA, Forrester GE. 2002 Early postsettlement
predation on three reef fishes: effects on spatial
patterns of recruitment. Ecology 83, 1076–1091.
(doi:10.1890/0012-9658(2002)083[1076:EPPOTR]2.0.
CO;2)
52. Goatley CHR, González-Cabello A, Bellwood DR.
2017 Small cryptopredators contribute to high
predation rates on coral reefs. Coral Reefs 36,
207–212. (doi:10.1007/s00338-016-1521-1)
53. Brandl SJ et al. 2019 Demographic dynamics of the
smallest marine vertebrates fuel coral-reef

9

Proc. R. Soc. B 288: 20210112

13.

25.

beta diversity of Mexican birds. Divers. Distrib. 22,
1245–1254. (doi:10.1111/ddi.12483)
Costello MJ, Ballantine B. 2015 Biodiversity
conservation should focus on no-take marine
reserves: 94% of marine protected areas allow
fishing. Trends Ecol. Evol. 30, 507–509. (doi:10.
1016/j.tree.2015.06.011)
Caselle JE, Rassweiler A, Hamilton SL, Warner RR.
2015 Recovery trajectories of kelp forest animals are
rapid yet spatially variable across a network of
temperate marine protected areas. Sci. Rep. 5,
1–14. (doi:10.1038/srep14102)
Sala E, Giakoumi S. 2018 No-take marine reserves
are the most effective protected areas in the ocean.
ICES J. Mar. Sci. 75, 1166–1168. (doi:10.1093/
icesjms/fsx059)
Campbell SJ, Darling ES, Pardede S, Ahmadia G,
Mangubhai S, Amkieltiela E, Maire E. 2020 Fishing
restrictions and remoteness deliver conservation
outcomes for Indonesia’s coral reef fisheries.
Conserv. Lett. 13, e12698. 1–9. (doi:10.1111/conl.
12698)
Bates AE et al. 2019 Climate resilience in marine
protected areas and the ‘Protection Paradox’. Biol.
Conserv. 236, 305–314. (doi:10.1016/j.biocon.2019.
05.005)
Boussarie G et al. 2018 Environmental DNA
illuminates the dark diversity of sharks. Sci. Adv. 4,
eaap9661. (doi:10.1126/sciadv.aap9661)
Brandl SJ, Goatley CHR, Bellwood DR, Tornabene L.
2018 The hidden half: ecology and evolution of
cryptobenthic fishes on coral reefs. Biol. Rev. 93,
1846–1873. (doi:10.1111/brv.12423)
Pearman JK, Anlauf H, Irigoien X, Carvalho S. 2016
Please mind the gap - visual census and cryptic
biodiversity assessment at central Red Sea coral
reefs. Mar. Environ. Res. 118, 20–30. (doi:10.1016/j.
marenvres.2016.04.011)
Stat M, John J, DiBattista JD, Newman SJ, Bunce M,
Harvey ES. 2018 Combined use of eDNA
metabarcoding and video surveillance for the
assessment of fish biodiversity. Conserv. Biol. 33,
196–205. (doi:10.1111/cobi.13183)
Afzali SF, Bourdages H, Laporte M, Mérot C,
Normandeau E, Audet C, Bernatchez L. 2020
Comparing environmental metabarcoding and
trawling survey of demersal fish communities in the
Gulf of St. Lawrence, Canada. Environ. DNA 3,
22–42. (doi:10.1002/edn3.111)
Thomsen PF, Willerslev E. 2015 Environmental DNA
- an emerging tool in conservation for monitoring
past and present biodiversity. Biol. Conserv. 183,
4–18. (doi:10.1016/j.biocon.2014.11.019)
Harrison JB, Sunday JM, Rogers SM. 2019
Predicting the fate of eDNA in the environment
and implications for studying biodiversity.
Proc. R. Soc. B 286, 20191409. (doi:10.1098/rspb.
2019.1409)
Dressler TL, Lafferty KD, Jerde CL, Dudley T. 2020
Looking where it’s hard to see: a case study
documenting rare Eucyclogobius newberryi presence
in a California lagoon. J. Fish Biol. 97, 572–576.
(doi:10.1111/jfb.14401)

royalsocietypublishing.org/journal/rspb

10.

Dornelas M, Gotelli NJ, Shimadzu H, Moyes F,
Magurran AE, McGill BJ. 2019 A balance of winners
and losers in the Anthropocene. Ecol. Lett. 22,
847–854. (doi:10.1111/ele.13242)
Vellend M. 2017 The biodiversity conservation
paradox. Am. Sci. 105, 94. (doi:10.1511/2017.125.94)
Roxburgh SH, Shea K, Wilson JB. 2004
The intermediate disturbance hypothesis:
patch dynamics and mechanisms of species
coexistence. Ecology 85, 359–371. (doi:10.1890/030266)
Dinerstein E et al. 2019 A global deal for nature:
guiding principles, milestones, and targets. Sci. Adv.
5, 1–18. (doi:10.1126/sciadv.aaw2869)
Pimm SL, Jenkins CN, Li BV. 2018 How to protect
half of earth to ensure it protects sufficient
biodiversity. Sci. Adv. 4, 1–9. (doi:10.1126/sciadv.
aat2616)
Maxwell SL et al. 2020 Area-based conservation in
the twenty-first century. Nature 586, 217–227.
(doi:10.1038/s41586-020-2773-z)
Cinner JE et al. 2018 Gravity of human impacts
mediates coral reef conservation gains. Proc. Natl
Acad. Sci. USA 115, E6116–E6125. (doi:10.1073/
pnas.1708001115)
Boakes EH, Fuller RA, McGowan PJK. 2019 The
extirpation of species outside protected areas.
Conserv. Lett. 12, 1–7. (doi:10.1111/conl.12608)
Lester SE, Halpern BS, Grorud-Colvert K,
Lubchenco J, Ruttenberg BI, Gaines SD, Airamé S,
Warner RR. 2009 Biological effects within no-take
marine reserves: a global synthesis. Mar.
Ecol. Prog. Ser. 384, 33–46. (doi:10.3354/
meps08029)
Gray CL et al. 2016 Local biodiversity is higher
inside than outside terrestrial protected areas
worldwide. Nat. Commun. 7, 1–7. (doi:10.1038/
ncomms12306)
Coleman MA, Bates AE, Stuart-Smith RD, Malcolm
HA, Harasti D, Jordan A, Knott NA, Edgar GJ,
Kelaher BP. 2015 Functional traits reveal early
responses in marine reserves following protection
from fishing. Divers. Distrib. 21, 876–887. (doi:10.
1111/ddi.12309)
Edgar GJ et al. 2014 Global conservation outcomes
depend on marine protected areas with five key
features. Nature 506, 216–220. (doi:10.1038/
nature13022)
Giakoumi S et al. 2017 Ecological effects of full and
partial protection in the crowded Mediterranean
Sea: a regional meta-analysis. Sci. Rep. 7, 1–12.
(doi:10.1038/s41598-017-08850-w)
Gardner TA, Caro T, Fitzherbert EB, Banda T, Lalbhai
P. 2007 Conservation value of multiple-use areas in
East Africa. Conserv. Biol. 21, 1516–1525. (doi:10.
1111/j.1523-1739.2007.00794.x)
Cazalis V, Princé K, Mihoub JB, Kelly J, Butchart
SHM, Rodrigues ASL. 2020 Effectiveness of
protected areas in conserving tropical forest birds.
Nat. Commun. 11, 1–8. (doi:10.1038/s41467-02018230-0)
Hiley JR, Bradbury RB, Thomas CD. 2016 Impacts of
habitat change and protected areas on alpha and

55.

56.

Downloaded from https://royalsocietypublishing.org/ on 03 May 2021

58.

59.

60.

61.

62.

63.

64.

65.

66.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.
90.
91.

92.
93.
94.

95.

metabarcoding. Mol. Ecol. 25, 929–942. (doi:10.
1111/mec.13428)
Froese R, Pauly D. 2021 See www.fishbase.org
(accessed on 15 February 2021).
Leinonen R et al. 2011 The European nucleotide
archive. Nucleic Acids Res. 39, D28–D31. (doi:10.
1093/nar/gkq967)
Thomsen PF, Møller PR, Sigsgaard EE, Knudsen SW,
Jørgensen OA, Willerslev E. 2016 Environmental
DNA from seawater samples correlate with trawl
catches of subarctic, deepwater fishes. PLoS ONE 11,
1–22. (doi:10.1371/journal.pone.0165252)
Boyer F, Mercier C, Bonin A, Le Bras Y, Taberlet P,
Coissac E. 2016 Obitools: a unix-inspired software
package for DNA metabarcoding. Mol. Ecol. Resour.
16, 176–182. (doi:10.1111/1755-0998.12428)
Bellemain E, Carlsen T, Brochmann C, Coissac E,
Taberlet P, Kauserud H. 2010 ITS as an
environmental DNA barcode for fungi: an in silico
approach reveals potential PCR biases. BMC
Microbiol. 10, 189. (doi:10.1186/1471-2180-10-189)
Ficetola GF, Coissac E, Zundel S, Riaz T, Shehzad W,
Bessière J, Taberlet P, Pompanon F. 2010 An in silico
approach for the evaluation of DNA barcodes. BMC
Genomics 11, 434. (doi:10.1186/1471-2164-11-434)
Albouy C et al. 2015 FishMed: traits, phylogeny,
current and projected species distribution of
Mediterranean fishes, and environmental data.
Ecology 96, 2312–2313. (doi:10.1890/14-2279.1)
Cheung WWL, Pitcher TJ, Pauly D. 2005 A fuzzy
logic expert system to estimate intrinsic extinction
vulnerabilities of marine fishes to fishing. Biol.
Conserv. 124, 97–111. (doi:10.1016/j.biocon.2005.
01.017)
Baselga A, Orme CDL. 2012 Betapart: an R package
for the study of beta diversity. Methods Ecol. Evol. 3,
808–812. (doi:10.1111/j.2041-210X.2012.00224.x)
Oksanen J et al. 2016 vegan: Community Ecology
Package. R Packag. version 2.4-1.
Leeper TJ. 2018 margins: Marginal Effects for Model
Objects. R Packag. version 0.3.23.
Legendre P, Oksanen J, ter Braak CJF. 2011 Testing
the significance of canonical axes in redundancy
analysis. Methods Ecol. Evol. 2, 269–277. (doi:10.
1111/j.2041-210X.2010.00078.x)
Legendre P, Legendre L. 2012 Numerical ecology,
3rd edn. Amsterdam: Elsevier Science BV.
R Core Team. 2019 R: a language and environment
for statistical computing.
Boulanger E et al. 2021 Data from: Environmental
DNA metabarcoding reveals and unpacks a
biodiversity conservation paradox in Mediterranean
marine reserves. Dryad Digital Repository. (doi:10.
5061/dryad.18931zcx1)
Boulanger E et al. 2021 Data from: Environmental
DNA metabarcoding reveals and unpacks a
biodiversity conservation paradox in Mediterranean
marine reserves. Dryad Digital Repository. (doi:10.
5061/dryad.j9kd51cbr)

10

Proc. R. Soc. B 288: 20210112

57.

67.

kelp forest ecosystem using environmental
DNA. Mol. Ecol. 25, 527–541. (doi:10.1111/mec.
13481)
Jeunen GJ, Knapp M, Spencer HG, Lamare MD,
Taylor HR, Stat M, Bunce M, Gemmell NJ. 2019
Environmental DNA (eDNA) metabarcoding reveals
strong discrimination among diverse marine
habitats connected by water movement. Mol. Ecol.
Resour. 19, 426–438. (doi:10.1111/1755-0998.
12982)
Nguyen BN et al. 2020 Environmental DNA survey
captures patterns of fish and invertebrate diversity
across a tropical seascape. Sci. Rep. 10, 1–14.
(doi:10.1038/s41598-020-63565-9)
Gold Z, Sprague J, Kushner DJ, Zerecero Marin E,
Barber PH. 2021 eDNA metabarcoding as a
biomonitoring tool for marine protected areas. PLoS
ONE 16, e0238557. (doi:10.1371/journal.pone.
0238557)
Ellingsen KE, Yoccoz NG, Tveraa T, Frank KT,
Johannesen E, Anderson MJ, Dolgov AV, Shackell NL.
2020 The rise of a marine generalist predator and
the fall of beta diversity. Glob. Chang. Biol. 26,
2897–2907. (doi:10.1111/gcb.15027)
Wang S, Loreau M. 2016 Biodiversity and ecosystem
stability across scales in metacommunities. Ecol.
Lett. 19, 510–518. (doi:10.1111/ele.12582)
Winfree R, Reilly JR, Bartomeus I, Cariveau DP,
Williams NM, Gibbs J. 2018 Species turnover
promotes the importance of bee diversity for crop
pollination at regional scales. Science 359,
791–793. (doi:10.1126/science.aao2117)
Whittaker RH. 1972 Evolution and measurement of
species diversity. Taxon 21, 213–251. (doi:10.2307/
1218190)
Magurran AE, Dornelas M, Moyes F, Gotelli NJ,
McGill B. 2015 Rapid biotic homogenization of
marine fish assemblages. Nat. Commun. 6, 8405.
(doi:10.1038/ncomms9405)
Coll M et al. 2010 The biodiversity of the Mediterranean
Sea: estimates, patterns, and threats. PLoS ONE 5,
e11842. (doi:10.1371/journal.pone.0011842)
Micheli F, Halpern BS, Walbridge S, Ciriaco S,
Ferretti F, Fraschetti S, Lewison R, Nykjaer L,
Rosenberg AA. 2013 Cumulative human impacts
on Mediterranean and Black Sea marine
ecosystems: assessing current pressures and
opportunities. PLoS ONE 8, e79889. (doi:10.1371/
journal.pone.0079889)
Claudet J, Loiseau C, Sostres M, Zupan M. 2020
Underprotected marine protected areas in a global
biodiversity hotspot. One Earth 2, 380–384. (doi:10.
1016/j.oneear.2020.03.008)
Pont D et al. 2018 Environmental DNA reveals
quantitative patterns of fish biodiversity in large
rivers despite its downstream transportation. Sci.
Rep. 8, 1–13. (doi:10.1038/s41598-018-28424-8)
Valentini A et al. 2016 Next-generation monitoring
of aquatic biodiversity using environmental DNA

royalsocietypublishing.org/journal/rspb

54.

ecosystem functioning. Science 402, eaav3384.
(doi:10.1126/science.aav3384)
Willis T. 2001 Visual census methods underestimate
density and diversity of cryptic reef fishes. J. Fish
Biol. 59, 1408–1411. (doi:10.1006/jfbi.2001.1721)
Stier AC, Hanson KM, Holbrook SJ, Schmitt RJ,
Brooks AJ. 2014 Predation and landscape
characteristics independently affect reef fish
community organization. Ecology 95, 1294–1307.
(doi:10.1890/12-1441.1)
Morais RA, Bellwood DR. 2019 Pelagic subsidies
underpin fish productivity on a degraded coral reef.
Curr. Biol. 29, 1521–1527.e6. (doi:10.1016/j.cub.
2019.03.044)
Lees AC, Pimm SL. 2015 Species, extinct before we
know them? Curr. Biol. 25, R177–R180. (doi:10.
1016/j.cub.2014.12.017)
DiBattista JD, Reimer JD, Stat M, Masucci GD, Biondi
P, De Brauwer M, Wilkinson SP, Chariton AA, Bunce
M. 2020 Environmental DNA can act as a
biodiversity barometer of anthropogenic pressures in
coastal ecosystems. Sci. Rep. 10, 8365. (doi:10.1038/
s41598-020-64858-9)
Alexander JB et al. 2020 Development of a multiassay approach for monitoring coral diversity using
eDNA metabarcoding. Coral Reefs 39, 159–171.
(doi:10.1007/s00338-019-01875-9)
Collins RA, Wangensteen OS, O’Gorman EJ, Mariani
S, Sims DW, Genner MJ. 2018 Persistence of
environmental DNA in marine systems. Commun.
Biol. 1, 185. (doi:10.1038/s42003-018-0192-6)
Wang S, Yan Z, Hänfling B, Zheng X, Wang P, Fan J,
Li J. 2021 Methodology of fish eDNA and its
applications in ecology and environment. Sci. Total
Environ. 755, 142622. (doi:10.1016/j.scitotenv.2020.
142622)
Hansen BK, Bekkevold D, Clausen LW, Nielsen EE.
2018 The sceptical optimist: challenges and
perspectives for the application of environmental
DNA in marine fisheries. Fish Fish. 19, 751–768.
(doi:10.1111/faf.12286)
Andruszkiewicz EA, Zhang WG, Lavery A,
Govindarajan A. 2020 Environmental DNA shedding
and decay rates from diverse animal forms and
thermal regimes. Environ. DNA 3, 492–514. (doi:10.
1002/edn3.141)
Murakami H et al. 2019 Dispersion and degradation
of environmental DNA from caged fish in a marine
environment. Fish. Sci. 85, 327–337. (doi:10.1007/
s12562-018-1282-6)
West KM, Stat M, Harvey ES, Skepper CL, DiBattista
JD, Richards ZT, Travers MJ, Newman SJ, Bunce M.
2020 eDNA metabarcoding survey reveals fine-scale
coral reef community variation across a remote,
tropical island ecosystem. Mol. Ecol. 29, 1069–1086.
(doi:10.1111/mec.15382)
Port JA, O’Donnell JL, Romero-Maraccini OC, Leary
PR, Litvin SY, Nickols KJ, Yamahara KM, Kelly RP.
2016 Assessing vertebrate biodiversity in a

