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Abstract 9ठ⃚

The trade of marine ornamental animals for home and public aquaria has grown into a major 10ठ⃚

global industry. Since the 1990s, the aquarium hobby has shifted focus from fish-only systems to 11ठ⃚

miniature reef ecosystems. Millions of marine fishes and invertebrates are removed from coral 12ठ⃚

reefs and associated habitats each year, and the majority of animals are imported into the United 13ठ⃚

States, with the remainder sent to Europe, Japan, and a handful of other countries. This shift in 14ठ⃚

aquarium complexity demands increases in not only the volume but also the diversity of species 15ठ⃚

harvested by collectors. Collectors must now supply the trade with species sought for both 16ठ⃚

aesthetics as well as ecosystem services (e.g., species that contribute to the life support services 17ठ⃚

of aquaria). Despite the recent growth and diversification of the aquarium trade, to date, data 18ठ⃚

collection is not mandatory, and hence comprehensive information on species volume or 19ठ⃚

diversity is wanting. The lack of this information makes it impossible to study trade pathways. 20ठ⃚

Without species-specific volume and diversity data, it is unclear how importing and exporting 21ठ⃚

governments can oversee this industry effectively and how sustainability should be encouraged 22ठ⃚

To expand our knowledge and understanding of this trade, and to be able to effectively 23ठ⃚

communicate this new understanding, we introduce the publically-available Marine Aquarium 24ठ⃚

Biodiversity and Trade Flow online database (https://www.aquariumtradedata.org/). This tool 25ठ⃚

was created as a means to assess the volume and diversity of marine fishes and/or invertebrates 26ठ⃚

imported into the US over four years (2005, 2008, 2009, and 2011) and one month of additional 27ठ⃚

data in 2000. To create this tool, invoices pertaining to shipments of live marine fish and 28ठ⃚

invertebrates were scanned and analyzed for species name, quantity, country of origin, and city 29ठ⃚

of import destination. The results for October 2000 as well as the year between June 2004 and 30ठ⃚

May 2005 have been published (Rhyne et al. 2012, 31ठ⃚
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ठ⃚ 2ठ⃚

http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0035808; Balboa 2003). Here 32ठ⃚

we focus on the later three years of data and also produce estimated volume of species imported 33ठ⃚

to create complete calendar years for 2000, 2004, and 2005. The three-year aggregate totals 34ठ⃚

(2008, 2009, 2011) indicate that just under 2,300 fish and 725 invertebrate species were imported 35ठ⃚

into the US, even though each year, just shy of 1,800 fish and 550 invertebrate species were 36ठ⃚

traded. Overall, the total number of live marine animals decreased between 2008 and 2011. In 37ठ⃚

2008, 2009, and 2011, the total number of individual fish (8.2, 7.3, and 6.9 million) and 38ठ⃚

invertebrates (4.2, 3.7, and 3.6 million) assessed by analyzing the invoice data are roughly 60% 39ठ⃚

of the total volumes recorded through the LEMIS dataset. Using these complete years, we back-40ठ⃚

calculated the number of individuals imported in 2000, 2004, and 2005. These estimates (9.3, 41ठ⃚

10.8, and 11.2 million individual fish per year) were consistent with the known three years of 42ठ⃚

data. These data are also used to demonstrate how the trade of Banggai cardinalfish (Pterapogon 43ठ⃚

kauderni) and clownfish (Amphipiron ocellaris and A. percula) can be better understood. This 44ठ⃚

database can help create more effective management plans for the traded species, and if moved 45ठ⃚

to a real-time format, could help in the detection of illegal trade.  46ठ⃚

 47ठ⃚

Introduction 48ठ⃚

There is no clear picture of the number of species or individuals of marine ornamental fish and 49ठ⃚

invertebrates involved in the aquarium trade, primarily a result of insufficient global tracking of 50ठ⃚

the import and export of these animals (Bruckner 2001; Fujita et al. 2013; Green 2003; Lunn and 51ठ⃚

Moreau 2004; Tissot et al. 2010; Wabnitz et al. 2003). Increasing the sustainability of the marine 52ठ⃚

ornamental animal industry should be considered a primary initiative (“low hanging fruit”) for 53ठ⃚

the entire aquarium industry transport chain, including aquarium retailers (Tlusty et al. 2013). 54ठ⃚

Increasing the sustainability of the ornamental transport chain is achieved through a more 55ठ⃚

thorough understanding of the magnitude of the trade (Fujita et al. 2013), which begins by 56ठ⃚

sufficiently assessing the scale of imports into the US (the primary destination for the global 57ठ⃚

trade of ornamental animals) (Rhyne et al. 2012b). Once the annual volume of US imports is 58ठ⃚

realized, other relevant issues that lead to environmental and economic benefits can then be 59ठ⃚

tackled, including animal quality and shipping survival (less fishing effort as fewer fish are need 60ठ⃚

to maintain the trade). 61ठ⃚

 62ठ⃚
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ठ⃚ 3ठ⃚

The ornamental fish hobby is extremely large, although the exact magnitude of the trade is 63ठ⃚

unknown. It is estimated that the US imports 190 million freshwater and marine fishes annually 64ठ⃚

(AVMA 2007). The ornamental fish trade faces a multitude of potential threats, including 65ठ⃚

reduced biodiversity from over extraction, habitat destruction in source countries (Francis-Floyd 66ठ⃚

and Klinger 2003; Gopakumar and Ignatius 2006), and negative impacts of species invasions in 67ठ⃚

the US and elsewhere (Chucholl 2013; García-Berthou 2007; Holmberg et al. 2015; Padilla and 68ठ⃚

Williams 2004). Despite these threats, the aquarium trade has unique and massive potential for 69ठ⃚

good (Rhyne et al. 2014), including saving threatened species from the brink of extinction 70ठ⃚

through the development of captive breeding programs (Tlusty 2002) and catalyzing habitat 71ठ⃚

preservation through sustainable supply-side practices, be it aquaculture or wild fisheries. These 72ठ⃚

sustainable practices include stewardship, mechanisms for sustainable livelihoods via poverty 73ठ⃚

alleviation, and the protection of threatened ecosystems that are otherwise unguarded and 74ठ⃚

unregulated (Rhyne et al. 2014). Finally, consumer education of aquarium trade sustainability 75ठ⃚

can promote widespread public appreciation for the world’s aquatic ecosystems, with the 76ठ⃚

ultimate goal of ensuring the natural world is left intact for future generations (Tlusty et al. 77ठ⃚

2013). While a proactive stance can transform a large consumer base into a powerful agent for 78ठ⃚

biodiversity, conservation, and human well being, inaction will likely amplify the deleterious 79ठ⃚

threats currently faced by the trade. Currently, the lack of oversight leading to a poor concept of 80ठ⃚

the trade volume and subsequent regulatory inefficiency has greatly hampered the development 81ठ⃚

of a sustainable industry.  82ठ⃚

 83ठ⃚

Multiple sources of data have been used to monitor the trade of marine ornamental animals 84ठ⃚

(Woods 2001, Green 2003, Balboa 2003, Wabnitz et al. 2003, Smith et al. 2008). However, not 85ठ⃚

all of these data systems are sufficient for, or were even intended for, monitoring the aquarium 86ठ⃚

trade. For example, compulsory data are maintained under federal mandates for species listed by 87ठ⃚

the Convention on the International Trade in Endangered Species (CITES). However, previous 88ठ⃚

studies found that CITES records were inaccurate, incomplete, or insufficient (Bickford et al. 89ठ⃚

2011; Blundell and Mascia 2005; Rhyne et al. 2012b). Furthermore, CITES-listed species 90ठ⃚

(namely stony corals, giant clams, and seahorses) account for only a fraction of the total trade in 91ठ⃚

aquatic ornamental animals. Only a handful of studies (e.g. Rhyne et al. 2012b; Smith et al. 92ठ⃚

2009; Smith et al. 2008) have attempted to quantify the movement of non-CITES-listed 93ठ⃚

PeerJ PrePrints | https://dx.doi.org/10.7287/peerj.preprints.1176v2 | CC-BY 4.0 Open Access | rec: 18 Jun 2015, publ: 18 Jun 2015

P
re
P
ri
n
ts



ठ⃚ 4ठ⃚

aquarium species from source to market. The Global Marine Aquarium Database (GMAD) is a 94ठ⃚

voluntary data reporting system, developed to provide publicly available data on the marine 95ठ⃚

aquarium trade (Green 2003). Until the dataset presented here, GMAD has been the only source 96ठ⃚

for aquarium trade data recorded at the species level.  Unfortunately, this data source only covers 97ठ⃚

a few years of data and omits important export countries (i.e., Haiti).  The voluntary nature of the 98ठ⃚

GMAD does not allow for complete coverage of imports or exports from countries and requires 99ठ⃚

users to model trade volumes. Furthermore, in the decade and a half spanning the data and the 100ठ⃚

current time period, the aquarium trade has been transformed by new technologies and 101ठ⃚

husbandry breakthroughs (Rhyne and Tlusty 2014).  In addition, by CITES and GMAD, the Law 102ठ⃚

Enforcement Management Information System (LEMIS) database has been used to better 103ठ⃚

understand the aquarium trade. In the US, the United States Fish and Wildlife Service (USFWS) 104ठ⃚

inspects wildlife shipments and maintains species-specific data of shipments per CITES 105ठ⃚

requirements in LEMIS. However, within LEMIS, non-CITES-listed fish and invertebrate 106ठ⃚

species are listed with general codes (i.e., marine aquarium tropical fish, regardless of species, 107ठ⃚

are coded MATF). Recording data in this generalized manner eliminates specific information 108ठ⃚

regarding the diversity and volumes of species traded (Smith et al. 2009), which are of critical 109ठ⃚

importance when assessing how the live animal trade influences ecosystem risks, such as 110ठ⃚

introductions of non-native species and diseases. The need for accurate accounts of aquarium 111ठ⃚

trade flow continually increases, although the current monitoring methods remain static 112ठ⃚

(Bickford et al. 2011). The lack of specific data systems for recording all species exported and 113ठ⃚

imported for the wildlife trade raises two main concerns: (1) because of the lack of trade data, it 114ठ⃚

is unclear how importing and exporting governments can monitor this industry effectively; (2) it 115ठ⃚

is also unclear how sustainability should be encouraged given the paucity of data.  116ठ⃚

 117ठ⃚

To date, outside of Rhyne et al.’s analysis of 2005 US import data (2012b), the species-specific 118ठ⃚

information provided on trade invoices has not been adequately catalogued or compared to 119ठ⃚

associated shipment declarations. Here we report on the development of the Marine Aquarium 120ठ⃚

Biodiversity and Trade Flow online database (https://www.aquariumtradedata.org/), a public 121ठ⃚

portal to anonymized marine ornamental trade data collected through trade invoices. We describe 122ठ⃚

an additional three years (2008, 2009, 2011) of fish and invertebrate invoice-based data from US 123ठ⃚

imports that were analyzed for country of origin, city of import, and quantity of species and 124ठ⃚
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individuals associated with each port. We also relate the findings back to annual aquarium trade 125ठ⃚

data from the LEMIS database. Rhyne et al. (2012) described one contiguous year of import 126ठ⃚

data, based on a 12-month period from June of 2004 until May of 2005, and Balboa (2003) 127ठ⃚

described data from October 2000. To address the missing months of data from these years and 128ठ⃚

to increase the scope of the dataset, we modeled data for the missing months of 2000, 2004, and 129ठ⃚

2005. This work provides continued accounting of the volume, biodiversity, and trade pathways 130ठ⃚

for marine ornamental fish and invertebrate species beyond the information given in voluntary 131ठ⃚

reporting systems (Wabnitz et al. 2003) and LEMIS. This work provides a further demonstration 132ठ⃚

that LEMIS, while well designed for import/export compliance and personnel management of 133ठ⃚

USFWS staffing needs, is not designed to monitor the data-rich marine ornamental aquarium 134ठ⃚

trade. Finally, using this database, we present two case studies (the Banggai cardinalfish, 135ठ⃚

Pterapogon kauderni, and the orange clownfish, Amphiprion percula) that demonstrate the use 136ठ⃚

of these data as tools to better understand the trade in marine species and promote industry 137ठ⃚

sustainability. 138ठ⃚

  139ठ⃚

Methods 140ठ⃚

The goal of this project was to evaluate the number of aquarium species imported into the US, 141ठ⃚

and to create a trade path analysis of the diversity of aquatic animals involved in the trade. The 142ठ⃚

methods used to analyze trade invoices were described by Rhyne et al. (2012b) and are briefly 143ठ⃚

summarized here. We reviewed all shipment declarations and the attached commercial invoices 144ठ⃚

held by USFWS coded as Marine Aquarium Tropical Fish (MATF) for 2008, 2009 and 2011 as 145ठ⃚

indicated in the LEMIS database. While about 22,000 invoices were marked as containing 146ठ⃚

MATF in the LEMIS database, we only recovered about 20,000 shipment declarations and their 147ठ⃚

attached invoices. Invoices were considered a true statement of shipping contents. We were not 148ठ⃚

able to assess the veracity of the information contained on the invoice. Shipment information 149ठ⃚

(date, port of origin, and destination port) was collected from the declaration page, and species 150ठ⃚

and quantity information was tabulated from the associated invoices and then cataloged into a 151ठ⃚

database. Both manual entry and automated optical character recognition (OCR) software 152ठ⃚

(ABBYY FlexiCapture 9.0) customized for wildlife shipments (Fig 1) were utilized to retrieve 153ठ⃚

the above information from these documents. The input method varied with invoice quality and 154ठ⃚

length. Manual entry was utilized when invoices were of poor quality (blurry, speckled, 155ठ⃚
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ठ⃚ 6ठ⃚

darkened, fonts less than six point, handwritten, or less than 1/2 page), whereas all others were 156ठ⃚

read using the OCR software. Once all necessary data were captured, species names were 157ठ⃚

verified using World Register of Marine Species (WoRMS Editorial Board 2015), FishBase 158ठ⃚

(Froese and Pauly 2015), and the primary literature (Appeltans et al. 2011; Froese and Pauly 159ठ⃚

2011). We corrected species information only when species names were misspelled, listed under 160ठ⃚

a junior synonym, or listed by only a common name. A database entry (a fish species from a 161ठ⃚

specific shipment-date combination) was identified as being ‘unknown’ only when a common 162ठ⃚

name was used to which multiple species could be matched (e.g., colorful damsel or unknown 163ठ⃚

damsel), when exporters marked a species as ‘Assorted’ (e.g., assorted damsels), or when 164ठ⃚

exporters marked a species under genus only (e.g., Chrysiptera sp.). 165ठ⃚

 166ठ⃚

In accordance with Rhyne et al. (2012b), this report focused on major geographic trade flows, 167ठ⃚

the frequency of invoice detail to the species level, and how invoice data compared to LEMIS 168ठ⃚

data. Invoice data for both fish and invertebrates were retrieved concurrently. To help organize 169ठ⃚

and visualize the trade data, a publically accessible representation of the trade data was created: 170ठ⃚

the Marine Aquarium Trade Biodiversity and Trade Flow data resource website 171ठ⃚

(https://www.aquariumtradedata.org/). This web-based graphical user interface, powered by the 172ठ⃚

open source JavaScript library D3 (http://d3js.org/), is both data-rich and visually appealing, and 173ठ⃚

allows users to query over 29,000 invoices containing over 2.7 million marine ornamental animal 174ठ⃚

import records.  175ठ⃚

 176ठ⃚

To expand coverage of the data for months that were not recorded (11 months in 2000, five 177ठ⃚

months in 2004 and seven months in 2005), we used monthly patterns to back-calculate the 178ठ⃚

estimated number of fish and invertebrates for the most voluminous species (those that exceeded 179ठ⃚

100,000 individuals across the entire database) imported into the US. Fish records from invoice 180ठ⃚

data for 2004 and 2005, as well as fish and invertebrates for 2000, were then used to calculate 181ठ⃚

estimated import numbers of the most voluminous species. These “voluminous species” were 182ठ⃚

comprised of 29 fish and 20 invertebrate species and represented 84.5% and 83.0% of the total 183ठ⃚

number of individuals imported for all years in this dataset. The proportional monthly imports of 184ठ⃚

voluminous species were determined from the 2008, 2009, and 2011 data. Assuming that 2000, 185ठ⃚
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ठ⃚ 7ठ⃚

2004, and 2005 have a similar monthly proportion, each of these years were adjusted by an 186ठ⃚

estimated total of animals determined for the unknown months  187ठ⃚

(�{����� ਀   ਀   ਀   ਀  } ��(Ø{ØØ ਀ØØ ਀ØØ}))2 � ����� ਀   ਀   ਀   ਀  ) ਀ 

(where n is the known number of imports for 1, 5 or 7 months), Pr is the average proportion of 188ठ⃚

known imports from corresponding months from 2008, 2009 and 2011. This estimated number 189ठ⃚

of animals was then allocated across the unknown months proportionately for 2000, 2004 and 190ठ⃚

2005. We also generated estimates for the source countries and ports of import. A similar method 191ठ⃚

was used to determine the estimated number of fish originating from each country and arriving at 192ठ⃚

specific US ports, except values were created from all imports, not only for the most voluminous. 193ठ⃚

These additional individual animals were added to the Marine Aquarium Trade and Biodiversity 194ठ⃚

Flow Database as “estimated fish” and “estimated invertebrates” to provide a basis for yearly 195ठ⃚

comparison of the total imports.  196ठ⃚

Results  197ठ⃚

The Marine Aquarium Biodiversity and Trade Flow website allows users to generate database 198ठ⃚

queries from dropdown menus. Initial queries can be filtered through large-scale source areas 199ठ⃚

such as ocean basins or countries of origin for a defined time period (Fig. 2). Following user 200ठ⃚

selections, the software compiles detailed information in the form of maps, timeline charts, and 201ठ⃚

other data charts that allow users to access data at a level uncommon in user interfaces for the 202ठ⃚

wildlife or seafood trades. On further analysis, it is possible, using the “species” tab, to query a 203ठ⃚

single taxonomic family, genus, or species for one or more countries and/or ports of entry.  The 204ठ⃚

user-friendly dropdown menus are tree-based and progressive. Figure 3 demonstrates successive 205ठ⃚

screens where the user has successively selected the family Pomacentridae, the genus 206ठ⃚

Amphiprion, and the species complex Amphiprion percula and A. ocellaris. The dashboard 207ठ⃚

displays (1) a distribution map depicting the relative geographic abundance using proportionally-208ठ⃚

sized red dots, and (2) two graphs displaying export country- and port of entry-specific volumes 209ठ⃚

for the selected query. 210ठ⃚

 211ठ⃚

To enhance the utility of the website and promote the dissemination of the data, the user can 212ठ⃚

download charts and graphs of data queries. Users can also share these charts directly to 213ठ⃚

Facebook and Twitter (Fig. 4). Further, to ensure the data within the invoice-based database is an 214ठ⃚
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accurate representation of the trade, users can report possible errors in data or features on the 215ठ⃚

website. Using social media we can ensure that the level of data quality on the site increases over 216ठ⃚

time.  If users find species that are likely incorrect in distribution or taxa, we can examine the 217ठ⃚

invoice record, verify its contents, and then update the database if needed. This system also logs 218ठ⃚

how users interact with the database, which provides feedback on the number and types of 219ठ⃚

queries users generated.   220ठ⃚

 221ठ⃚

General trends - In 2008, a total of 8,299,467 individual fishes (97.4% identified to species-222ठ⃚

level) representing 1,788 species were imported into the US. The total number of fishes imported 223ठ⃚

decreased to 7,102,246 in 2009 and decreased further to 6,892,960 in 2011. However, the 224ठ⃚

number of species imported actually increased to 1,798 by 2011. While no more than 1,800 225ठ⃚

species were imported in a single year, and 2,278 unique species were imported across the three-226ठ⃚

year span (Table 1).  227ठ⃚

 228ठ⃚

A similar decreasing trend was observed for the trade in invertebrates during this time period, 229ठ⃚

although the invertebrate data were less voluminous and specious compared to the fish data. A 230ठ⃚

total of 4.3 million invertebrates representing 545 species were imported into the US in 2008. 231ठ⃚

The total number of invertebrates imported decreased to about 3.7 million in 2009 and 2011 232ठ⃚

(Table 2).  A total of 724 species were imported over the three-year span, which is greater than in 233ठ⃚

any one year (545 species). Compared to fishes, relatively fewer invertebrates were identified to 234ठ⃚

a species-level (72.9%). 235ठ⃚

 236ठ⃚

Export Countries – 45 countries in total exported marine fishes to the US during the three years 237ठ⃚

(Table 1), although 41, 37, and 36 countries were noted in 2008, 2009, and 2011, respectively. 238ठ⃚

The Philippines exported 56% of the total volume (12.7 million fishes, Fig. 5). The overall 239ठ⃚

volume of fishes traded decreased by 17% between 2008 and 2011, which is largely explained by 240ठ⃚

the decreased exports of the Philippines and Indonesia across the three years. Third-ranked Sri 241ठ⃚

Lanka exported consistently across the three years. Exports from fourth-ranked Haiti decreased 242ठ⃚

by nearly 50% between 2008 and 2011.  243ठ⃚

 244ठ⃚
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ठ⃚ 9ठ⃚

The US imported marine invertebrates from a total of 38 countries during the three years (Fig. 6, 245ठ⃚

Table 2), although only 27 (2008, 2009) or 28 (2011) countries were noted per year. The volume 246ठ⃚

(number of individuals) exported per year decreased 14% between 2008 and 2011, a rate similar 247ठ⃚

to that of fish. The countries exporting the greatest volume over the three years were the 248ठ⃚

Philippines (3.6 million invertebrates) and Haiti (3.1 million invertebrates). The number of 249ठ⃚

individual invertebrates exported from the Philippines increased by 24% between 2008 and 250ठ⃚

2011. This was likely a response to the decrease in volume from Haiti (52% decline from 2008 to 251ठ⃚

2011, likely due to earthquake activity in 2010). Third-ranked Indonesia (1.8 million 252ठ⃚

invertebrates) exported a consistent volume across the three years. Even though Indonesia was 253ठ⃚

third in volume, it exported the most species (413) during the three years. The Philippines and 254ठ⃚

Sri Lanka were second and third respectively in terms of the number of species exported to the 255ठ⃚

US.    256ठ⃚

 257ठ⃚

Species – More than half (52%) of the total fish imported into the US (identified to species, 258ठ⃚

Table 3) were represented by 20 species. There was a great deal of consistency within these top 259ठ⃚

20 species between the years of this study. The species ranking was identical between 2008 and 260ठ⃚

2009, and only the 20
th

 ranked fish was different in 2011 (the blueband goby, Valenciennea 261ठ⃚

strigata, replaced the royal gramma, Gramma loreto). The order of the top seven fish species 262ठ⃚

was consistent across the years, and represented nearly 33% of the total fish imports. The green 263ठ⃚

chromis, Chromis viridis, was the most popular fish species across all three years (>10% of total 264ठ⃚

fish imports) and was exported by 13-16 different countries, depending on the year. This 265ठ⃚

Chromis species was unique in being collected from a large number of countries. The only other 266ठ⃚

fish that was equally sourced from a large number of countries (an average of 15 per year) was 267ठ⃚

the blue tang, Paracanthurus hepatus, (Table 3a, Fig 7), although Indonesia and the Philippines 268ठ⃚

exported the majority of P. hepatus. Invertebrates demonstrated a similar but more extreme 269ठ⃚

trend. The top 20 species of invertebrates imported into the US were responsible for 270ठ⃚

approximately 75% of total imports (identified to species-level, Table 3b). Yet there was more 271ठ⃚

variability in the invertebrate top 20 species list compared to the fish list. Only the top two 272ठ⃚

species (the scarlet hermit crab, Paguristes cadenati, and the scarlet skunk cleaner shrimp, 273ठ⃚

Lysmata amboinensis) were consistently ranked across the three years. Overall, 25 invertebrate 274ठ⃚

species were represented on the three yearly top 20 lists (Table 3b).   275ठ⃚
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ठ⃚ 10ठ⃚

 276ठ⃚

Each country tended to export one species (fish / invertebrate) more than the remaining exporting 277ठ⃚

countries. Overall, the single most imported species averaged 37% (fish) or 63% (invertebrates) 278ठ⃚

of total species volume exported from that country (Table 4, Table 5). In general, countries that 279ठ⃚

exported greater quantities of marine animals relied less on the contribution of the single most 280ठ⃚

important species to export volume (Fig. 8). Regardless, the proportion of the single most 281ठ⃚

important species is greater than what would be expected at random. At random, each species 282ठ⃚

from a country that exports 10 species would represent 10% of that country’s total exported 283ठ⃚

volume. The countries in which a single species contributes to even 10% of species volume still 284ठ⃚

export hundreds and even thousands (e.g., Philippines) of total species (Table 4, Table 5).   285ठ⃚

 286ठ⃚

Comparison to LEMIS data – USFWS has only compiled marine ornamental trade data for non-287ठ⃚

CITES-listed species from the LEMIS database. LEMIS data is produced by US-based importers 288ठ⃚

from shipment declarations, where importers input shipment data into the required 3-177 289ठ⃚

declaration form and present the completed shipment declaration with corresponding invoice to 290ठ⃚

USFWS prior to shipment clearance. We have demonstrated elsewhere (Rhyne et al. 2012b) that 291ठ⃚

this method of gathering import data is fraught with errors; first, importers commonly mislabel 292ठ⃚

shipments as containing marine aquarium species when they only contain freshwater fish, non-293ठ⃚

marine species, or non-aquarium fish (all increasing the total number of fish reported in the 294ठ⃚

LEMIS database); second, the data do not appear to be updated if shipments are canceled or 295ठ⃚

modified (there is sometimes a significant mismatch between the number of individuals on the 296ठ⃚

declaration and the corresponding values on the invoices); third, importers commonly 297ठ⃚

misrepresent the country of origin and source (wild/captive bred) of species in shipments. As 298ठ⃚

previously discussed (Rhyne et al. 2012), LEMIS is a tool designed for internal use by USFWS, 299ठ⃚

primarily relating to volume of boxes arriving at ports and CITES compliance. Shipments of 300ठ⃚

non-CITES-listed species and/or unregulated species are not held to any data integrity standards, 301ठ⃚

so declaration forms and invoices need only represent the import/export companies and shipment 302ठ⃚

details accurately. We propose that the invoice-based method of data collection presented here 303ठ⃚

can rectify many of the data deficiency issues that currently exist within the marine ornamental 304ठ⃚

trade. Through this work, it was observed that the number of fishes imported into the US was 305ठ⃚

routinely 60-72% of the import volumes reported by the LEMIS database (Fig. 9). A large 306ठ⃚
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proportion of the declaration form overestimate was a result of importers misclassifying 307ठ⃚

shipments as containing MATF when they only contained freshwater species. Occasionally, 308ठ⃚

entire freshwater shipments were erroneously listed as MATF. A second unknown portion of this 309ठ⃚

error was missing invoices. Not all invoices were recovered from the system. Several hundred 310ठ⃚

records were either missing the invoice or exhibited invoice/declaration mismatch, making the 311ठ⃚

data impossible to verify. Similarly, invoice-based data reported a total of 45 countries exporting 312ठ⃚

MATF, which was only 60% of the 76 export countries reported by the LEMIS database (Table 313ठ⃚

6). These extraneous countries represented 5, 6, and 11% of the total volume of MATF imported 314ठ⃚

into the US according to the LEMIS database during 2008, 2009, and 2011 respectively (Table 315ठ⃚

6). Third is that the declaration is typically completed day/s before the order is packed, and thus 316ठ⃚

there will be variation between estimated and actual order volume. Finally, there was a lack of 317ठ⃚

adherence to differentiating “wild caught” and “aquacultured” animals (Rhyne et al. 2012a). The 318ठ⃚

case studies presented below use the invoice-based dataset to shed light on this discrepancy. 319ठ⃚

 320ठ⃚

Estimated Fish- To back-calculate estimated total number of imported fishes (2000, 2004, and 321ठ⃚

2005) or invertebrates (2000), we first determined the proportion of individuals imported during 322ठ⃚

the time interval (one month for 2000, seven months for 2004, and five months for 2005) based 323ठ⃚

on the three years for which we had a complete 12-month dataset (2008, 2009, and 2011). For 324ठ⃚

these three years, there was variation between months, but the inter-month variation was less 325ठ⃚

than that of the between-month variation (Fig 10, upper line graph) suggesting that monthly 326ठ⃚

import volumes were proportionately consistent. This proportion was then used to calculate the 327ठ⃚

number of individuals that should have been imported within that calendar year. As an example, 328ठ⃚

in October of 2000, 810,705 fish and 124,308 invertebrates were imported. During the years 329ठ⃚

2008, 2009 and 2011, October represented on average 8.7% and 8.6% of the yearly fish and 330ठ⃚

invertebrate imports into the US. Thus, it can be estimated that 9,327,754 fish and 1,442,859 331ठ⃚

invertebrates were imported into the US during calendar year 2000. Following this example, 332ठ⃚

10,766,706 and 11,229,443 fish were imported into the US in 2004 and 2005 respectively (Fig. 333ठ⃚

10, lower bar graphs).  334ठ⃚

 335ठ⃚

 336ठ⃚

 337ठ⃚
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Confusion between “wild” and “aquaculture” production  338ठ⃚

- The Banggai cardinalfish, Pterapogon kauderni, is a popular marine fish in the aquarium trade 339ठ⃚

(ranked the 10
th

, 11
th

, and 8
th

 most imported fish into the US during 2008, 2009, and 2011, Table 340ठ⃚

5). It was one of the original marine ornamental aquaculture success stories (Tlusty 2002), which 341ठ⃚

was supposed to reduce the need for wild fish. However, all P. kauderni imported during this 342ठ⃚

three-year span were reported as wild fish. Yet import data from Thailand (outside the natural 343ठ⃚

geographic range of P. kauderni) suggest this is not the case (Fig. 11). 344ठ⃚

 345ठ⃚

To determine if the volume of aquacultured P. kauderni imported into the US has increased in 346ठ⃚

recent years, we reviewed invoice data from Los Angeles-based importer Quality Marine for two 347ठ⃚

additional recent years of imports. At our request, all shipments of MATF from Thailand to 348ठ⃚

Quality Marine (representing aquacultured fish over the period of March 2012 to July 2014) 349ठ⃚

were supplied and reviewed.  The export volume followed the typical aquarium trade pattern of 350ठ⃚

lower volumes exported in the summer months (June-August) and in December (Fig. 12). 351ठ⃚

Interestingly in 2013, the only year with a 12-month data set starting in January and ending in 352ठ⃚

December, the volume of P. kauderni (~120,000 individuals/year) was approximately 75% of the 353ठ⃚

average total import volume of this species recorded per year for 2008, 2009 or 2011. Given the 354ठ⃚

life history of the species (small brood sizes), the commercial producer of these fish has made 355ठ⃚

significant investments in the culture of the species. The number of broodstock and space 356ठ⃚

dedicated to this species’ production is likely large and highly commercialized.  357ठ⃚

 358ठ⃚

Further, these fish were listed on import declarations ranging in size from 1-1.5 inches.  A 1-inch 359ठ⃚

fish is smaller than the average wild-caught fish (personal observation), and instead represents 360ठ⃚

the typical size of an aquacultured shipment. Shipment manifests also list the number of Dead 361ठ⃚

On Arrival (DOA) from previous shipments and are extremely low. A DOA rate of <0.5% is rare 362ठ⃚

for wild caught fish and, again, represents DOA values consistent with a shipment of 363ठ⃚

aquacultured fish.   364ठ⃚

 365ठ⃚

The shipment manifests have common errors that can be observed on the 3-177 USFWS 366ठ⃚

declarations. On several occasions the importer incorrectly indicated that shipments were wild 367ठ⃚

animals (“W”). After examining the invoices and associated documents, (i.e., health certificates, 368ठ⃚
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and certification of aquaculture) we determined that all shipments of P. kauderni from Thailand 369ठ⃚

to Quality Marine during the period examined were captive-bred (“C”), and the importer 370ठ⃚

mistakenly selected “W” in the Source box (Box 18B, 3-177 form).  Given the current proposed 371ठ⃚

Endangered Species Act (ESA) listing for P. kauderni, accurate and timely trade data are 372ठ⃚

essential to the management of this species.  373ठ⃚

 374ठ⃚

– The orange clownfish Similar to the Banggai cardinalfish, clownfishes exported from 375ठ⃚

Southeast Asia are commonly labeled as wild while many are in fact captive-bred. This 376ठ⃚

inaccuracy is compounded by the misidentification of clownfishes on export invoices, especially 377ठ⃚

between species with similar morphological appearances (e.g., Amphiprion ocellaris and A. 378ठ⃚

percula). The Marine Aquarium Biodiversity and Trade Flow online database not only sheds 379ठ⃚

light on source-errors (as seen in the Banggai cardinalfish case study) but also on potential 380ठ⃚

species misidentifications.  381ठ⃚

 382ठ⃚

Recently, the orange clownfish (Amphiprion percula) was proposed to be listed as threatened or 383ठ⃚

endangered under the ESA, mainly due to its small geographic distribution and obligate 384ठ⃚

relationship with giant sea anemones prone to bleaching events in the Coral Triangle. However, 385ठ⃚

the proposition was also based on the assumption that out of the 400,000 individuals from the 386ठ⃚

percula/ocellaris complex imported into the US in 2005 (Rhyne et al. 2012b), (a) all specimens 387ठ⃚

were wild caught, and (b) A. percula and A. ocellaris were equally traded, with 200,000 388ठ⃚

individuals of each species being harvested. Utilization of The Marine Aquarium Biodiversity 389ठ⃚

and Trade Flow online database removes the need for these assumptions. While in 2008, 2009 390ठ⃚

and 2011 831,398 individual clownfishes of the percula/ocellaris complex were imported into 391ठ⃚

the US (Fig 13), only 163,547 individuals were A. percula (24.5%). These data suggest that the 392ठ⃚

original assumptions of trade volume used to petition for ESA listing were strongly 393ठ⃚

overestimated. 394ठ⃚

 395ठ⃚

Further, the Countries of Origin feature of the database revealed that of the ten export countries 396ठ⃚

of A. percula, seven countries (41% of all individuals) fall outside the natural geographic range 397ठ⃚

of this species (Fautin and Allen 1997; Froese and Pauly 2015) (Table 7). Furthermore, five of 398ठ⃚

the seven non-native locations are established producers of aquacultured A. percula. Based on 399ठ⃚

PeerJ PrePrints | https://dx.doi.org/10.7287/peerj.preprints.1176v2 | CC-BY 4.0 Open Access | rec: 18 Jun 2015, publ: 18 Jun 2015

P
re
P
ri
n
ts



ठ⃚ 14ठ⃚

this, 7% of the non-native individuals are likely aquacultured specimens. The remaining two 400ठ⃚

non-native countries (Singapore and the Philippines) account for the residual 93% of the non-401ठ⃚

native individuals and are likely misidentifications. Interestingly, both Singapore and the 402ठ⃚

Philippines fall within the natural geographic range of A. ocellaris, which is commonly confused 403ठ⃚

with A. percula. While these individuals may be misidentified, it is also important to note that 404ठ⃚

Singapore is a known trans-shipping country, and could have imported their specimens from 405ठ⃚

another country, making the true origin of these specimens unattainable. Furthermore, Singapore 406ठ⃚

is a leader in aquaculture production of ornamental fish, and thus many clownfish could be of 407ठ⃚

aquaculture origin. 408ठ⃚

 409ठ⃚

In summary, 41% of A. percula imported into the US over the three-year span (a) were 410ठ⃚

misidentified as to species or export country, (b) were misidentified as to source (wild versus 411ठ⃚

aquaculture production), or (c) represent a recently expanded home range not yet noted within 412ठ⃚

the scientific literature. Regardless of the reason, the contribution of A. percula imports to the 413ठ⃚

percula/ocellaris complex is not only substantially less than assumed, it is likely even lower 414ठ⃚

based on the high percent of geographic anomalies reported here. Ultimately, this case study 415ठ⃚

confirms the need for more accurate and detailed trade data, such as that provided via The 416ठ⃚

Marine Aquarium Biodiversity and Trade Flow Database, for any potential ESA listing activity. 417ठ⃚

 418ठ⃚

Discussion 419ठ⃚

The deficiency of meaningful data relating to the global marine aquarium trade hinders progress 420ठ⃚

toward its effective management (Foster et al. 2014; Fujita et al. 2013; Rhyne et al. 2012b). 421ठ⃚

Access to meaningful data will allow for immediate feedback regarding trade activity, which will 422ठ⃚

increase public engagement in trade sustainability and guide responsible trade management. 423ठ⃚

Currently, there is no system for tracking species-level import/export data for the marine 424ठ⃚

aquarium trade. This is exacerbated by the lack of standard recordkeeping between different 425ठ⃚

countries (Green 2003). Coupled to this is the fact that present data systems are either overly 426ठ⃚

general, based on declaration forms (LEMIS), or specific to the trade of rare and threatened 427ठ⃚

species (CITES, Foster et al. 2014). The Global Marine Aquarium Database (Green 2003) has 428ठ⃚

attempted to make sense of some of these discrepancies, but can be difficult to use based on its 429ठ⃚

data structures and relational databases. These complications and data limitations make 430ठ⃚
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misinterpretation possible, as has occurred where trade volumes have been erroneously reported 431ठ⃚

as under- or overestimates. Without changes to the current data system used to assess trade 432ठ⃚

pathways, data inaccuracies and misinterpretations could have potentially costly consequences 433ठ⃚

(e.g., use of such data to affect ESA listing status) of social, economic, and ecological 434ठ⃚

proportions. These costs will only be exacerbated as the aquarium industry continues to grow.  435ठ⃚

 436ठ⃚

For these reasons, we created a publically accessible, anonymized web portal for invoice-based 437ठ⃚

trade data of ornamental marine animal imports into the US. This portal was linked to an 438ठ⃚

invoice-based assessment of the import trade to the US over four years. Capturing invoice-based 439ठ⃚

data can waylay many of the deficiencies of the extant databases. These data should prove useful 440ठ⃚

to both conservation organizations and government agencies by overcoming the aquarium trade 441ठ⃚

data deficiency that currently exists.  The benefit of the more detailed invoice data we focused on 442ठ⃚

here is that it allowed for a truer estimate of aquatic wildlife trade. There have been recent ESA 443ठ⃚

petitions for both the Banggai cardinalfish (NOAA 2014) and the orange clownfish, with some 444ठ⃚

of the assumptions in the ESA petition being based on incorrect trade data. In each of these 445ठ⃚

cases, we demonstrated that increased knowledge of production areas and modalities do not 446ठ⃚

support the base assumptions of the ESA petition.   447ठ⃚

 448ठ⃚

The assumptions of the ESA listing were erroneous in part because of inaccurate reporting of the 449ठ⃚

source (wild, captive-bred, farmed) of shipped animals. For example, exporters will often mark 450ठ⃚

farmed corals as wild corals, even when, ironically, they have proper CITES permits for the 451ठ⃚

export of farmed corals (Rhyne et al. 2014). Many exporters do not have the proper paperwork or 452ठ⃚

government support needed to accurately mark corals as captive-bred or farmed on CITES 453ठ⃚

documents, often because of the onerous process required to certify that corals are of a farmed 454ठ⃚

origin.  Consequently, importers must report shipments as wild, regardless of true source. While 455ठ⃚

improved analysis of invoices will help limit some of this misreporting, it will not be totally 456ठ⃚

unabated until a full fishery/farm to retail traceability program is initiated.  457ठ⃚

 458ठ⃚

Development of the Marine Aquarium Biodiversity and Trade Flow online database 459ठ⃚

(https://www.aquariumtradedata.org/) is a first step toward improving the data, which will allow 460ठ⃚

for better management and oversight of the trade in marine aquatic animals.  However, the 461ठ⃚
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invoice analysis was necessarily developed from a post-import standpoint. The shipments were 462ठ⃚

accepted at import, the paperwork processed, and the invoices stored, only to be recovered from 463ठ⃚

storage and delivered for analysis within this program. However, the OCR data processing has 464ठ⃚

the potential to be utilized in real time. This would allow for shipment diagnostics to be 465ठ⃚

conducted, which could potentially identify misidentified or even illegal shipments. Such an 466ठ⃚

import risk-based screen tool exists under the FDA’s Predictive Risk-based Evaluation for 467ठ⃚

Dynamic Import Compliance Targeting program (http://www.fda.gov/ForIndustry/ 468ठ⃚

ImportProgram/ucm172743.htm), and we propose that a similar model would be effective for the 469ठ⃚

wildlife trade. Ultimately, such an analysis would provide support to port agents to help them 470ठ⃚

more effectively monitor and police the aquatic trade.  471ठ⃚

 472ठ⃚

While it was not implicitly necessary to estimate the number of individuals imported for years of 473ठ⃚

incomplete data (2000, 2004 and 2005), we felt it important given the  graphical nature of the 474ठ⃚

presentation of the Marine Aquarium Biodiversity and Trade Flow online database. A common 475ठ⃚

query without the estimated number of fish would result in a figure where the total number of 476ठ⃚

indivudals in 2000 was 8% while 2004 and 2005 data would be approximately half that of 2008, 477ठ⃚

2009 and 2011. Therefore, the estimated fish numbers were created to create a more cohesive 478ठ⃚

visual presentation of data, and to avoid the incorrect analysis that numbers of US imports of 479ठ⃚

marine ornamental fish and invertebrates are increasing. The trade has decreased from its peak in 480ठ⃚

2005 following the economic recession and a shift to smaller tank sizes (Rhyne and Tlusty 2012; 481ठ⃚

Rhyne et al. 2012a).  482ठ⃚

 483ठ⃚

In summary, wildlife data tracking systems require improvement (Chan et al. 2015; Foster et al. 484ठ⃚

2014); we are beyond the age of tracking animal shipment volume solely for the purpose of 485ठ⃚

assessing port agent staffing needs. The systems currently in place have proven ineffective in 486ठ⃚

producing meaningful data that can move the aquarium trade toward sustainability and 487ठ⃚

conservation (Vincent et al. 2014). The invoice-based dataset presented here, while set up as a 488ठ⃚

post-import assessment tool, has the strong potential to be easily modified into a real-time 489ठ⃚

aquarium trade data monitoring system. The ability to monitor (Wallace et al. 2014) aquarium 490ठ⃚

trade pathways real-time is the crucial next step to effectively manage the trade of marine 491ठ⃚

ornamental wildlife for the home aquairum industry.  492ठ⃚
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numberठ⃚ofठ⃚individualsठ⃚importedठ⃚(Quantity,ठ⃚totalठ⃚#),ठ⃚theठ⃚%ठ⃚individualsठ⃚knownठ⃚identifiedठ⃚toठ⃚theठ⃚speciesठ⃚level,ठ⃚andठ⃚theठ⃚numberठ⃚ofठ⃚speciesठ⃚thatठ⃚overठ⃚1,000ठ⃚individualsठ⃚

areठ⃚caughtठ⃚perठ⃚timeठ⃚period.ठ⃚ठ⃚
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Figure 1. The FlexiCapture 9.0 verification screen for the capture of invoice data to incorporate into the Marine Aquarium Trade Database. Left) 

Declaration, Center) image of invoice, Right) invoice table from OCR results. Note: brown shaded areas indicate autocorrected fields, red flags 

indicate errors for user to correct.
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Figure 2. Country level dashboard page of the web portal, aquariumtradedata.org. Top) Trade flow map 

showing nodes of exporting nations and ports of entry in the U.S. Bottom) Timeline chart of US fish and 

invertebrate imports based on user selected dates. 
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Figure 3. Drop down menu for user-generated queries. Top) Countries/Ocean with Ports of Entry.  Users can 

select any combination of Oceans, Countries, and Ports of Entry. Middle) Demonstration of the Taxa selectors 

with top 20 species chart. Bottom) Countries of Origin and Ports of Entry for the species selected. 
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Figure 4. Exported chart from user-generated query. Header automatically includes user generated query that 

generated the image. Footer automatically includes attributes of the data as well as provides user with 

information about when the data was lasted updated.   
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Figure 5. Trade flow of marine aquarium fishes from source nations to United States over 2008, 2009 and 

2011. Numbers on lines indicates percent of trade. Pie chart in United States represents Ports of Entry (with the 

Midwest starting at 0 degrees, and clockwise, NE, SE, SW and NW).

 

Figure 6. Trade flow of marine aquarium invertebrates from source nations to United States for 2008, 2009 and 

2011. Numbers on lines indicate percent of trade. Pie chart in United States represents Ports of Entry (with the 

Midwest starting at 0 degrees, and clockwise, NE, SE, SW and NW).
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Figure 7. Top countries that exported Paracanthurus hepatus to the United States in 2005, 2008, 

2009, and 2011. Artwork by Karen Talbot. 

PeerJ PrePrints | https://dx.doi.org/10.7287/peerj.preprints.1176v2 | CC-BY 4.0 Open Access | rec: 18 Jun 2015, publ: 18 Jun 2015

P
re
P
ri
n
ts



0.1 1 10 100 1000 10000
0.0

0.5

1.0

Australia

Belize

Brazil

Costa Rica

Curaçao

Dominican Republic

Egypt

Federated States of Micronesia

Fiji

French Polynesia (Tahiti)

Ghana

Haiti

Indonesia

Israel

Japan

Kenya

Kiribati

Mauritius

Mexico

New Caledonia

Nicaragua

Philippines

Republic of Maldives

Republic of the Marshall Islan

Singapore

Solomon Islands

Sri Lanka

Taiwan

Tonga

Vanuatu

Vietnam

A. Fish

C
u

m
u

la
ti

v
e

 s
u

m
m

a
ti

o
n

 o
f 

n
u

m
b

e
r 

o
f 

in
d

iv
id

u
a

ls
 e

x
p

o
rt

e
d

 p
e

r 
c

o
u

n
tr

y

0.1 1 10 100 1000
0.0

0.5

1.0

Australia

Belize

Dominican Republic

Fiji

Haiti

Indonesia

Japan

Kenya

Mexico

Nicaragua

Philippines

Republic of the Marshall Islan

Singapore

Solomon Islands

Sri Lanka

Tonga

Vietnam

B. Invertebrates

Number of species exported per country (log10)

 

Figure 8. The cumulative summation the number of fish (A) or invertebrates (B) exported per 

country by rank order of species. The most exported species represents a significant proportion of 

the total individuals exported, and this importance decreases as a country exports a greater 

number of species. 
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Figure 9. The comparison of the total number of fish imports according to LEMIS and this 

invoice-based data across 4 years, the three years reported here along with 2005 data presented in 

Rhyne et al. (2012). 
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Figureठ⃚10.ठ⃚Theठ⃚determinationठ⃚ofठ⃚estimatedठ⃚numbersठ⃚ofठ⃚ornamentalठ⃚fishठ⃚andठ⃚invertebratesठ⃚importedठ⃚intoठ⃚theठ⃚US.ठ⃚Theठ⃚averageठ⃚numberठ⃚ofठ⃚

individualsठ⃚perठ⃚monthठ⃚wasठ⃚determinedठ⃚forठ⃚2008,ठ⃚2009,ठ⃚andठ⃚2011ठ⃚(top).ठ⃚Fromठ⃚here,ठ⃚theठ⃚yearsठ⃚forठ⃚whichठ⃚thereठ⃚wereठ⃚incompleteठ⃚dataठ⃚

(2000,ठ⃚2004,ठ⃚andठ⃚2005)ठ⃚wereठ⃚adjustedठ⃚proportionallyठ⃚basedठ⃚onठ⃚theठ⃚assumptionsठ⃚thatठ⃚monthlyठ⃚importठ⃚trendsठ⃚areठ⃚consistentठ⃚acrossठ⃚years.
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Figure 11. Top countries that exported Pterapogon kauderni to the United States in 2005, 2008

2009, and 2011, and 2013. Note: Thailand fish are aquacultured.  Artwork by Karen Talbot. 
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Figure 12. Number of aquacultured Pterapogon kauderni exported from the Kingdom of 

Thailand, imported into Los Angeles California during the past three years.   
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Figure 13. Imports of Amphiprion ocellaris and A. percula to the US aggreagated over 

the years 2008, 2009, and 2011. The species were summed over countries of export 

depending if the country was in the species native or non-native range. All non-native 

fish are either a) actually native, but of an unknown distribution, b) produced in 

aquaculture or c) mis-identified as to origin on the shipping invoice.  
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