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The trade in coral reef fishes for aquariums encompasses over 1,800 species from
over 40 exporting countries, yet the population status for most traded species is
unknown and unevaluated. At the same time, these coral reef fishes face a growing
number of threats and often occur in jurisdictions with limited management capacity
and data. In response, we assess vulnerability to overfishing for 72 coral reef fishes
popular in the aquarium trade for the United States — the top importer — from the top
exporting countries (Indonesia and the Philippines). We use a data-limited assessment
approach: productivity susceptibility analysis (PSA). PSA estimates relative vulnerability
of species by assessing their biological productivity and susceptibility to overfishing.
The most and least vulnerable stocks were differentiated by attributes related to
the reproductive biology (e.g., breeding strategy, recruitment pattern, and fecundity),
appropriateness, for an average home aquarium, ease of capture (e.g., schooling and
aggregation), and rates of natural mortality. Our analysis identifies several of the most
and least vulnerable species popular in the aquarium fish trade. The species that
ranked as least vulnerable to overcollection were Gobiodon okinawae, Nemateleotris
magnifica, Gobiodon acicularis, Salarias fasciatus, Ptereleotris zebra, Gobiodon citrinus,
Pseudocheilinus hexataenia, Chaetodon lunula, Nemateleotris decora, and Halichoeres
chrysus. In contrast, the ten most vulnerable species were Chromileptes altivelis,
Plectorhinchus chaetodonoides, Pterapogon kauderni, Premnas biaculeatus, Echidna
nebulosa, Centropyge bicolor, Zebrasoma veliferum, Pomacanthus semicirculatus,
Zebrasoma scopas, and Thalassoma lunare. In a data-limited context, we suggest how
these vulnerability rankings can help guide future efforts for reducing vulnerability risk.
In particular, species that are relatively high-vulnerability are prime targets for research
and aquaculture efforts, increased monitoring of collection and exports, species-specific
stock assessments, and voluntary reductions by retailers and consumers to avoid
overexploitation.

Keywords: data-limited fisheries management, coral reefs, aquarium fisheries, productivity susceptibility
analysis, wildlife trade

INTRODUCTION

Fisheries are an important livelihood source for millions of people worldwide. Yet, most fisheries
lack the necessary data, resources, infrastructure, and expertise to use conventional statistical
stock assessment for formal management (Honey et al., 2010; Costello et al., 2012). In these data-
limited fisheries, assessing the status of fish stocks and implementing science-based management
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present challenges for managers. The ensuing lack of
information, management, and capacity can lead to diminished
economic and social benefits from fisheries, as well as ecological
degradation (Beddington et al., 2007; Willman et al., 2009). This
challenge is notable for coral reef species: there is a large diversity
of species, and many species face myriad threats ranging from
climate change to pollution and overfishing (Burke et al., 2011).
The aquarium fish trade exemplifies the issue, encompassing
over 1,800 species of coral reef fishes from over 40 exporting
countries (Wabnitz et al., 2003; Tissot et al., 2010; Rhyne et al.,
2012a). These fisheries support livelihoods, provide benefits to
hobbyists, and contribute to education efforts about coral reefs
(Rhyne et al., 2014). At the same time, potential pressures from
collection of fish populations are occurring in addition to other
threats facing coral reef species and habitats (e.g., climate change,
habitat degradation, pollution), including from food fisheries
(Hixon et al, 2014). Similarly, destructive fishing methods
used to collect fishes, like cyanide fishing, degrade habitats for
aquarium fishes (Bruckner and Roberts, 2008). The majority
of countries involved in the aquarium trade, including the top
exporting countries (Indonesia and the Philippines), have limited
fisheries management and formal stock assessments (Dee et al.,
2014; Fujita et al., 2014; Rhyne et al., 2015).

For almost all of the species in the trade, the population status
and the effects of collection are unknown and unassessed (Dee
et al., 2014; International Union for the Conservation of Nature,
2014). As a result, there is limited information about which
species most need a population assessment, monitoring, or other
management interventions, for many developing locations. On
one hand, limited management and unsustainable or destructive
fishing practices (e.g., methods like cyanide fishing that also
impact habitat) could leave species vulnerable to overharvest
(here ‘overcollection’) (Schmidt and Kunzmann, 2005; Bruckner
and Roberts, 2008; Thornhill, 2012). Overcollection has been
reported for a small number of species, such as Pterapogon
kauderni, Synchiropus splendidus, and various Amphiprion spp.
(Allen, 2000; reviewed in Thornhill, 2012), in addition to
other threats (e.g., Indrawan, 1999; Lilley, 2008). On the other
hand, many other aquarium reef fishes possess life history
traits that buffer populations from overharvest (e.g., many are
naturally short-lived and highly fecund), such that collection
could continue to provide benefits to local communities without
posing a risk to populations of species (Rhyne et al., 2012a).
However, nearly all ornamental species are understudied, have
minimal monitoring, go unmanaged, or are managed with little
scientific input (Dee et al., 2014). Based on the findings of Fujita
et al. (2014), there is still a strong need to identify individual
species vulnerable to overcollection, as well as to prioritize future
monitoring and management interventions across data-limited
aquarium fish species.

To address this knowledge gap and to make management
recommendations, we assess the vulnerability to overcollection
for 72 popular species imported into the United States (U.S.) -
the world’s highest consumer of aquaria fishes - from the largest-
volume exporting countries, the Philippines and Indonesia
(Tissot et al., 2010; Rhyne et al., 2015, 2017). Popular fishes
in the U.S. trade were identified based on import data (from

Rhyne et al., 2015, 2017) and defined as species that were among
the top-100 imported during at least 1 year in which data were
available. We use a risk-based prioritization tool, productivity
susceptibility analysis (PSA; Patrick et al., 2009). Given the data-
limited status of the majority of species that are represented in
the aquarium fish trade, risk assessment provides a useful starting
point for individual species to be quantitatively ranked based on
their relative vulnerability to overfishing, with more vulnerable
species then prioritized for data collection, stock assessments, or
conservation and management interventions (Cope et al., 2011;
Fujita et al., 2014; Okemwa et al., 2016; Puga et al., 2018). We
identify the species most and least vulnerable to overcollection,
and suggest harvest control measures that different stakeholders
could take to reduce overcollection risk of individual species. We
also synthesize the attributes of species that drive vulnerability
and find that susceptibility to collection rather than low intrinsic
productivity drives the vulnerability of many aquarium fishes in
the analysis, in contrast to many fishes caught for food (Cope
etal., 2011; Fujita et al., 2014).

MATERIALS AND METHODS

We evaluated the vulnerability of 72 species popular in the U.S.
aquarium fish trade from Indonesia and the Philippines. Species
were selected by considering trends in U.S. import volume,
because the U.S. is the top importing country by volume (Tissot
et al., 2010), and species originating from Indonesia and the
Philippines, as top exporting countries to the U.S. by volume
(Rhyne et al.,, 2015; Rhyne et al., 2017). In addition, fisheries in
both Indonesia and the Philippines are considered data-limited
(Dee et al., 2014). We selected species to evaluate based on U.S.
fish import records (based on data from Rhyne et al., 2015; Rhyne
etal,, 2017) from the available years (2000, 2004, 2005, 2008, 2009,
2011), as well as importance within the marine aquarium trade
according to published scientific literature and reports (Wood,
2001; Wabnitz et al., 2003; Rhyne et al., 2012b; Reef Protection
International [RPI], 2013; Sustainable Aquarium Industry
Association [SATA], 2014) and informal surveys of fish species
sold by major U.S. retailers. These species include 19 of the top 20
species imported by volume combined from both Indonesia and
the Philippines (based on Rhyne et al., 2015; Rhyne et al., 2017;
see the Supplementary Information for the full species list).

We use Productivity Susceptibility Analysis (PSA; Patrick
et al., 2009) to assess the vulnerability of 72 reef fish stocks to
overfishing; henceforth the combination of species and region
of collection will be referred to as stocks (see Supplementary
Table S1 for more details). PSA semi-quantitatively estimates and
compares species productivity and susceptibility using available
life history, population, and fishery information (Patrick et al.,
2009). Productivity is an approximation of a stock’s ability
to rebound from depletions based on 10 different life history
attributes, whereas susceptibility estimates the likelihood of
population declines based on 12 catchability, management,
and fishing practice attributes that are location-specific (see
Supplementary Table S1). Stocks with low productivity estimates
are predisposed to overfishing due to attributes like slow
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FIGURE 1 | Scatterplot of productivity versus susceptibility scores for 72 coral
reef fish stocks as estimated by PSA. Circle size corresponds to the number
of stocks at that position on the graph (see inset legend). Scientific names of
the stocks highlighted in the text are noted. Following standard PSA methods
from Patrick et al. (2009), the x-axis scale is reversed (from high to low
productivity).

growth rates, delayed maturation, or limited fecundity. By
contrast, stocks with high susceptibility estimates are exposed
to overfishing due to attributes such as limited management,
schooling behaviors, and fisheries practices that damage habitat.
Supplementary Table S1 provides scoring criteria for each life
history attribute and additional explanations of scoring categories
(Supplementary Information). Overall, productivity attributes
should be similar across the geographic distribution of the
stock, except in cases where there are large spatial differences
in environmental conditions. Susceptibility attributes are more
likely to vary among regions based on the local attributes of the
fishing fleet, including vessel size, gear types and other target
species.

When combined, the estimates of productivity and
susceptibility produce a semi-quantitative assessment of
relative vulnerability. Following attribute scoring, we calculated
productivity and susceptibility for each stock using NOAA-
Fisheries PSA software package v1.4', as the average of the 10
productivity and 12 susceptibility attributes, respectively. The
stocks’ vulnerability to overcollection was quantified as the
Euclidian distance from the plot origin of low susceptibility
and high productivity (i.e., 1, 3) to each data point on Figure 1.
Specifically, following Patrick et al. (2009), the vulnerability score
(V) for each stock is calculated as

V=vV{@P-32+(—-1)7? (1)

Uhttps://www.nefsc.noaa.gov/nft/PSA.html

where p is the average of the attribute scores for productivity and
s is the average of the attribute scores for susceptibility. Following
standard PSA methods from Patrick et al. (2009), the x-axis scale
is reversed (from high to low productivity).

We scored the 10 productivity and 12 susceptibility attributes
for each stock. Attributes are on a scale of 1 (reflecting
low productivity or susceptibility) to 3 (high productivity or
susceptibility) and were determined based on the available
primary literature, gray literature, expert consultation, and
online databases. We used Patrick et al. (2009)s default
value judgments, assumptions, attribute weightings, and data
quality weightings throughout the analysis (see Supplementary
Information; summarized in Supplementary Tables S1, S2),
with a few exceptions made due to either data limitations or
the unique characteristics of aquarium fisheries from coral reefs
(see Supplementary Table S1 for details). Our analysis was
customized to the aquarium trade in one important way that
differed from other PSAs, including Fujita et al. (2014). We
replaced the “seasonal migration” susceptibility category with
an “appropriateness” category aimed at capturing mortality in
the supply chain and difficulty of care in captivity. Seasonal
migration is not a useful category for species in the aquarium
trade as these fish are almost all demersal reef dwellers that do
not migrate and would thus be scored identically in this category.
Conversely, species with high mortality following capture need
to be collected at higher volumes to maintain adequate supply for
consumers (Schmidt and Kunzmann, 2005). Species vary widely
in their survival following capture and thus this customized
category for the aquarium trade provides additional insight into
the vulnerabilities of aquarium trade fishes.

We provide all attribute scores (Supplementary Table S2)
and source references (Supplementary Table S3) so that this
information can be used in future analyses or be updated as new
information becomes available. To insure scoring accuracy and
consistency, each author independently checked attribute score
determination for every stock in the analysis. Additionally, six
external reviewers (see Acknowledgments) audited and critiqued
a subset of attribute scores (approximately 20% of the data).
Almost all of the scoring determinations were consistent across
individuals. When differences occurred, they were resolved via
re-review of the primary source material and discussed until
coauthors and external experts unanimously agreed upon a
new estimate. Data quality scores reflect confidence in the
information utilized, but these scores do not impact the estimates
of productivity or susceptibility. The index is based on five tiers,
ranging from best data (1) or high belief to no data (5) to assess
the individual attributes (see Supplementary Information).
The data quality score for productivity and susceptibility are
calculated as a weighted average of the data quality scores for the
individual attributes, and provides an estimate of uncertainty for
an individual vulnerability scores and denotes the overall quality
of the data or belief in the score.

Finally, we explore how improved management or sourcing
species from locations with low versus high management
capacity could change vulnerability scores (via altering
susceptibility). Although aquarium fisheries in many countries
are unregulated, management and fishing practices vary widely
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across countries. For example, Australia has local enforcement,
fisheries management measures, and export regulations, whereas
the Philippines has little regulation and oversight of fisheries
or exports (Roelofs, 2008; Roelofs and Silcock, 2008; Dee
et al., 2014). To illustrate the sensitivity of vulnerability scores
to management systems, we compared outcomes from the
Philippines and Australia (management information in Dee
et al.,, 2014) for 12 fish species collected from both locations
(according to Ochavillo et al., 2004; Gonzales and Savaris, 2005;
Ryan and Clarke, 2005; Roelofs and Silcock, 2008). To compare,
we scored the management strategy and impact to essential fish
habitat susceptibility attributes in the Philippines stocks as 3
and Australian stocks as 1. We used this comparison as a proxy
for how improving management could affect susceptibility and
therefore vulnerability scores, as well as to analyze the sensitivity
of our results to the source location.

RESULTS

The PSA estimated that these 72 coral reef aquarium fishes were
moderately to highly productive (productivity = 1.73-2.82)
and moderately to highly susceptible to collection
(susceptibility = 1.77-2.69) (Figure 1, Table 1, and
Supplementary Table S4). Combining these productivity
and susceptibility estimates yielded vulnerability scores ranging
from low (e.g., 0.85 for the Yellow clown goby, Gobiodon
okinawae, and 0.89 for the Firefish goby, Nemateleotris
magnifica) to moderately high (e.g., 1.88 for Plectorhinchus
chaetodonoides and 2.06 for C. altivelis, the most vulnerable
species to overcollection in the analysis) (Table 1, Figure 1,
and Supplementary Table S4). Following the Panther grouper
(C. altivelis), the top ten most vulnerable species also included
the Harlequin sweetlips (Plectorhinchus chaetodonoides), the
Banggai cardinalfish (P. kauderni), and the Maroon clownfish
(P. biaculeatus) (Table 1A). For 17 species in both analyses,
we compare our results to the PSA from Fujita et al. (2014)
(Supplementary Table S5).

The factors that led to relatively high vulnerability estimates
varied among stocks (Figure 2). For example, the Banggai
cardinalfish was one of the most vulnerable stocks in the
analysis due to low fecundity, a breeding strategy (male
mouth brooding) that involves considerable parental care and
limited dispersal of offspring, endemism within the Banggai
Archipelago of Indonesia, areal and depth overlap between the
fishery and species distribution, and aggregation behavior that
facilitates capture (Kolm and Berglund, 2003). By comparison,
Mandarinfish, S. splendidus, had a high productivity score (2.73)
yet scored as relatively vulnerable due to high susceptibility
from injurious collection methods (needle-spear fishing) and a
specialized diet that increases chances that individuals starve in
captivity, driving further collection (Sadovy et al., 2001; Gonzales
and Savaris, 2005; Michael, 2005). As a final example, the
Harlequin sweet lips, P. chaetodonoides, scored among the most
vulnerable stocks due to its slow growth rate, high trophic level, as
well as its large size and unappealing appearance as adults which
requires a high level of expertise to keep in home aquariums.

Many of the aquarium fish species that we reviewed share
similar productivity and susceptibility attribute scores. On
average, many aquarium fishes share attributes that reflect
high productivity - i.e., rapid population growth rates, low
maximum age, small body size, rapid growth from juveniles
to adults, maturation at an early age, high natural mortality,
and distribution over a large oceanographic area (Figure 2).
These species also shared many susceptibility scores based on the
locations of their fisheries in Indonesia and the Philippines (i.e.,
on average, in places with low management capacity, measures,
monitoring, and enforcement, reviewed in Dee et al., 2014). For
instance, to our knowledge, most stocks occurred in fisheries
with little to no management measures, high vertical overlap
between the depth of species occurrence and where fishing
occurred, and in fisheries using damaging collection practices
(Vaz et al,, 2017). Each characteristic raised the susceptibility
score and therefore the vulnerability of these species (Figure 2).
In contrast, breeding strategy, fecundity, recruitment pattern,
mean trophic level, appropriateness, schooling and aggregation
behaviors, morphology, and survival after capture varied widely
across stocks (Supplementary Table S2). As a result, these
attributes most often separated the low versus high vulnerability
species in our relative ranking.

We explored the sensitivity of vulnerability scores to
management attributes by comparing scores for 12 fish species
from fisheries in the Philippines and Australia (Supplementary
Table S6). The more robust management measures implemented
by Australia and the absence of cyanide fishing reduced
vulnerability by 10.9-29.4% (Supplementary Table S6).

DISCUSSION

Our results provide a relative measure of vulnerability across the
most popular aquarium fish species imported into the U.S. from
Indonesia and the Philippines. We compared the stock’s ranking
in the import records versus the scores from our vulnerability
assessment, to provide a preliminary assessment of whether the
most imported species from these countries to the U.S. are also
vulnerable to overcollection. Several popular fishes emerged as
relatively low vulnerability. For example, Nemateleotris magnifica
was one of the least vulnerable species in the analysis (Table 1) yet
ranked 6 by volume from the Philippines in 2011, and 9th across
all available years, according to the available import records
(Rhyne et al.,, 2015; Rhyne et al., 2017). Similarly, Gobiodon
okinawae, the least vulnerable stock, ranked 24th by volume from
Indonesia, based on import volume data from Rhyne et al. (2015,
2017, from 2011 records). By contrast, the most popular fish
in this trade across all available years, Chromis viridis, which is
the #1 imported species by volume from both Indonesia and
the Philippines, scored as a stock of moderately vulnerability
(V = 1.51) (Rhyne et al,, 2015, 2017). Several of the remaining
most vulnerable stocks in the analysis also rank among the top
100 imported by volume: Chromileptes altivelis (ranked 47th
from Indonesia in 2011 records), Plectorhinchus chaetodonoides
(ranked 61st from Indonesia and 64th from the Philippines),
Echidna nebulosa (ranked 54th from the Philippines); and
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Pomacanthus semicirculatus (67th from Indonesia and 86"
from the Philippines). Consistent with previous reports, the
Banggai cardinalfish (P. kauderni), Mandarinfish (S. splendidus),
Maroon clownfish (P. biaculeatus), and Amphiprion spp. were
also among the most vulnerable stocks in the relative rankings
(Table 1; Edwards and Shepherd, 1992; Sadovy et al., 2001;
Kolm and Berglund, 2003; Shuman et al., 2005; Okemwa et al,,
2016). Notably several popular, vulnerable species, including
P. kauderni, S. splendidus, P. biaculeatus, and other Amphiprion
spp., have aquacultured alternatives but wild collection and
import continues (according to trade data from Rhyne et al,
2015, 2017).

To reduce vulnerability of the highest-ranking stocks, several
measures are readily available, including investment in research
and aquaculture, monitoring of collection and exports, and
management interventions. This assessment can help identify
the species in the greatest relative need of these measures
(Figure 1). For these vulnerable stocks, a precautionary approach
to management (e.g., species-specific harvest limits), increased
monitoring of population trends could reduce vulnerability
to overcollection, and increased investment in aquaculture
alternatives. To reduce vulnerability to overcollection in wild
populations, retailers and consumers can consider alternative
species or sources where sustainable collection can be credibly

demonstrated. Lower vulnerability species could be managed
under an aggregate quota and generalized management measures
(e.g., entry limits through licensing, gear restrictions). Low
to moderate vulnerability stocks are satisfactory options for
retailers and consumers. Overall, sourcing these animals from
locations with known sustainable management practices would
also reduce over collection risk and promote sustainability (see
also Fujita et al., 2014). On the demand-side, these vulnerability
estimates could also inform purchasing decisions for retailers and
hobbyists interested in reducing overcollection risk (e.g., through
education; Sustainable Aquarium Industry Association [SAIA],
2014).

Many similarities among coral reef fishes caught by aquarium
collectors resulted in clustering of vulnerability estimates for
the majority of stocks (Figure 1) and lower vulnerability scores
relative to some fish species caught for food (Patrick et al., 2009;
Cope et al., 2011; Fujita et al., 2014). The aquarium fish stocks
we analyzed shared various life history, catchability, and fisheries
attributes from the exporting countries (Figure 2). For instance,
most aquarium reef fishes are small in size and short lived, exhibit
fast growth rates, disperse through a pelagic larval stage, are
from intermediate trophic levels, all of which raise productivity
attributes (see Figure 2 and Supplementary Table S2). Many
stocks also had similar scoring for susceptibility attributes like

TABLE 1A | Vulnerability (V) scores for the top 10 most vulnerable species in the assessment, ranked from high to low vulnerability.

Scientific name Common name Productivity (P) Susceptibility (S) Vulnerability (V)
Chromileptes altivelis Panther grouper 1.82 2.69 2.06
Plectorhinchus chaetodonoides Harlequin sweetlips 1.73 2.38 1.88
Pterapogon kauderni Banggai cardinalfish 2.09 2.54 1.79
Premnas biaculeatus Maroon clownfish 1.82 2.31 1.76
Echidna nebulosa Snowflake moray eel 2.09 2.46 1.72
Centropyge bicolor Bicolor angelfish 2.09 2.46 1.72
Zebrasoma veliferum® Sailfin tang 2.09 2.46 1.72
Pomacanthus semicirculatus Koran angelfish 1.91 2.31 1.7
Zebrasoma scopas Brown tang 1.91 2.31 1.7
Thalassoma lunare Moon wrasse 2.18 2.46 1.67

#7. velifer is a synonym according to Froese and Pauly (2018).

TABLE 1B | Vulnerability (V) scores for the 10 least vulnerable species in the assessment, ranked from highest to lowest vulnerability.

Scientific name Common name Productivity (P) Susceptibility (S) Vulnerability (V)
Halichoeres chrysus Canary wrasse 2.73 2.00 1.04
Nemateleotris decora Elegant firefish 2.55 1.92 1.03
Chaetodon lunula Racoon butterflyfish 2.82 2.00 1.02
Pseudocheilinus hexataenia Six line wrasse 2.82 2.00 1.02
Gobiodon citrinus Citron goby 2.64 1.92 0.99
Ptereleotris zebra Zebra goby 2.64 1.92 0.99
Salarias fasciatus Lawnmower blenny 2.73 1.92 0.96
Gobiodon acicularis Needlespine coral goby 2.64 1.85 0.92
Nemateleotris magnifica Firefish goby 2.55 1.77 0.89
Gobiodon okinawae Yellow clown goby 2.64 1.77 0.85

Note that these analyses considered wild-captured stocks of species (not aquacultured alternatives) from the Philippines and Indonesia, the top countries exporting coral
reef fish into the US (based on Tissot et al., 2010; Rhyne et al., 2015). B S, and V scores for all other species analyzed are reported in Supplementary Table S4.
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impact to essential habitat and management strategy, based on
the locations of these fisheries in areas with low management
measures and capacity (Dee et al., 2014); high scores for these
susceptibility attributes increased vulnerability. The most and
least vulnerable stocks were differentiated by attributes related
to the reproductive biology (e.g., breeding strategy, recruitment
pattern, and fecundity), appropriateness, for an average home
aquarium, ease of capture (e.g., schooling and aggregation, areal
overlap, morphology), and rates of natural mortality (Figure 2).
Future assessments should also consider the relative vulnerability
of stocks to climate change, including through its impact on
essential habitat, because many of these species are dependent on
live coral or anemones that are highly susceptible to heat stress.
We also explored how changing susceptibility through
improved management could alter vulnerability scores for
several species, because susceptibility attributes, rather than
intrinsic biological characteristics determining productivity,

were common drivers of vulnerability scores for many stocks
(Figure 2). To that end, we compared vulnerability scores for
12 species exported from both the Philippines, with limited
management oversights, and Australia, with regulation of
collection and exports (see Roelofs, 2008; Roelofs and Silcock,
2008; Dee et al., 2014 for more information). The sensitivity
analysis revealed that management and fishing practices
of Australia reduced vulnerability by approximately 10.9-
29.4%, compared to the largely unmanaged Philippine fishery
(Supplementary Table S6). Therefore, adjusting management
practices within a source location could reduce susceptibility
(e.g., via improved management and reducing fishing practices
that damage habitat and have high bycatch), thereby reducing
vulnerability scores. This sensitivity analysis also illustrates how
species collected from other locations with management and
monitoring measures could fare differently in the vulnerability
rankings. Sourcing certain species from fisheries in locations
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with better management can offer a more immediate option for
reducing risk of overcollection in wild populations (reviewed in
Dee et al., 2014).

Beyond management, an avenue to reduce vulnerability
to overcollection is sourcing species of “most vulnerable”
with aquacultured individuals - bred, born, and reared
entirely in captivity — to reduce collection pressure (Olivotto
et al, 2011). Importantly, our analysis focuses solely on
vulnerability of wild-caught fishes. Captive-bred fish are
available for several of the most vulnerable species identified
in this analysis, including S. splendidus, P. biaculeatus, and
Amphiprion spp., yet sourcing from wild populations often
continues (according to the trade volume data from Rhyne
et al, 2015, 2017). In the case of P. kauderni, intensive
aquaculture systems have cost-effectively produced adequate
numbers of animals, thereby limiting the reliance on wild caught
specimens. However, for many other at-risk species, captive-
bred specimens do not currently exist (Olivotto et al., 2011).
Moving forward, our results could help inform where to target
investments in aquaculture efforts to reduce pressures on wild
populations for species identified as relatively vulnerable to
collection.

Despite the flexibility and utility of PSA in data-limited
contexts, this approach has limitations. Importantly, PSA does
not estimate population sizes and dynamics. Therefore, it
does not provide quantitative estimates needed to determine
sustainable collection levels or total allowable catch limits for
managers and which species will be overharvested or collapse
(Hordyk and Carruthers, 2018). As a threat-based assessment
tool, PSA does not consider other ecological and social objectives,
such as phylogenetic uniqueness, ecological role in communities,
economic considerations, or cultural and aesthetic significance
(Bowen, 1999; Mace et al., 2007; Perry, 2010). Similarly, PSA
analyses do not include information on the costs of management
reform to determine how best to allocate resources (e.g., money,
time, personnel) among different species or locations (Mace et al.,
2007; Joseph et al., 2008), when species interact (Xiao et al., 2018),
or under uncertainty (e.g., Polasky et al., 2011; Dee et al., 2017).
By providing semi-quantitative information on relative threat
levels, PSA serves as a useful starting point for a larger and more
comprehensive assessment and management process (e.g., see the
tiered-approach proposed in Fujita et al., 2014).

This analysis identifies species exported from Indonesia
and the Philippines that merit additional focus from future
research, management, and monitoring efforts, as well as
education initiatives for retailers and hobbyists; e.g., about
the vulnerability of wild populations or suitability of given
species for home aquaria (Sustainable Aquarium Industry
Association [SAIA], 2014). Particularly, several of the 10
most vulnerable species to overcollection are also ranked
in the top 20 imported species into the U.S. by volume
(e.g., P. kauderni, S. splendidus, P. biaculeatus, and several
Amphiprion spp.) of the top-100 imported species (e.g.,
Chromileptes altivelis, Plectorhinchus chaetodonoides, Echidna
nebulosa, Pomacanthus semicirculatus). These species are
prime candidates for additional species-specific assessment,
monitoring, and standards for collection and handling practices.

Similarly, the #1 imported species by volume from both
Indonesia and the Philippines, Chromis viridis, scored as
moderately vulnerable to overcollection (Supplementary
Table S4; according to the import records from Rhyne et al,
2015; Rhyne et al, 2017). In contrast, we also identified
several species in the top-100 imported species by volume
that have relatively low vulnerability to overcollection
(e.g., Nemateleotris magnifica, Salarias fasciatus, Gobiodon
okinawae, Ptereleotris zebra, Gobiodon citrinus, Chaetodon
lunula). This analysis provides one step toward assessing and
managing the aquarium fish trade, to ensure the sustainable
collection of coral reef species to both protect reef wildlife
and maintain the long-term viability of the aquarium fish
trade.
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