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Abstract The ornamental aquarium pet trade is a
leading pathway for the introduction of aquatic
invasive species. In addition to purchasing live
organisms in stores, hobbyists are engaging more with
alternative informal online marketplaces that enable
peer-to-peer selling of aquarium organisms via auc-
tions. Although growing in popularity, little is known
regarding the global extent of informal marketplaces,
including the taxonomy of species that are traded, their
economic value, and the geographic routes by which
live organisms are transported. In this study we use an
automated web crawler to collect data on completed
auctions between 2011 and 2017 from the largest
informal market for aquarium hobbyists, AquaBid, to
understand the market dynamics and trade flows of the
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informal retail market online. During the 7-year study
period, the AquaBid website facilitated the estimated
trade of 539,548 live freshwater animals, 579,700 fish
eggs, and 31,431 plant assortments/bunches among
24,409 unique users who collectively placed 444,132
bids on 192,227 auctions, representing a total sale
value of $6,015,030 USD. Source (seller) and recip-
ient (buyer) locations of live organisms were dis-
tributed across 39 countries but concentrated largely in
major cities of the United States and select European
and southeast Asian countries. Our study is among the
first to quantify geographic routes of live organism
transport between specific locations on the landscape
and demonstrates the highly diffuse and non-central-
ized nature of the informal aquarium trade. Evaluating
the emerging challenges represented by informal
online retail marketplaces is critical to create policy
and regulatory solutions that minimize the transport of
prohibited invasive species.

Keywords Biological invasions - Globalization - e-
Commerce - Aquarium trade

Introduction
Developing effective strategies to prevent the ecolog-

ical and economic impacts of harmful invasive species
is considered fundamental in national-level policies
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(Early et al., 2016; Turbelin et al., 2017). Global trade
and the associated movement of live organisms
represent well-recognized pathways for biological
invasions (Hulme, 2009). The ornamental aquarium
pet trade has emerged as a leading pathway for the
introduction of aquatic invasive species (Cohen et al.,
2007; Chanetal., 2019; Lockwood et al., 2019), where
numerous species have the opportunity to become
established in foreign waters primarily through the
release of unwanted organisms by pet owners (Padilla
& Williams, 2004; Rixon et al., 2005; Weigle et al.,
2005; Gertzen et al., 2008; Chang et al., 2009; Strecker
et al.,, 2011; Maceda-Veiga et al., 2013; Ng et al,,
2016). Indeed, some of the most popular crayfish and
fish sold are also the most likely to become established
in the wild (Duggan et al., 2006; Chucholl, 2013;
Magalhaes & Jacobi, 2017). Although the acquisition
of live organisms was traditionally facilitated by
multinational and local “brick-and-mortar” pet stores,
these transactions are increasingly shifting to also
include online marketplaces. This rise has been
particularly prominent since the start of the COVID-
19 pandemic in 2020.

Global electronic commerce, or e-commerce, in the
ornamental aquarium trade is quickly changing the
ways that organisms are bought and sold through a
diverse network of online marketplaces (Walters et al.,
2006; Magalhdes & Jacobi, 2010; Humair et al., 2015;
Mazza et al., 2015). These online marketplaces
provide access to a diversity of nonnative species that
fulfill aquarists’ and consumers’ changing attitudes
towards more convenient purchasing and the acquisi-
tion of unusual pets for their aquarium (Humair et al.,
2014; Marchio, 2018; Prokop & Randler, 2018;
Stringham & Lockwood, 2018). A variety of formal
and informal marketplaces have been created to meet
the demand for ornamental aquarium species. Major
multinational (i.e., Petco, Petsmart) and local pet
stores have followed this trend by shifting portions of
their live organism sales online to create a formal web
marketplace where transactions occur between a
business and a consumer (American Pet Products
Association, APPA, 2017). Increasingly, hobbyists
participating in the ornamental aquarium trade are also
engaging in alternative informal online marketplaces
that enables peer-to-peer selling of aquarium organ-
isms (Humair et al., 2015).

The growth of informal retail marketplaces is
providing a new and potentially diverse pathway for

@ Springer

the movement of nonnative aquarium organisms. This
retail market is centered around large online auction
sites, and niche web businesses that attract hobbyists
wanting to purchase specific species (Magalhdes &
Jacobi, 2013; Humair et al., 2015; Mazza et al., 2015).
Some brief explorations of these informal market-
places have revealed a broad selection of nonnative
species available for purchase (Kay & Hoyle, 2001;
Padilla & Williams, 2004; Chucholl, 2013; Magalhaes
etal., 2017). According to studies of the online auction
site, eBay, more invasive than nonnative plants were
available to customers in the United States, and in
Italy, 95% of all aquatic species surveyed online were
foreign to the country (Humair et al., 2015; Mazza
et al.,, 2015).

Informal retail markets allow buyers to conve-
niently purchase organisms from peers around the
globe. This may support novel long-distance dispersal
pathways and elevate the potential of nonnative
organisms to be introduced into new habitats (Maki
& Galatowitsch, 2004; Giltrap et al., 2009; Lenda
etal.,2014). This risk is minimized in physical “brick-
and-mortar” stores and formal online marketplaces
where regulations require businesses to apply and pay
for licenses in order to sell and ship aquatic species
(Invasive Species Advisory Committee, ISAC, 2012).
Informal marketplaces also foster an environment
where sellers can purposefully, or unknowingly, evade
regulations through falsifying documents and utilizing
transshipments (i.e., shipment of goods or containers
to an intermediate destination, then to another desti-
nation) of nonnative or prohibited species. Pursuing
these sellers and evaluating the online informal
marketplace has been a time-consuming and expen-
sive task for law enforcement and regulatory agencies
(ISAC, 2012).

Due to rapid growth in online trade in live
organisms, many countries have identified informal
retail marketplaces as a significant risk to their
biosecurity (Derraik & Phillips, 2010; Martin &
Coetzee, 2011; Kikillus et al., 2012; Magalhaes
et al., 2017). Yet, numerous gaps exist in our
understanding of this rapidly expanding sector of
e-commence. Previous studies have mostly focused on
a snapshot of listings present on informal market-
places at one point in time and have been unable to
determine whether transactions (not just postings)
occurred (Papavlasopoulou et al., 2014; Humair et al.,
2015; Mazza et al., 2015). This paper seeks to provide
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new insight into the informal marketplace for orna-
mental aquarium fishes by evaluating the global extent
and economics of completed auctions of the largest
online auction site dedicated to the aquarium hobby,
AquaBid (www.aquabid.com). By systematically
crawling the entire auction website, we evaluate the
volume and value of transactions occurring over a
7-year period. Next, we construct trade flows illus-
trating the geographic locations of donors (sellers) and
recipients (buyers) of live organisms in the market-
place. Findings from this paper provide new insight
into the rapidly growing informal online retail market
for the sale of ornamental aquarium species.

Methods
Data collection

We examined all completed auctions on AquaBid.com
occurring over a 7-year period from January 1, 2011 to
December 31, 2017. AquaBid is an auction market-
place created in 2000 to allow individuals, collectors,
and breeders to buy and sell live aquatic organisms in
an online community. We investigated AquaBid due
to its high popularity among aquaria enthusiasts
(> 1.75 M page-views/month), and the diversity of
freshwater plants and animal species available for sale.
Descriptions and photos of live organisms for sale are
posted with additional information such as starting and
current bid amount, auction timeline, and shipping
options and costs (Fig. 1). AquaBid is different from
other e-commence websites in that users can also post
requests for live organisms wanted, for which sellers
can respond. There is no charge to bid on an item,
currently, but all sellers and buyers are required to
register by providing a username and contact infor-
mation. During the time of registration users are
notified that the IP address of their computer is being
recorded.

We programmed a web crawler to systematically
read every auction listed on the AquaBid website and
store data associated with auctions involving live
ornamental organisms completed during the 7-year
study period. The crawler, which was written in the
python programming language, downloaded the con-
tent of each webpage by mimicking a standard desktop
web browsing client using functions from the requests
and urllib modules. Auctions were discovered by

examining every known seller’s list of closed auctions.
As additional AquaBid users were found to be bidders
and buyers on closed auctions, the browser iteratively
searched each users’ list of previous sales, and then
any users found as buyers within. The crawler ran from
June 17 to July 28, 2018, at which point there were no
additional users or auctions to be cataloged. Each
auction listing webpage was parsed, and we stored the
following: auction ID, taxonomic group of the listed
species, buyer and seller username, the seller’s
location (latitude and longitude), date of the com-
pleted auction, and the number of bids and final selling
price (Fig. 1). Only 110 auctions (0.05%) involved
marine organisms, which were omitted from all
subsequent analyses. Although the user-reported tax-
onomic ID field in the auction descriptions was ex-
tremely coarse, we were able to use this information to
assign the organisms of each auction into 1 of 41
categories related predominantly to taxonomic affili-
ation and/or species native range.

Data analysis

We tabulated the number of auctions by taxonomic
category and final sale price (USD) of all completed
auctions. Sale prices were not adjusted for inflation
given the limited time period examined. The total
quantity of individuals was inconsistently reported in
auctions. Therefore, each animal auction was conser-
vatively assumed to involve a single individual, with
the exception of “various mixed lot fishes”, “snails”,
“invertebrates” (mainly shrimp), and “killifish eggs”,
which were each estimated to contain 10, 20, 20 and 25
individuals/eggs, respectively, according to com-
monly reported numbers in auction listings. Plants
were sold by assortments or bunches and were
inconsistently reported as numbers of trimmings/roots
or volume (oz, cups, gallons); thus, we conservatively
report plants by the number of auctions.

We analyzed the geography of live organism trade
by examining those auctions that occurred between
people who acted as both sellers and buyers at some
point during the study period (2,283 users). Data
filtering was necessary because only the locations of
sellers are disclosed on auction listings. This filtering
process resulted in the inclusion of 23% (n = 37,727)
of all auctions. Buyer and seller information was used
to trace routes of live organism transactions between
continents, countries, and regions of the US by using
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Time Left
Started
Ends.

Seller
Location

High Bidder
Page Views

Payment

Shipping

ade SuperRedDragon 4.

in FREE-SHIPPING#10
Buy It Now Price: $200.00 ~buynow

Buy It Now before a bid is placed

11 days 22 hours + Currently $200.00 - No reserve
Tue May 26 2020 - 09:50: Starting Price  $200.00
Tue Jun 9 2020 - 09:50:04 AM CDT #0f Bids 0 (Bid History)

& (View All Seller's Auctions o This Category)
7% San Diego CA 92111 United States (View Seller's Feedback)

8l (Search Feedback Forum about Seller)
© (Ask Seller a Question)
© (Report this Auction)

19

See Item Description, PayPal

AquaBid.com does not recommend payment via Western Union, Moneygram o other instant cash transfer services (non-bank,
point-to-point cash transfers).

Effective Oct. 17, 2019: sellers are no longer allowed to request PayPal.com payments via the friend and family option.

Will Ship to United States Only Seller Pays Shipping, See Item Description

Seller assumes all responsibilty for listing this item. You should contact the seler to resolve any questions before bidding. Currency is U.S. dollars (USS).

e o0 | v rveet JETTE

51K+

Hello everyone! | have a unique King Super Red Dragon Flowerhom Male 4" to 4.5 inches #10.It's Up forbid or buys now for $200 FREE FedEx Express ovemight shipping available
anywhere in the US.{ Alive Arrival Guarantee}in the case of DOA, please take pictures while in the bag and out of the bag, and also, one picture of cutting tail parts. please Send the pictures
(within 2 hours after arrival) Due to this expensive hobby I'm willing to take payments up to 2 weeks and I'l ship out atter receiving full payment. Please feel free to callitext between 9am to

10pm @#858 634 0026 "~ “viewing my ad and have a nice day!
40 chestnut mystery snails
Buy It Now Price: $30.00 ~buynow
Buy It Now before a bid is placed
B TimeLeft 02 days 08 hours + Currenty  $30.00 - No reserve
Started  Sat May 23 2020 - 07:38:13 PM CDT Starting Price $30.00
Ends. Sat May 30 2020 - 07:38:13 PM CDT #ofBids 0 (Bid History)
Seller < € (view All Seller's Auctions or This Category)
Location Edison NJ 08817 United States (View Seller's Feedback)
(Search Feedback Forum about Seller)
© (Ask Seller a Question)
© (Report this Auction)
High Bidder
Page Views 37
Payment  See Item Description, PayPal
AquaBid.com does not recommend payment via Western Union, Moneygram or other instant cash transfer services (non-bank,
point-to-point cash transfers).
Effective Oct. 17, 2019: sellers are no longer allowed to request PayPal.com payments via the friend and family option.
‘Shipping Will Ship to Continental United States Only Buyer Pays Fixed Amount, See Item Description

Seller assumes all responsibility for listing this item. You should contact the seller to resolve any questions before bidding. Currency is U.S. dollars (US$).

(4o T v IS

Description

‘This auction is for 40 chestnut mystery snails. Pea size or up. They eat algae on plants, glass, etc. and fish food debris in gravel and also dead plants. They won't eat living plants and are
plant safe. They like to eat algae wafers as shown in picture. These snails are living in a planted community tank with small ishes such as guppy, platy, molly, bristle nose pleco, cory cats and
these fish do not harm the snails. The snails can grow to bigger than golf ball size and lay clusters of eggs above the water line so it is easy to remove the unwanted eggs. Shipping is $9-12
by post office priority mail. Can combine shipping. Prefer paypal, but can consider other payments. If D.O.A (it rare), please inform me within 2 days after you receive it. | can refund you

snail cost but no S&H. Thanks for viewing.

Time Left

Seller
Location

High Bidder
Page Views

Payment

Shipping

Water hyacinth pond plant Large
Buy It Now Price: $4.99 ~buynow

Buy It Now before a bid is placed

10 days 02 hours + Currently $4.99 - Reserve price met
Sun May 24 2020 - 02:05:43 PM CDT Starting Price  $4.99
Sun Jun 7 2020 - 02:05:42 PM CDT #of Bids 0 (Bid History)

<X pusume

& (View Al Seller's Auctions or This Category)
3# Dover DE United States 19904 United States (View Seller's Feedback)

(Search Feedback Forum about Seller)
(Ask Seller a Question)
© (Report this Auction)

43
Visa/Mastercard, American Express See Item Description, Other, PayPal

\quaBid.com does not recommend payment via Western Union, Moneygram or other instant cash transfer services (non-bank,
point-to-point cash transfers).

Effective Oct. 17, 2019: sellers are no longer allowed to request PayPal.com payments via the friend and family option.

Will Ship to United States Only Buyer Pays Actual Shipping Cost, See Item Description

Seller assumes all responsibiliy for listing this item. You should contact the seller to resolve any questions before bidding. Currency is U.S. dollars (USS).

i oo [ e [T

Descri n

Please contact me if you're interested in multiple listings or bulk orders. It wil prevent you from unnecessary Shipping costs & | may have more quantities or species than listed. All shipments

for LIVE AQUATICS are on Monday-Wednesday. Shipping charges are NON-REFUNDABLE | reserve the right to hold shipments if the weather is unsuitable for shipping for the health of the

plant. My goal is to get your plants to you as fast as possible and in the best condition possible. If you have any problems with your order, please feel free to reach out | want you to have the

best experience possible. Please, please contact me before opening a case or leaving negative feedback. | am a reasonable person and | try to make my customers happy. If you have Plants
that show up dead I require you to contact me within 2 hours of first delivery attempt. | will need pictures of the dead plants in the original packaging for replacement.
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«Fig. 1 Screenshots of aquarium auction listings on AquaBid.-
com (May 28, 2020). Pictured are sales of A flowerhorn cichlid,
B chestnut mystery snails, and C water hyacinth plant

the source location (sellers’ location) and the destina-
tion location (buyers’ location); these routes were
visualized in chord diagrams produced using the
circlize package in R version 3.5.1 (R Core Team,
2016).

Results
Market dynamics

The AquaBid website documented the trade of live
organisms among 24,409 unique users from 39
countries and 6 continents, who collectively placed
444,132 bids on 192,227 auctions over the 7-year
study period. The mean number of bids for each
auction was 2.3 (SD =+ 3.1) with a range of 1 to 60
bids. The market was diffuse with 3,287 sellers each
holding an average market share by total auction value
(USD) of 0.03% (SD =+ 0.12). Few sellers held
prominent market shares in the marketplace with five
users having market shares above 1%.

An estimated 539,548 live animals, 579,700 killi-
fish eggs, and 31,431 plant assortments/bunches were
transported as part of completed auctions, representing
a total value of $6,015,030 USD. Annual completed
auctions demonstrated an overall decreasing trend, but
transaction values remained at over $0.5 M USD each
year. Average auction price was $31.30 USD (SD +

$49.08) (Fig. 2), with a maximum of $6,000 USD
purchase price for a flowerhorn cichlid (Cichidae).

Plants assortments/bunches (16.4%), killifish eggs
(12.1%), halfmoon and Plakat bettas (Betta splendens;
Regan, 1910) (11.8%, 8.6%), guppies (Poecilia retic-
ulata, W. Peters, 1859) (7.1%) and invertebrates
exclusively of snails (6.9%) were the most purchased
species categories by total auction count (Fig. 3A).
Other noteworthy categories included a broad array of
African and Central/South American cichlids, plecos
(Hypostomus plecostomus; Linnaeus, 1758), catfishes
(Corydoradinae), rainbow fish (Melanotaeniidae),
“invertebrates” (mainly shrimp), and various “mixed
lot” fishes and snails. Of particular note was 77
auctions for live Asian Arowanas (genus Scleropages),

commonly known as “dragon fish” or “lucky fish”, all
by sellers in the US. Furthermore, a number of highly
invasive species were being traded, including the
common water hyacinth (Eichhornia crassipes;
(Mart.) Solms) which appears on the IUCN list of
the world’s top 100 most invasive species (Fig. 1C).
Total sale value (USD) largely mirrored patterns in
total auctions, where the most commonly traded
categories of organisms also held the largest share of
the market (Fig. 3B). Notable exceptions included
flowerhorn cichlids, discus cichlids (Cichidae) and
freshwater stingrays (Potamotrygonidae); a result of
these organisms fetching high sale prices. For exam-
ple, flowerhorn cichlids and stingrays sold for an
average price of $180.04 and $547.47 USD,
respectively.

Geography of trade

Source (seller) and recipient (buyer) locations of
auctions were distributed across 39 countries but
concentrated largely in major cities of the US and
scattered across select European and southeast
Asian countries (Fig. 4). The transport of organisms
occurred via 547 unique trade routes between sellers
and buyers comprising a total of 37,727 auctions; a
conservative representation based on 23% of all
auctions (see “Methods” section, Fig. 5A). Interna-
tional trade of live organisms occurred in 22% of
37,727 auctions, involving a diffuse network of
trading partners. Live organisms were predominantly
traded from Europe to Asia and the US, and from Asia
to the US (Fig. 5A). Major trade routes included those
from Thailand/Malaysia and Poland to the US, Czech
Republic/Bulgaria/Spain to China (limited to killifish
eggs), and from numerous European countries to the
UK (Fig. 5B). The average seller-to-buyer straight-
line distance that live organisms were shipped
between different countries was 8,419 km (SD =
5,353 km) with a maximum distance of 19,373 km
between Japan and Brazil.

Trade routes within the US were the most promi-
nent, totaling approximately 78% of 37,727 auctions
(Fig. 5A). These auctions resulted in live organisms
being transported within 1,867 trade routes between
sellers and buyers of all states, District of Columbia
and Puerto Rico. Trade in live organisms was
extremely diffuse according to major regions of the
US, although the most active trade predominantly
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Fig. 2 Frequency of
192,227 AquaBid auctions
(%) according to final sale
price (USD) reported over
the 7-year study period
(2011-2017). Only sale
prices lower than $250 USD
are shown (representing
99.5% of all auctions) to aid
visualization

A

(2]
c
ke
©
=
<
10
5
0 USSR [ R—
0 50 100 150 200 250

Sale Price (USD)

Plants - pPlants - [ NG
Killifish Eggs (Cyprinodontidae) - Killifish Eggs (Cyprinodontidae) - ]
Betta, Halfmoon (Betta splendens) - Betta, Halfmoon (Betta splendens) - [  GcININGNGEGEGEGEGEEEEEEEEEE
Betta, Plakat (Betta splendens) - Betta, Plakat (Betta splendens) - [ G GcnzzNGEGEGEGEGEE
Livebearers, Guppy (Poecilia reticulata) - Livebearers, Guppy (Poecilia reticulata) - [ G GczNININGG
Invertebrates - Invertebrates - [ NGTGTGTcTcININGN
Cichlid, Angelfish (Pterophyllum) - Cichlid, Angelfish (Pterophylium) - [ GG
Pleco (Hypostomus plecostomus) - Pleco (Hypostomus plecostomus) - [ GGG
Snails (Gastropoda) - Snails (Gastropoda) - [
Livebearers, domesticated (Poecilidae) - Livebearers, domesticated (Poecilidae) - [ NRNRGEGTNzGNGNG
Livebearers, wild (Poeciliidae) - Livebearers, wild (Poecilidae) - [ NN
Various fishes ("mixed lot") - Various fishes ("mixed lot") - [ NNRNRREEN
Catfishes (Corydoradinae) - Catfishes (Corydoradinae) - [ N RS
Betta, Crowntail (Betta splendens) - Betta, Crowntail (Betta splendens) - [l
> Cichlid, Apisto (Apistogramma) = Cichlid, Apisto (Apistogramma) - [
o Cichlid, Tanganyika (Cichlidae) - Cichlid, Tanganyika (Cichlidae) - [ ENRNREEN
(@] Cichlid, Flowerhorn (Cichlidae) - Cichlid, Flowerhorn (Cichlidae) - [ R RN
_,G_J. Cichlid, L. Malawi Peacock (Aulonocara) - Cichlid, L. Malawi Peacock (Aulonocara) =
© Cichlid, L. Malawi (Cichlidae) - Cichlid, L. Malawi (Cichlidae) -
O Rainbow fish (Melanotaeniidae) - Rainbow fish (Melanotaeniidae) - ]
(&) Cichlid, Central America (Cichlidae) - Cichlid, Central America (Cichlidae) -
é Native Fishes of U.S. - Native Fishes of U.S. -
o Cichlid, South America (Cichlidae) - Cichlid, South America (Cichlidae) -
c Betta, wild (Betta splendens) - [l Betta, wild (Betta splendens) - [l
o Cichlid, Discus (Symphysodon) - [l Cichlid, Discus (Symphysodon) - [N
X Betta, Delta/Super Delta (Betta splendens) - [l Betta, Delta/Super Delta (Betta splendens) - ||
& Minnows, true (Cyprinidae) - [l Minnows, true (Cyprinidae) - [l
Other- [ Other- [l
Cichlid, W. Africa (Cichlidae) - I Cichlid, W. Africa (Cichlidae) - [
Characids (Characidae) - || Characids (Characidae) - [l
Betta, Double tail (Betta splendens) - [ Betta, Double tail (Betta splendens) -}
Catfishes (other) - Catfishes (other) -
Loaches (Cobitidae) - Loaches (Cobitidae) =
Cichlid, L. Victoria (Cichlidae) - Cichlid, L. Victoria (Cichlidae) -
Labyrinth fish/gouramies (Anabatoidei) - Labyrinth fish/gouramies (Anabatoidei) -
Goldfish (Carassius auratus) = Goldfish (Carassius auratus) -
Cichlid, other (Cichlidae) - Cichlid, other (Cichlidae) =
Betta, Veiltail (Betta splendens) - Betta, Veiltail (Betta splendens) -
Freshwater Stingray (Potamotrygonidae) = Freshwater Stingray (Potamotrygonidae) =
Arowana (Osteoglossidae) - Arowana (Osteoglossidae) -
Koi carp (Cyprinus carpio) - Koi carp (Cyprinus carpio) =
' ' ' ' ' ' ' '
0 10 20 30 0 200 400 600
Auctions (#, thousands) Sale Value (USD, thousands)

Fig. 3 Total A number and

@ Springer

B sale value (USD) of AquaBid auctions according to major taxonomic category



Hydrobiologia (2021) 848:1967-1979

1973

: LRy

Fig. 4 Global distribution of sellers on AquaBid. Symbol size is scaled according to the total number of auctions over the study period

(2011-2017) ranging from 1 to 861

involved individuals located in the South Atlantic,
Mid-Atlantic, North-east Central and Pacific
(Fig. 5C). For example, live organisms associated
with auctions traded from the South Atlantic to both
the Mid- and North-east Central regions were higher,
proportionally, compared to other trade routes. The
North-west region was predominantly the recipient of
live organism trade, whereas the remaining regions
were more balanced in the number of sellers and
buyers. The average seller-to-buyer straight-line dis-
tance that live organisms were shipped with the US
was 1,675 km (SD = 1,352 km).

We found evidence for both diffuse and directional
trading routes of live organisms. For example, within-
country auctions of cichlids were variable across the
US but largely involved highly populated cities
(Fig. 6A). By contrast, sellers of native fishes were
predominantly located in Florida, resulting in large
directional trade routes radiating northward to numer-
ous states (Fig. 6B). Inter-country shipments of killi-
fish eggs in Europe were highly dispersed but with
concentrated hubs in Spain, Portugal and Bulgaria
(Fig. 6C). Finally, sellers of B. splendens in South-east
Asia were highly concentrated in Bangkok, Rayong

and other areas of Thailand (Fig. 6D). Auction
transactions can be fully explored using a web
interface available at Online Resource 1.

Discussion

Recent decades have witnessed mounting efforts to
establish evidence-based regulations to limit species
invasions (McGeoch et al., 2016), yet continued
globalization is leading to growing pathways for their
introduction and heightened risk (Hulme, 2009).
Recent surges in global e-commerce linked to Internet
sales of aquarium organisms may be expanding or
creating new pathways for nonnative species, yet
numerous gaps exist in our understanding of informal
online marketplaces (Walters et al., 2006; Keller &
Lodge, 2007; Humair et al., 2015; Magalhies et al.,
2017). According to the largest online auction site
dedicated to the aquarium hobby, AquaBid, we
revealed that well over 1 M live fish and fish eggs,
and thousands of invertebrates and plant bunches were
transported around the global over a 7-year period.
This highly active marketplace, representing a total
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«Fig. 5 Number of AquaBid auction transactions among and
within A continents, B countries, and C regions of the US, using
chord diagrams. Transactions conducted within the US have
been omitted from B to allow for better visualization of global
transactions. The values on the circumference of each diagram
represent the cumulative number of transactions. The thickness
of chords represent the number of pairwise transactions between
continents/countries/regions (chord colors differing from color
on the outer ring) or within a continent/country/region (chord
color the same as color on the outer ring), where sellers and
buyers are denoted by the base and the head of the arrow,
respectively. Continents include Asia (AS), Africa (AF), Europe
(EU), North America separated according to the United States
(USA) and Canada/Mexico (CDN/MEX), Oceania (OC), and
South America (SA). Countries are labeled using ISO3 codes.
Regions of the United States include Northeast (NE), Northeast-
Central (NE CEN), Northwest-Central (NW CEN), Pacific
(PAC), Puerto Rico (PR), Southeast-Central (SE CEN), South-
Atlantic (S ATL), Southwest-Central (SW CEN), Mid-Atlantic
(M ATL) and Mountain (MTN)

sale value of over $6 M USD, is an exemplar of the
burgeoning aquatic trade supported by informal online
marketplaces.

Online marketplaces provide access to a diversity
of nonnative species that fulfill aquarists and con-
sumers changing attitudes towards more convenient
purchasing and the acquisition of specific, sometimes
unusual, organisms for their aquaria (Humair et al.,
2014; Marchio, 2018; Peres et al., 2018; Prokop &
Randler, 2018; Stringham & Lockwood, 2018).
Although it was challenging to identify organisms to
the species level, the taxonomic category provided by
sellers on auction postings revealed a wide diversity of
organisms available for purchase. Buyers demon-
strated a strong affinity towards halfmoon and Plakat
bettas, guppies, cichlids, plecos, and rainbow fish.
These popular fish species are commonly found in
local pet stores and online (Strecker et al., 2011; Dey,
2016; Evers et al., 2019). The informal marketplace
also contained species that are typically less available,
including killifish (adults and eggs), arowanas, and
particular types of African and Central/South Amer-
ican cichlids. Online marketplaces appear to provide a
platform for aquarists to buy, sell and trade purebred
cichlids that are not available from multinational or
local pet stores who sell hybrid varieties. Other species
on AquaBid which are not commonly available
include Asian Arowanas, which are native to South-
east Asia and can grow to approximately 1 m in length,
and the highly invasive common water hyacinth that
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A A toffrom Alaska

B toffrom Alaska

to/from Hawail

Fig. 6 Geographic routes of live organism shipments associ-
ated with A intra-country auctions of cichlids in the US, B intra-
country auctions of native fishes in the US, C intra-continental

appears on the JUCN list of the world’s top 100 most
invasive species (Fig. 1C). Finally, the selling of
various “mixed lot” fishes is also concerning because
the taxonomic identity of these species is unclear from
the auction listings (a similar challenge to live
organism imports at borders: Smith et al., 2008) and
may instead involve off-line discussions between
buyers and sellers. The availability of both common
and potentially unique species on informal market-
places may be a significant risk factor in the
introduction of nonnative aquatic species.

Our study revealed geographic routes of live
organism transport between specific locations in 39
countries spanning six continents, thus demonstrating
the highly diffuse and non-centralized nature of the
informal aquarium trade. In a controlled study that
compared the distance of organisms purchased in-
store and online, Lenda et al. (2014) found that
organisms purchased online traveled six times farther

to/from Russia

Killifish
eggs

Cichlids

/ Viet Nam.

Native
fishes

auctions of killifish eggs in Europe, and D auctions of Betta
splendens exported from South-east Asia

than organisms purchased in-store; our results suggest
that this disparity could be much larger with live
organisms being shipped many thousands of kilome-
ters around the world. Consequently, the informal
marketplace could be an important contributor to long-
distance dispersal pathways for nonnative species.
Thailand was the largest exporter of shipments to the
US followed by an array of other countries located in
Asia and Europe. The prominence of Asia, and in
particular Southeast Asia in the aquarium trade has
been previously noted because of the diversity of
species available in that region and high aesthetic
value placed on them by aquarists (Padilla & Wil-
liams, 2004; Rhyne et al., 2017; Evers et al., 2019;
Pinnegar & Murray, 2019). In addition to international
trade, a significant number of auction transactions
occurred between buyers and sellers in the US. This is
perhaps not surprising since AquaBid is based in the
US and thus challenges to shipping live organisms
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within the country are lower. The largest trade
activities occurred among major cities in the Mid-
Atlantic, South Atlantic and North-east Central
regions, although trade linkages were evident across
all states and territories. This supports the fact that the
informal market creates an environment that enables
consumers to purchase aquatic organisms without the
deterrence of distance to factor into their decision-
making, thus creating novel, and substantially longer
pathways for the dispersal between disparate pools of
nonnative species (Olden et al., 2018).

The diffuse nature of the informal aquarium trade
creates challenges for biosecurity and invasive species
policy of many countries. The minimal barriers to
entry in the informal retail marketplace combined with
its potential anonymity has facilitated the trade of
prohibited aquatic species in many countries, includ-
ing New Zealand, Brazil, and the UK (ISAC, 2012;
Kikillus et al., 2012; Magalhdes, 2015). Unlike
traditional “brick-and-mortar” pet stores, the online
market can more rapidly adapt to consumer preference
by listing species that are rare and unique to the global
marketplace. This rapid ability to list new species
combined with established selling platforms allows
informal e-commerce marketplaces to potentially
contribute to the spread of nonnative species to new
locations through accidental or intentional release of
live organisms (i.e., aquarium dumping).

Online marketplaces provide rich opportunities to
better understand the geography of live organism
trade. First, item descriptions often include details
regarding the type and number of organisms being
sold. However, informal names accustomed to aquar-
ists are used exclusively in auction postings, thus
poising a challenge to using this data stream. The
necessity of relying on broad self-reported taxonomic
categories by sellers results in an opaque understand-
ing of the specific species involved in trade, thus
making it difficult to enforce regulations according to
names of black-listed prohibited species. Second,
sellers also described their preferred mode of shipment
in auction postings, including the use of the United
States Postal Service. The use of established mailing
services to ship aquarium species purchased online is
recognized to facilitate the long-distance dispersal of
invasive species (Lenda et al., 2014; Magalhaes et al.,
2017; Gurjao et al., 2018). Understanding the primary
methods of how organisms are transported within
informal marketplaces can aid law enforcement and
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regulatory agencies to enact policies that target the
most trafficked mail systems. Third, concomitant to
the rise of informal retail auction sites has also been
the expansion of online fora for aquarium enthusiasts
to discuss topics concerning the aquarium hobby.
These provide an arena for communication between
like-minded individuals to discuss topics related to
their hobbies and interests (Bargh & McKenna, 2004).
Online fora, including one hosted by AquaBid,
provide yet another dimension of the informal retail
market where knowledgeable consumers have the
opportunity to acquire specific organisms, and sellers
can provide new offerings to potentially shape market
demand. Online fora facilitate direct interactions
between sellers and buyers who potentially want to
purchase organisms in an unregulated and untracked
manner (Magalhaes et al., 2017).

For individual hobbyists, collectors and breeders, it
is easy to participate in online marketplaces, and the
anonymity provided by auctions may be a mechanism
that incentivizes users to offer organisms that are
illegal or banned in certain states (Lockwood et al.,
2019). The AquaBid website contains detailed infor-
mation on buying and selling live organisms, yet at the
time of this publication it only includes the following
brief statement on illegal aquatic species: “Some
states prohibit the movement, sale and/or distribution
of various aquatic species. Please check with your
local authorities™ (last updated on 10/19/2007), in the
Frequently Asked Questions section. This is followed
by links to four US states that supposedly contain a list
of prohibited species; two links are broken (Mas-
sachusetts, Washington), one link redirects to website
not containing a list (Vermont), and the last link is to a
list of nuisance plant species created in 2005 (Florida).
Furthermore, an examination of the online community
forum revealed comments and discussions on the trade
of six prohibited fish species currently listed on the US
Lacey Act. However, these postings also contained
comments from users expressing concerns about the
selling of prohibited species. This suggests that users
may play an active role in educating others on the
forum when a species listed for sale was invasive or
prohibited in a US state. Regulators and law enforce-
ment could utilize this peer-to-peer education in online
fora by posting infomercials that detail species of
primary concern to further educate the community of
users present on online forums.
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Utilizing the data provided by aquarium enthusiasts
and hobbyists in auction descriptions and online fora
provides important insights into the consumer behav-
ior and potential illicit trade of prohibited aquatic
organisms. Further research should focus on emerging
online platforms for aquarium enthusiasts including
Facebook (policy prohibits selling of live animals but
enforcement is largely lacking), Twitter, WhatsApp,
and other aquarium fora to construct a broader
understanding of consumer behavior and to identify
species that will become popular within the aquarium
trade (Humair et al., 2015; Magalhdes et al., 2017).
Extending to online platforms that are hosted outside
of the US is also important. Applying text-mining
techniques, image recognition algorithms and other
social media tools (Feldman et al., 2008; Daume,
2016; Li et al., 2016) to auction descriptions and
online fora may enable researchers to better under-
stand consumer behavior and trends concerning the
ornamental aquarium trade. Ultimately, such knowl-
edge could support regulatory and enforcement agen-
cies to more efficiently apply their resources in
monitoring species of high concern.

The scale and diversity of the informal retail
arrangements identified in this analysis highlights the
difficulty in current biosecurity polices to intercept
and seize invasive or potentially invasive species.
Illegal importation via informal online marketplaces
can occur in a number of ways. Previous law-
enforcement investigations into AquaBid (and other
websites) have found users willing to sell and ship
prohibited species without required documentation,
and in some cases, this has led to arrests (e.g., United
States v. Danny Yep, No. 3:07-CR-00481, N.D.
California). Another apparent mechanism for illegal
importation is for sellers to ship live organisms to a
trans-shipper in a nearby country where the fish were
not banned, and then smuggle these shipments into the
prohibiting country via ground transport to circumvent
more rigorous inspection of international air ship-
ments of live animals (ISAC, 2012). A study of marine
ornamental fishes in Switzerland found that 30% of all
imported specimens were trans-shipped to 11 other
European countries (Biondo, 2018). Furthermore,
sellers can ship living organisms directly using mail
service (Morrisey et al., 2011) that, unlike express
delivery, doesn’t generally require any electronic
declaration about the content of the packages. Finally,
sellers can also falsely declare the contents of

shipments on custom declaration forms to attempt to
evade customs and wildlife inspectors (Humair et al.,
2015). These methods have been used in Brazil where
sellers of nonnative fish on informal retail markets
have used a variety of methods to suppress the
contents of their package to avoid being seized
(Gurjao et al., 2018).

Conclusion

The informal marketplace created by AquaBid sup-
ports an active community of aquarists who partici-
pated in buying, selling, and bidding of live organisms.
AquaBid was the first website dedicated to direct peer-
to-peer selling of organisms through auctions, and its
presence among aquarium enthusiasts has created a
large number of users. With the rise of AquaBid’s
active community, there has been a simultaneous
expansion of informal retail across the internet with a
yearly growth rate of 14% in the US alone (U.S.
Department of Commerce, 2019) and a spike in
growth starting in 2020 due to the COVID-19
pandemic. Consequently, there is a need to analyze
emerging informal markets, as well as countless other
online platforms, to quantify their contribution to the
trade of aquarium organisms.

This study aimed to raise awareness of the global
extent of the informal e-commence marketplace for
aquatic invasive species. Trade via the internet is
largely unregulated, therefore, national policies are
critical to effectively manage this invasive species
pathway. Recent recommendations call for “white”
(allowed in trade) or “black” lists (not allowed in
trade) of regulated species that are easily accessible to
all relevant parties (sellers, buyers, platforms, custom
organizations, natural resource agencies, environmen-
tal protection agencies). It is important to collaborate
closely with the leading e-commence companies to
prevent the posting of auctions involving restricted
species, improve the taxonomic information listed in
auctions, and provide warnings and other information
regarding existing regulations (Monaco, 2019). Addi-
tionally, web tools and required reporting by compa-
nies would allow for monitoring those species
currently traded in online marketplaces and allow for
anticipating changing seller and buyer preferences.
Looking to the future, it is abundantly clear that
additional scrutiny is needed to support biosecurity
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polices that consider the diffuse nature of the e-com-
mence trade in live organisms.
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