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Significance

Environmental DNA (eDNA) is 
emerging as a popular tool for 
biodiversity monitoring, as it 
allows organisms to be detected 
from environmental samples. We 
compare the use of eDNA and 
underwater visual census surveys 
in informing priority areas for 
coral reef biodiversity 
conservation in Indonesia’s 
hyper-diverse Wallacea region. 
We find that different areas are 
identified when planning is 
informed by either method in 
isolation. The two survey 
methods show low overlap in 
species detection and identify 
some different taxonomic 
groups, suggesting that both 
methods should be deployed in a 
complementary assessment of 
biodiversity. Our analysis 
emphasizes the urgency for more 
collaborations in the region to 
address deficient taxonomic 
reference information, which 
hampers the application of 
eDNA.
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Combining environmental DNA and visual surveys can inform 
conservation planning for coral reefs
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Prakas Santosoi, Frensly D. Hukomj,k, Matthew Struebigb , Jamaluddin Jompah , Gino Limmonf,k , Alex Dumbrellc,2 , and Maria Begera,l,2

Edited by Bruce Alberts, University of California, San Francisco, CA; received May 31, 2023; accepted November 14, 2023

Environmental DNA (eDNA) metabarcoding has the potential to revolutionize conser-
vation planning by providing spatially and taxonomically comprehensive data on biodi-
versity and ecosystem conditions, but its utility to inform the design of protected areas 
remains untested. Here, we quantify whether and how identifying conservation priority 
areas within coral reef ecosystems differs when biodiversity information is collected 
via eDNA analyses or traditional visual census records. We focus on 147 coral reefs in 
Indonesia’s hyper-diverse Wallacea region and show large discrepancies in the allocation 
and spatial design of conservation priority areas when coral reef species were surveyed 
with underwater visual techniques (fishes, corals, and algae) or eDNA metabarcoding 
(eukaryotes and metazoans). Specifically, incidental protection occurred for 55% of 
eDNA species when targets were set for species detected by visual surveys and 71% vice 
versa. This finding is supported by generally low overlap in detection between visual 
census and eDNA methods at species level, with more overlap at higher taxonomic 
ranks. Incomplete taxonomic reference databases for the highly diverse Wallacea reefs, 
and the complementary detection of species by the two methods, underscore the current 
need to combine different biodiversity data sources to maximize species representation 
in conservation planning.

eDNA | spatial prioritization | Wallacea | marine spatial planning | coral reef biodiversity

Monitoring biodiversity via sampling environmental DNA (eDNA) has the potential to 
revolutionize conservation management (1–3). The DNA which organisms shed into their 
surroundings via skin cells, saliva, urine, feces, or other pathways can be detected 
non-invasively in samples taken from the environment (4), the fragments of which are 
then matched to reference databases to obtain taxonomic identities (e.g., species). As 
extra-cellular DNA is generally quick to break down in situ (ranging from hours to days 
in open water, but can last for thousands of years when preserved in sediments), the 
detection of DNA is interpreted as a spatiotemporally explicit signal of an organisms’ 
presence (2, 5). Detection is not limited to single species, as samples can provide records of 
entire communities using metabarcoding, whereby universal primers bind to regions of 
genes that are conserved across taxa (6). Ongoing research efforts are addressing some of 
the limitations of eDNA metabarcoding (e.g., establishing universally accepted best prac-
tice protocols and improving reference databases) in order to generate highly comprehen-
sive and spatially explicit data over wide geographic areas to help identify areas of high 
conservation priority (2).

eDNA analysis is particularly suited to study and manage hyper-diverse ecosystems, 
including coral reefs (6). Coral reefs host between one-quarter and one-third of marine 
biodiversity yet traditional methods of surveying reef diversity often focus on a subset of 
large and well-studied taxonomic groups as surrogates (7). For example, underwater visual 
census (UVC) is conducted by a group of experts whilst diving, typically for fish (8). 
However, individual taxonomic expertise and detectability of species limit which taxa can 
be recorded, with a bias against certain groups, such as cryptic or shy species (9). As visual 
census is also time and resource-intensive, the geographic area covered tends to be limited, 
resulting in patchy data. Given the ongoing loss and degradation of coral reefs worldwide 
(10), eDNA metabarcoding surveys can help address the urgent need for detailed, exten-
sive, and rapid biodiversity surveys to effectively allocate conservation resources (3, 6, 11).

Amongst the world’s coral reefs, the Wallacea region in Indonesia and Timor-Leste 
stands out. Wallacea is renowned for its unparalleled levels of endemism and biodiversity 
and is therefore a region of high conservation concern (Fig. 1) (12–14). Complex geo-
logical processes and island effects have led to widespread speciation and ecological 
diversification, with new species still being discovered (15). At the same time, economic 
development centered on natural resource exploitation is widespread in both marine and 

OPEN ACCESS

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 8
0.

44
.1

90
.1

69
 o

n 
A

pr
il 

16
, 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

80
.4

4.
19

0.
16

9.

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.un.org/geospatial/mapsgeo
https://www.un.org/geospatial/mapsgeo
mailto:dominic.muenzel@gmail.com
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2307214121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2307214121/-/DCSupplemental
mailto:
https://orcid.org/0000-0002-7158-7748
https://orcid.org/0000-0001-7195-6446
https://orcid.org/0000-0002-9592-979X
https://orcid.org/0000-0002-6535-9482
https://orcid.org/0000-0003-1158-7938
https://orcid.org/0000-0003-2058-8502
https://orcid.org/0000-0001-9740-333X
https://orcid.org/0000-0003-3030-7022
https://orcid.org/0000-0001-6282-3043
https://orcid.org/0000-0003-1363-3571
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2307214121&domain=pdf&date_stamp=2024-4-11


2 of 8   https://doi.org/10.1073/pnas.2307214121� pnas.org

terrestrial realms (16, 17). Given the ecological importance of 
the region, eDNA could greatly facilitate the documentation and 
monitoring of Wallacea’s unique and threatened biodiversity (12). 
In Indonesia, eDNA metabarcoding has experienced some success 

as a means to increase the number of fish species recorded and 
by revealing community structure patterns in coral reefs (11, 18), 
as well as for other taxa such as echinoderms, molluscs, and 
chordates (19).
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Fig. 1. Map of Wallacea biogeographical region. (A) Coral reef sites surveyed using either UVC, eDNA metabarcoding, or both. (B) Differences in conservation 
priorities when targets are set for species recorded by UVC or eDNA with a histogram showing the distribution of the changes.D
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Coral reef biodiversity data are a prerequisite in conservation 
planning to design protected areas. Spatially explicit data on species 
distributions, for example, from visual census, can identify areas 
that will return the greatest conservation benefits if protected (20). 
Spatial conservation planning often utilizes spatial prioritization 
software that uses transparent, reproducible algorithms to balance 
ecological and socioeconomic objectives (21). Complementary 
sites that capture regional biodiversity at the lowest combined cost 
are identified as potential conservation areas. However, there is 
currently no consistent framework for translating eDNA data into 
spatial prioritization plans (1). As eDNA metabarcoding can pro-
vide much higher information content than traditional survey 
techniques, it is unclear whether similar areas would be prioritized 
if the conservation objective was to protect regional biodiversity.

In this study, we compare conservation priority sites arising 
from visual census and eDNA metabarcoding biodiversity surveys 
of coral reefs in the Wallacea region. First, we explore similarities 
in the detection of taxonomic groups at reefs surveyed by both 
methods. Next, we develop a framework of how to use eDNA 
data in conservation planning. We model species prevalence data 
across space and design protected area systems that protect 30% 
target of each species’ distribution across Wallacea, in line with 
global 30% by 2030 targets (22). We compare three separate 
objectives, where we identify priority areas for protecting only 
species recorded by visual census, eDNA, or both. For each objec-
tive, we determine the extent that species only recorded by a single 
method are captured. Given the exponential rise of eDNA mon-
itoring and its untested potential to inform conservation, we 
benchmark the yet unrealized opportunity to use big eDNA data-
sets in conservation planning.

Results

Comparison of Species Detection. We surveyed 147 coral reef 
sites across the Wallacea archipelago in Indonesia between June 
2019 and April 2021 (Fig. 1A). At 46 sites, we conducted visual 
census with experts counting fish, coral, and algae species. At 36 
of the 46 sites, eDNA metabarcoding was conducted for water 
samples using universal primers that targeted the 18S and COI 
genes to capture most eukaryotes and metazoans, respectively. The 
additional 101 sites across Wallacea were surveyed using eDNA 
methods only. Across sites surveyed by both methods, visual census 
and eDNA identified 993 and 2,073 unique species, respectively, 
of which 191 were identified by both (SI Appendix, Table S1). 
eDNA metabarcoding data were clustered into Operational 
Taxonomic Units (OTUs), a method of grouping together DNA 
sequences from taxonomically similar organisms to identify them 
to a given taxonomic level based on DNA sequence similarity, 
which in this case (at 97% similarity) is approximately equivalent 
to a species. Here, 17% of OTUs were matched to species in 
existing databases. eDNA methods generally identified a much 
greater taxonomic breadth including fungi, protists, and animals 
which were not visually recorded (Fig. 2A).

At all sites, co-detection by both methods was relatively low at 
species level but increased with higher taxonomic ranks (Fig. 2 B 
and C). Species observed visually at a given site were only detected 
by eDNA an average of 5% (±2% SD), 12% (±6% SD), and 6% 
(±11% SD) of the time for coral, fish, and macroalgae (Fig. 2B). 
In part, this is caused by species whose representative OTU could 
not be identified due to missing or incomplete records in taxonomic 
databases (23). Detection of co-detected or shared taxonomic 
groups, for example, a species or genus which both survey methods 
were capable of detecting in at least one of the 36 sites, was also 
low at species level, increasing with taxonomic rank (Fig. 2C). 

Species which were detected by both eDNA and visually were 
co-detected at the same site only 24% (±7 SD) of the time. Averaged 
across all sites, 53% (±12 SD) of shared species were detected by 
visual census only, compared to 23% (±8 SD) by eDNA only.

Detection of fishes by either visual census or eDNA metabar-
coding was related to their position in the water column 
(SI Appendix, Fig. S1). Pelagic and demersal species were detected 
more often by eDNA than visually, whilst cnidarian-associated 
species were detected more often by both methods than would be 
expected by chance (χ2

d.f.=16 = 515.39, P < 0.001). Detection of a 
species by both methods at a given site did not guarantee 
co-detection in other sites (SI Appendix, Fig. S1A).

Species Distribution Modeling and Spatial Prioritization. We 
built species distribution models (SDMs) for recorded species 
across 1-km2 coral reef habitat pixels (24) using environmental and 
human population covariates. SDMs were successfully generated 
for 116 and 185 species for visual census and eDNA, respectively, 
with an overlap of nine species (SI Appendix, Table S2).

To assess how conservation priorities differ when planning with 
information from either survey method, we used the SDMs in a 
spatial prioritization analysis. We used a conservation planning 
tool to design a cost-efficient system of protected areas that 
accounted for existing levels of protection. We assumed the imple-
mentation of strict no-take protected areas that excluded fishing 
and calculated a unitless metric of fishery displacement to account 
for spatial differences in the opportunity cost of protection. The 
prioritization analysis minimized this cost whilst meeting targets 
of 30% protection for species identified by either visual census, 
eDNA, or both survey methods.

Overall, the agreement between solutions was considered “slight” 
to “moderate” when comparing how often areas were selected across 
100 repeat protected area systems (i.e., selection frequency). 
Cohen’s Kappa values (25), where a value of 1 indicates full agree-
ment and a value of 0 indicates no agreement beyond chance, were 
0.12, 0.34, and 0.43 between solutions of visually detected and 
eDNA, visually detected and both, and eDNA and both, respec-
tively. The fishery displacement cost of the top ten solutions with 
the lowest scores was lowest if targets were set for visually detected 
species only (11,753 ±17 SD), 2% higher for eDNA species only 
(11,988 ±4 SD), and 4% higher for both (12,277 ±9 SD). The area 
of reef covered by these scenarios was 31.95% ±0.04 SD, 31.51% 
±0.03 SD, and 32.73% ±0.04 SD. Meanwhile, the number of 
species for which targets were set were 116, 185, and 301, respec-
tively, meaning that the cost and area increase did not directly scale 
with the increase in number of species.

Solutions were partially successful in protecting species even if 
targets were not set for them specifically (Fig. 3). If spatial prior-
itization targets were set for visually detected species only, 55% 
of eDNA species also met or exceeded the target level of protec-
tion. The most frequent taxonomic classes of eDNA species for 
which targets were unmet were ray-finned fish (Actinopteri 11 
spp.), copepods (Hexanauplia 10 spp.), brown algae (Phaeophyceae 
8 spp.), and gastropods (Gastropoda 8 spp.). If spatial prioritiza-
tion targets were set for eDNA species only, 71% of visually 
detected species also met or exceeded the target level of protection. 
Visually detected species below the target level of protection 
belonged mainly to the fish families of wrasses (Labridae 7 spp.), 
damselfishes and clownfishes (Pomacentridae 7 spp.), and snappers 
(Lutjanidae 4 spp.) and coral families of Merulinidae (3 spp.) and 
Acroporidae (2 spp.) (SI Appendix, Table S3) which are all poorly 
represented in the DNA sequence taxonomy databases.

Spatial prioritization identified some overlapping conservation 
priorities when targets were set either for visually detected or D
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eDNA species (Fig. 1B). Areas including north of Muna Island in 
Southeast Sulawesi and the southern side of East Nusa Tenggara 
were higher priorities for the visual census scenario, whilst areas 
including south of Seram Island were higher priorities for the 
eDNA scenario.

Discussion

Here, we demonstrate how eDNA metabarcoding can comple-
ment traditional coral reef biodiversity survey techniques to 
inform protected area design in hyper-diverse marine regions such 
as Wallacea. We identified a greater overall taxonomic diversity 
across coral reef sites with eDNA targeting the COI and 18S genes 
compared to visual census, yet both methods identified unique 
taxonomic groups not detected by the other. By spatially extrap-
olating survey data with SDMs and identifying priority areas for 
conservation, we found a low overlap in areas identified depending 
on whether conservation targets were set for species identified by 

visual census or eDNA. A greater proportion of visual census 
species were incidentally protected when targets were set for eDNA 
species than vice versa, at 71% compared to 55%. If only one 
survey method were to be used to inform priority areas, then 
eDNA provides a more comprehensive choice for greater overall 
protection of biodiversity. However, genera important for fisheries 
in Indonesia, such as Lutjanus and Scarus (26), were inadequately 
protected if conservation priorities were set by eDNA records 
alone (Fig. 3 and SI Appendix, Table S3). Meanwhile groups such 
as gastropods recorded in eDNA surveys were inadequately pro-
tected if priorities were set by visual census records only 
(SI Appendix, Table S3). Taken together, the difference in identi-
fied taxa, low probability of co-detection, and moderate incidental 
protection suggest that both visual census and eDNA survey data 
should be used in combination to inform protected area design.

Our spatial prioritization scenarios had the objective to protect 
30% of the distribution of each identified species, assuming that 
it is desirable to protect the entire breadth of biodiversity (27). 

Fig. 2. Comparison of the marine taxonomic diversity identified by visual census and eDNA metabarcoding of the COI and 18S genes across 36 surveyed sites 
in the Wallacea region. (A) Phylogenetic tree pruned at genus level showing genera identified by either eDNA (violet), visual census (turquoise), or both methods 
(black) across all sites. (B) Percentage of taxonomic groups identified by visual census that were also identified by eDNA at individual sites by corals (orange), 
fish (blue), and macroalgae (green). (C) Detection of shared taxonomic groups (SI Appendix, Table S1) by either one or both methods at individual sites.
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This is more conservative than the 30% by 2030 target which calls 
for 30% of terrestrial and marine areas to be protected (22), rather 
than 30% of all species distributions. Despite this, our solutions 
had a similar spatial coverage by selecting between 32 and 33% 
of the available reef areas. There is value in protecting wider bio-
diversity, as species interactions and “hidden” diversity (e.g., 
microbial diversity) sustain ecosystem resilience, functioning, and 
integrity (28, 29). As visual census and eDNA detected different 
taxonomic groups, the greatest protection of regional biodiversity 
would be achieved by combining the two datasets to set conser-
vation targets. This approach could also protect more varied eco-
logical niches and a greater functional trait space, the phenotypic 
space occupied by a set of species that determines their effect on 
processes and responses to environmental factors (30), since dif-
ferent survey techniques may be biased toward different func-
tional groups. Setting conservation targets for species surveyed by 
both techniques only increased the cost of protected area solutions 
by 4%, suggesting that protected areas need not be substantially 
more expensive to protect greater levels of biodiversity.

If sufficient information about species’ ecologies and conserva-
tion status are available, targets in conservation planning may be 
modified accordingly. Not all taxa identified in eDNA samples 
are equally important to protect. Different taxa contribute to eco-
system functioning in different ways. For example, keystone spe-
cies are important as they can have a disproportionately large role 
with many downstream effects (31), whereas other species may be 
less important if there is high functional redundancy and multiple 
species fulfill similar functions (32). Prevalence and extinction risk 
will also determine the importance of protecting a species. Given 
the wealth of information eDNA metabarcoding generates, man-
agers must consider which groups are important and why, as well 
as what they indicate. Some taxa may also be indicators of areas 
undesirable for protection, such as certain bacteria found in sewage 
pollution (33).

Apart from conserving biodiversity, marine-protected areas are 
often designed with additional goals. These include supporting 
sustainable fisheries by providing spawning and nursery grounds, 
granting exclusive access rights to local users, generating income 
from tourism, restricting extractive activities to allow ecosystem 

restoration, and enhancing ecosystem services such as carbon 
sequestration and erosion control (14, 34, 35). Although goals 
may complement each other, they may also come into conflict. 
For example, criteria for long-term population persistence within 
protected areas often conflict with criteria for fishery spillover (i.e., 
the movement of individuals from protected to fished areas) (36). 
Indonesian marine-protected areas have a dual purpose of con-
serving biodiversity and supporting fisheries, with not all zoning 
categories being strictly no-take as our cost calculation assumes. 
By minimizing fishery displacement cost, our analysis reflects this 
need to mitigate conflict. Additionally, our approach of protecting 
overall biodiversity may also indirectly support fisheries as biodi-
versity is amongst the strongest predictors of reef fish biomass 
(37), assuming sufficient spillover.

eDNA sampling and SCUBA-based visual surveys differ in 
some major respects which have implications for their use. Costs 
for eDNA sampling can be lower than for visual surveys (38), 
although this greatly depends on available infrastructure and 
equipment for either biomonitoring method. Visual survey costs 
remain relatively unchanging across time, but eDNA costs are 
expected to decrease as more commercial laboratories which pro-
cess collected samples are established (38). SCUBA visual surveys 
are more constrained by weather, ocean conditions, and personnel, 
and the remoteness of many of the world’s coral reef may favor 
methods requiring fewer equipment and personnel (39). eDNA 
metabarcoding samples have the advantage that they can be pre-
served, archived, and reanalyzed in the future when methods and 
databases are updated, allowing data to be used dynamically. 
Although eDNA captures a large amount of biodiversity which 
can reveal large-scale ecological patterns, much of this diversity is 
for unnamed species until databases improve. In contrast, visual 
survey data are generally species or genus-specific but less taxo-
nomically comprehensive.

One obstacle we encountered in using survey data to identify 
priority conservation areas was that single SDMs were successful 
for few of the recorded species (12 and 9% of visually detected 
and eDNA species, respectively). Rare or threatened species have 
low prevalence, which can result in sample sizes too small to build 
reliable statistical models. Apart from increasing sampling effort, 

Fig. 3. Summary of three spatial prioritization analyses where targets were set for either species recorded by UVC, eDNA, or both. The y-axis shows the 
percentage of protection for visually detected species (Left column) and eDNA species (Right column). The dashed horizontal line indicates the conservation 
target set at 30%. Boxplots are colored by groups of coral, fish, macroalgae, and other.
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one solution could be to use joint SDMs (40). These methods 
model species responses to both the environment and to other 
species, recognizing effects of interspecific interactions such as 
competition, predation, and facilitation. Using such community 
models can improve predictions of rare species compared to single 
species models (41), making them suitable to analyze the big com-
munity data that eDNA generates (42).

Given the low co-detection of shared taxonomic groups by 
visual census and eDNA, some thought should be given as to why 
this is the case and how detection could be improved. Compared 
to terrestrial sampling, the marine environment poses additional 
challenges to dispersion and degradation of eDNA. Abiotic factors 
such as temperature, salinity, and ultraviolet radiation lead to 
eDNA breakdown (5). Differences in the time of day or strength 
of wind, currents, and tides during our surveys may explain some 
of the variability in co-detection. eDNA dispersion in the sea can 
be as short as 30 m (43), or up to several kilometers (44), depend-
ing on local conditions. Collecting eDNA samples at different 
depths or across a grid may improve co-detection with visual cen-
sus if vertical or horizontal water mixing is limited. Additionally, 
less abundant species may be more difficult to detect at populous 
sites, as co-amplification of DNA from many taxa lowers the sam-
pling depth for rare species (45). Co-detection may therefore be 
higher in less diverse systems, where DNA fragments belong to 
comparatively fewer unique species. Additional research into the 
ecology of eDNA in tropical marine environments will be neces-
sary to refine future study designs and sampling efforts.

As only 17% of the OTUs were matched to species, our study 
echoes the need for more complete reference databases of marine 
fauna and flora (46, 47). Expanded barcoding efforts are particu-
larly needed in areas such as the Coral Triangle, where compara-
tively little research focus is given despite high levels of biodiversity 
and human resource dependence (48, 49). Barcoding corals can 
be challenging as their mitochondrial DNA, where COI is 
encoded, is highly conserved (50). Solving this challenge may 
require genome-wide sequencing to develop nuclear markers of 
variable genomic regions which can be used in eDNA metabar-
coding (51). In the case of fish and corals, genomic introgression 
from hybridization between species can impede species assignment 
(52). Developing custom genetic databases of reference species to 
supplement genetic repositories and using taxon-specific primers 
will greatly improve species assignment.

eDNA will play a growing role in future coral reef conservation 
efforts to provide taxonomically comprehensive data, including 
for previously understudied taxa. This study explores how these 
data can be used in conservation planning to protect greater tax-
onomic space. Corroborating other research comparing eDNA 
and other techniques (47, 53, 54), we show that eDNA metabar-
coding can complement traditional survey techniques to give a 
more comprehensive picture of biodiversity and its distribution 
across space.

Methods

Field Surveys. UVC surveys of coral, fishes, and macroalgae were carried out by 
a team of four taxonomists on SCUBA at 8 m depth, covering four replicate 50 m 
belt transects at each site. For each transect, two observers identified, counted, 
and sized non-cryptic fish at species level across a 50 × 5 m2 belt and laid out a 
50-m tape. This transect was followed by one observer counting algae to species 
or genus level across a 2 × 30 m2 belt and one observer counting coral colonies 
to species level across a 0.5 × 20 m2 belt.

eDNA sampling was carried out by collecting replicate 1L seawater samples on 
SCUBA just above the reef at 8 m depth. Where sampling overlapped with visual 
census, three samples were collected at the beginning, middle, and end of each 

50-m transect at the same time as visual surveys, creating a total of 12 samples 
collected along 200 m of reef per site. For other sites, six replicate samples were 
collected by swimming a similar approximate distance. Bottles for collection were 
first sterilized for 30 min with chlorine 12% (780 mg of NaDCC) and rinsed with 
surface seawater. eDNA samples were then filtered using Merck Sterivex 0.22 μm 
(Merck) and filled with 2 ml of Longmire for preservation (55). As controls, blank 
samples consisting of PCR water (ThermoFisher) were also filtered in the same 
conditions during the survey period.

eDNA Analysis. Our metabarcoding followed standard approaches (56) and 
assessed community compositions with the two universal primers, targeting the 
18S gene for eukaryotes and the COI gene for metazoans. Eukaryotes are organ-
isms whose cells contain a nucleus and mitochondria and include animals, plants, 
fungi, and protists. Metazoans are a subset of eukaryotes and refer to multicellular 
animals with differentiated cells. The primers overlap with the taxonomic groups 
of fishes, corals, and algae surveyed by visual census but include additional groups 
such as arthropods, molluscs, sponges, and fungi. We extracted Sterivex using the 
Qiagen DNeasy Power Water Sterivex kit (Qiagen, Germany). Longmire, removed 
from the Sterivex, was centrifuged for 40 min at 6000×g (55). We discarded 
the supernatant and resuspended the pellet in the first solution of the DNeasy 
PowerWater Sterivex kit. The rest of the extraction was performed following the 
user manual and extracted DNA was stored at −20 °C until library preparation. We 
extracted field controls in the same way as the samples and included additional 
extraction blanks in the extraction procedure (57). Library preparations followed 
the standard Illumina protocol of two-stage PCR and index using dual indexing 
[eDNA Sequencing | Biomonitoring using eDNA (illumina.com)]. We used a well-
established protocol for data cleaning steps that have been successfully applied 
in multiple environments (58) (full details in SI Appendix).

Comparison of Species Detection. In the 36 sites surveyed using both visual 
census and eDNA, we explored how often species or higher taxonomic classifi-
cations were detected by both methods. This method provided an estimate on 
the reliability of eDNA detection, based on how often species observed visually 
are present or absent from eDNA samples. We also matched fish species with 
their position in the water column based on functional trait data (59) to investi-
gate whether detection by either method was influenced by where the fish are 
generally found (60).

Species Distribution Modeling. We used SDMs to relate observed visual census 
and eDNA records from surveyed sites to environmental and human population 
covariates to predict probabilities of observation in non-surveyed areas (61). We 
created ensemble SDMs that combined the different models Random Forest, 
Generalized Linear Model, and Generalized Additive Model, weighted by the per-
formance of each model, to improve predictive accuracy by reducing uncertainty 
caused by differences amongst modeling techniques (62).

Species counts from UVC and eDNA presence–absence data were modeled 
assuming a Poisson and binomial distribution, respectively. For eDNA data, SDMs 
were only built for operational taxonomic units that were matched to species, 
as multiple unassigned Operational Taxonomic Units could belong to the same 
species. Covariates were selected as those known to drive coral and reef fish 
distributions from a list of candidates: sea surface temperature, sea surface tem-
perature anomaly, pH, salinity, chlorophyll a, dissolved oxygen, photosynthetically 
available radiation, wave exposure, and human pressure (SI Appendix, Table S4) 
(63, 64). Models with the greatest explanatory power were selected from a set 
of preliminary models consisting of all possible covariate combinations with the 
restriction of having no more than one predictor variable per 10 datapoints to 
avoid model overfitting (65). Variables with a variance inflation factor >10 were 
removed to avoid collinearity (66).

We cross-validated the predictive accuracy of models by dividing data into 
80% training and 20% testing splits a total of 1,000 times. We evaluated count 
models using RMSE and Pearson’s correlation, where only models with an average 
RMSE smaller than half the range of the data and an average correlation >0.25 
were retained in the ensembles (67). We evaluated presence–absence models 
using the area under the curve (AUC), where only models with AUC >0.7 were 
retained in the ensembles (68). The final model ensembles were used to predict 
species distributions across 40,922 1-km2 coral reef pixels in the Wallacea region, 
building off the resolution of a previously published fine-scale sea surface tem-
perature dataset (24). We selected thresholds for classifying probabilities into D
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binary presences and absences to give the maximum value of Kappa, a measure 
which compares model predictive accuracy to accuracy expected to occur by 
chance (69). All analyses outside bioinformatics were run in R v4.2.0 (70) using 
the randomForest v4.7-1.1 (71), mgcv v1.8-39 (72), and base packages (73).

Spatial Prioritization Scenarios. We identified priority areas for conservation 
based on the extrapolated visual census and eDNA data with Marxan (74). Marxan 
is a spatial prioritization tool that selects management areas (termed “planning 
units”) to meet user-specified conservation targets at least cost. We used 1-km2 
reef pixels (24) as planning units and set a target to represent 30% of pixels 
containing each species using three different scenarios. In scenario 1, targets 
were set for species recorded by visual census only. In scenario 2, targets were 
set for species recorded by eDNA only. In scenario 3, targets were set for species 
recorded by both survey techniques. Planning units that are frequently selected 
across 100 iterations are considered important areas for conservation. Planning 
units occurring within existing Marine Protected Areas of IUCN category I and II 
(highly protected) were locked in with a protected status, meaning they are for-
cibly kept in solutions.

The cost of each planning unit was quantified in terms of an opportunity cost 
based on three proxies related to displaced access by different types of fishers.

	
[1]Cost =

F + DistS + G

3
∗ A.

F is a binary value indicating whether the area is adjacent to a village that has 
artisanal fishing as the main livelihood, signifying local fishers with limited boat 
access (fishing within 1 km of village/coast). Livelihood information was extracted 
from the 2018 Potensi Desa census from the Indonesian Government (75). DistS is 
the overwater distance to the nearest coastal village (“desa” category in ref. 75) to 
signify fishing off small boats with engines (fishing within tens of kms off village/
coast), where the distance was scaled by

	
[2]DistS = 1 −

log(distance)

max(log
(

distance
)

)
.

G is the gravity or human impact metric calculated as

	
[3]G =

P

T 2
,

where P is the population of the nearest city from WorldPop data in 2020 (76) 
and T is the travel time over sea to the nearest city with a constant boat speed, 

signifying the sea-scape level fishing pressure exerted by large population 
centers on their surrounding reef [fishing to feed a city applied at 100’s of km, 
(77)]. A is the habitat area in each planning unit based on Allen Coral Atlas maps 
excluding the category of rubble (78).

We assessed how well solutions from our three spatial prioritization scenario 
selected similar planning units and captured the distributions of species. First, 
we determined the degree of overlap in priority areas using the Cohen’s Kappa 
statistic on the selection frequency of planning units (25). Second, we evaluated 
how well setting targets for species detected by either visual census or eDNA 
could incidentally protect species that were only detected by the method for 
which targets were not yet set.

Data, Materials, and Software Availability. R code used in the species dis-
tribution modeling and spatial prioritization. GIS files of the Wallacea region, 
SDM outputs, and planning unit raster and prioritization solutions have been 
deposited in Zenodo (https://doi.org/10.5281/zenodo.8430183) (73). Some 
study data available. (The marine spatial cost, eDNA survey, and visual census 
survey data are subject to controlled access to protect the novelty of collaborative 
papers still in preparation but can be requested from the corresponding authors.)
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