Biol Invasions (2018) 20:3167-3178
https://doi.org/10.1007/s10530-018-1766-4

@ CrossMark

ORIGINAL PAPER

Invertebrates associated with aquatic plants bought
from aquarium stores in Canada and New Zealand

Ian C. Duggan

+ Paul D. Champion - Hugh J. Maclsaac

Received: 5 March 2018/ Accepted: 21 May 2018 /Published online: 25 May 2018
© Springer International Publishing AG, part of Springer Nature 2018

Abstract Invertebrate species carried incidentally
(i.e., ‘hitchhikers’) in the aquarium trade have gained
increasing attention in recent years, but factors
affecting the movement of species from stores to
homes are poorly understood. We aimed to determine
how macrophytes bought from stores act as vectors for
transport of non-indigenous invertebrate species. We
tested whether incidental invertebrate faunas carried
on macrophytes vary internationally by comparing the
New Zealand and Canadian trades, and if macrophyte
species with different morphologies carry different
risks. We recorded a large variety of invertebrate
species associated with Vallisneria spp., Sword plants
(Echinodorus spp.) and Elodea canadensis bought
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from stores, including species non-indigenous to both
countries. Community composition of incidental
fauna differed significantly between New Zealand
(primarily domestically cultivated) and Canadian
(primarily imported) bought macrophytes. Differ-
ences in composition between different macrophyte
species were only statistically significant between
wild-collected E. canadensis and the cultured species
in New Zealand. Behaviours observed in stores, such
as the amount of time macrophytes were removed
from water before being placed in plastic bags for
transport, did not affect the abundances or richness of
incidental invertebrates transported, and thus did not
appear to be effective in reducing invasion risk. We
therefore recommend chemical treatment for removal
of invertebrates from macrophytes at or pre-border,
and from tanks containing plants at culture facilities
and in stores. Such management will reduce the
probability of introduction of hitchhikers to home
aquaria, from which risk of release to natural waters is
greatest.
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Introduction

For the successful invasion of any species, individuals
must pass through a series of sequential steps:
entrainment, transportation, introduction and estab-
lishment. Understanding biological invasions is best
achieved by examining each component phase sepa-
rately (Carlton 1996; Kolar and Lodge 2001). In the
aquarium trade, the transportation phase can itself be
divided into multiple sub-steps, typically including the
movement of individuals from their native range to
overseas aquaculture facilities, to wholesalers and
stores, then homes, before eventual possible release
into waterways (Duggan 2011). As such, full compre-
hension of invasions via the aquarium trade requires
not only an understanding of the dynamics of species
between transitions, but also of factors occurring
within the transportation phase.

For species carried intentionally in the aquarium
trade (e.g., fish, macrophytes, crayfish and some snail
species), exporters, importers, sellers and buyers all
will want to maximise the survivability of species
from the native ranges to homes. Nevertheless, while it
is likely only a small subset of individuals in home
aquaria that are transported to natural waters, inva-
sions from the aquarium trade are still commonplace
(Duggan et al. 2006; Cohen et al. 2007; Strecker et al.
2011). For fauna carried incidentally or accidentally in
the aquarium trade (i.e., ‘hitchhiking’ species; includ-
ing invertebrates such as snails, copepods and
rotifers), no such care will be taken during transporta-
tion (Patoka et al. 2016b). Greater variability thus
likely exists among each of the sub-transitions during
transportation, dependent on (for example) the
behaviours of the exporters, management of aquacul-
ture facilities, pre-border and border management of
aquarium fauna, flora and water, and of store workers
selling the products to the aquarium owners. Duggan
(2010) found a variety of invertebrates living in the
water and, in particular, bottom sediments of home
aquaria in New Zealand, including copepods, ostra-
cods, cladocerans, mites, flatworms and nematodes;
among these were known established, non-indigenous
species, and species not previously recorded from
New Zealand. While little is known of the movement
of incidental fauna within the aquarium trade, interest
in this area is growing rapidly. Buczynski and Bielak-
Bielecki (2012), for example, recorded an Asian
dragonfly in an aquarium store in Poland, from an
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aquarium containing recently imported macrophytes.
Patoka et al. (2016a) recorded a variety of inverte-
brates entering the Czech Republic associated with
water hyacinth imported from Indonesia, for the pond
trade, including rotifers, nematodes, gastropods,
annelids, cladocerans, copepods and insects. Ng
et al. (2016), Patoka et al. (2017) and Yanai et al.
(2017) all examined molluscs in aquarium trade
wholesalers in the Singapore, Czech Republic, and
Israel, respectively, and each recorded a variety of
snail species not intentionally carried. Finally, Abe
et al. (2017) recorded a non-indigenous nereidid
polychaete in a private goldfish aquarium in Japan.
Nevertheless, besides Duggan (2010), such papers
have primarily recorded the presence of hitchhiking
species, and have not sought to examine patterns
regarding hitchhiking taxa that may aid in risk
management.

A major finding by Duggan (2010) was that there
was a greater likelihood of non-indigenous inverte-
brates occurring in home aquaria if they had aquatic
macrophytes introduced to them. As such, macro-
phytes have been indirectly identified as responsible
for the movement of non-indigenous species to homes,
though plants from aquarium stores have yet to be
assessed directly for the presence of these inverte-
brates. Further, that study sampled organisms from the
water column and bottom sediments of home aquaria
but, due to the destructive nature of this sampling, did
not sample from the macrophytes themselves. Differ-
ent countries commonly source macrophytes from
different regions. For example, in an analysis of
European countries, most aquatic plants sold in the
aquarium trade were imported from Singapore,
Indonesia and Thailand (Brunel 2009), while in New
Zealand importation has been limited since the 1990s
and most macrophytes are domestically cultivated
(Champion and Clayton 2001). Such differences in
source material may provide variability in the species
transported to stores and homes in association with
macrophytes globally. Risk may also vary depending
on the macrophyte species bought. For example, more
structurally complex macrophytes may carry higher
species richness and greater abundances of inverte-
brates than those that are less complex (Lucena-Moya
and Duggan 2011), and thus vary in their risk. Such
factors have not been systematically investigated for
the aquarium trade.
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We surveyed small invertebrates from aquatic
macrophytes sold in aquarium stores in the Great
Lakes region of Canada, and New Zealand. Both areas
have a history of aquatic invasions, and recent
invaders in both locations have primarily been small
invertebrate species (e.g., Grigorovich et al. 2003;
Connolly et al. 2017; Duggan and Collier 2018). Since
the presence of non-—native invertebrates in home
aquaria is associated with the presence of store-bought
macrophytes (Duggan 2010), our first major aim was
to determine whether macrophytes bought from stores
act as vectors for movement of incidental fauna,
including of non-indigenous species. Secondly, as the
relative importance of importation and domestic
cultivation of macrophytes for the aquarium trade
varies among countries, we determined whether
differences exist between the incidental fauna carried
between two distinct geographical regions, New
Zealand and Canada. Thirdly, as field observations
have found that some macrophyte species have
different species richness and abundances of inverte-
brates than others, we aimed to determine whether
different species of macrophytes bought from aquar-
ium stores carry different species. Further, practices
that varied among stores that may influence the
abundances of incidental taxa were examined, such
as whether fish were kept in tanks with macrophytes,
the amount of time taken to move macrophytes from
tanks to plastic bags, and whether water was added to
plastic bags for transportation.

Methods

Sampling of Canadian macrophytes from stores was
undertaken between 28 October and 12 November
2010, and from New Zealand stores between 22 and 28
February 2016. Stores in both countries ranged from
small, privately owned retailers to large chains. In
Canada, 15 stores were visited, located in Ontario,
between Windsor, Toronto and Niagara Falls (all in
close proximity to the Great Lakes). Sixteen New
Zealand stores were visited, located between Auck-
land and Wellington. Macrophytes were chosen that
had grossly different architecture. In the Canadian
stores, various ‘Sword plants’ (Echinodorus spp.)
were bought from ten stores, and Vallisneria (Vallis-
neria spp.) were bought from nine. Although Sword
plants and Vallisneria may have comprised of more

than one species each, the general morphology was
similar within each taxon; Vallisneria spp. have long
flat narrow leaves, while Sword plants have larger,
denser lanceolate leaves. In New Zealand, Sword
plants were bought from 14 stores, Vallisneria from
six, and Canadian pondweed (Elodea canadensis)
from seven; Elodea (all E. canadensis) is the only
oxygen weed allowable for sale in New Zealand and
has a greater relative complexity than the other
macrophytes bought, with leaves arranged in whorls
of three around a central stem. Where different
macrophytes were bought from the same store, they
were either bought at separate times, or it was
requested that they be put in separate bags, to avoid
cross-contamination of samples. Within any store,
macrophytes were typically stocked in tanks desig-
nated for communities of aquatic plant species. It is
unknown how long any individual macrophyte was
stocked in the store before purchase.

When buying the macrophytes, actions of store
workers were noted that might influence the number of
invertebrates being transported with the plants.
Specifically, we considered the time required to move
each plant from the water before it was placed in a
plastic bag, and whether any subsequent water was
added (on the eight occasions that this occurred, water
was added from aquaria seven times, and from the tap
once). It was also noted whether fish were stocked with
the plants that were purchased. After leaving the store,
volumes of any water added (if added intentionally) to
the Canadian bags was measured, while the volumes
of all water in bags was measured for the New Zealand
stores. Although water temperature is likely an
important variable determining invertebrate species
composition and diversity, this variable could not
generally be measured due to the very low volumes of
free water contained in the bags with macrophytes
(median = 3 ml). Macrophytes were placed into 200 or
400 ml PET containers, the insides of plastic bags
washed into the containers, and ethanol added to
preserve the invertebrates.

On return to the laboratory, plants were washed
gently by rubbing the leaves in water, and the
washings passed through a 40 um mesh to collect
invertebrates of all size ranges. Material retained was
again preserved. Wet weights of macrophytes were
measured following the drying of plant surfaces with a
paper towel, to determine whether relationships exist
between weights of macrophytes sold and richness and
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abundances of invertebrates moved to homes. All
invertebrates were counted in all samples. For iden-
tification, particular attention was paid to micro-
crustaceans and rotifers, as (1) these groups were
found to be well represented among non-indigenous
species in home aquaria in New Zealand by Duggan
(2010), and (2) a number of non-indigenous crus-
taceans are known from the Great Lakes and New
Zealand for which no vector is known (National
Research Council 2011). Further, 84% of individuals
collected in this survey belonged to these groups.
Snails, although commonly moved via plants in the
aquarium trade, were typically found on macrophytes
as eggs or juveniles, making identification based on
morphology generally impossible.

Analyses were conducted on a dataset including all
of the invertebrates collected, not only the non-
indigenous species, as we believe reducing the preva-
lence of all individuals carried is the best method for
managing the movement of species by this vector. We
utilised a t-test to determine whether differences
existed between New Zealand and Canadian stores
with respect to the amount of time taken for plants to
be removed from aquaria to being placed in plastic
bags. We used a Fishers Exact test to determine
whether the proportion of macrophyte tanks that held
fish differed between New Zealand and Canada.
Relationships between the number of individual
invertebrates collected, and of the species richness,
with country and macrophyte type, were analysed
using Kruskal-Wallis tests. Multiple regression anal-
yses were used to determine whether the number of
individual invertebrates or richness could be predicted
based on wet weight of plants, the amount of time
plants were removed from the water before being
placed in bags, and of the volume of water found
within bags. Simple linear regression was used to
determine if there was a relationship between the
number of individuals collected per bunch of macro-
phyte and the species richness; this was done to
determine whether efforts to reduce the number of
individuals transported would also be effective in
reducing the variety of species transported. All
univariate analyses were undertaken using Statistica
13 (StatSoft, Tulsa, OK). Time taken for macrophytes
to be placed in bags, volumes of water in the bags, and
the number of individual invertebrates collected were
log transformed for parametric analyses to improve
normality.
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Non-metric multi-dimensional scaling (MDS) was
used to visually explore patterns in invertebrate
composition among countries and plants (Clarke and
Warwick 1994). MDS produces a two-dimensional
representational plot of all samples based on their
similarity to each other, based on an underlying
similarity matrix. Two-way permutational multivari-
ate analysis of variance (PERMANOVA) was used to
determine whether the effects of plant type and
country on invertebrate community composition, as
observed in the MDS ordination, were statistically
significant. Due to Elodea only being sampled in New
Zealand, only Sword and Vallisneria were used in our
analysis of the influence of plant type and country on
invertebrate composition. To include Elodea, Analysis
of Similarities (ANOSIM) was subsequently used to
test for plant effects on invertebrate community
composition on Vallisneria spp., Sword plants and
Elodea for the New Zealand data. MDS, PERMA-
NOVA and ANOSIM analyses were based on Bray—
Curtis dissimilarities calculated on log(x + 1) trans-
formed data; this transformation was undertaken to
reduce any undue contribution to the analysis of
species with high abundances. Fourteen species were
removed from the multivariate analyses that com-
prised only single individuals from single samples;
this was done to remove any undue influence of rare
taxa that may have been sampled only by chance in
some samples but not others. Further, indeterminate
copepod juveniles and nauplii were also removed due
to these taxa possibly representing a variety of species,
leaving 51 taxa. All multivariate analyses were
performed on communities on a ‘per bunch’ basis
(i.e., per unit of macrophyte sold by the store), as we
were interested in trends relating to what is carried
home by the buyer. For all multivariate tests, 999
permutations (i.e., random restarts to the analyses)
were executed. Multivariate analyses were undertaken
using PRIMER (ver. 6.1.13; PRIMER-E, Plymouth,
UK).

Results
Environmental conditions
Median wet-weights of macrophytes bought were

3.8 g for Vallisneria from New Zealand, 4.7 g for
Vallisneria in Canada, 7.9 g for Sword in New
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Zealand, 9.9 g for Sword in Canada and 18.3 g for
Elodea in New Zealand. Nevertheless, Kruskal-Wal-
lis and associated multiple comparisons tests indicated
significant weight differences existed only between
Vallisneria from both Canada and New Zealand with
Elodea sold in New Zealand (P < 0.005). Canadian
stores remove plants from the water for 12.2 s on
average, while this value was much lower for New
Zealand stores (3.8 s); emersion time for New Zealand
plants was significantly shorter (¢ test, P value =
0.002). For seven of the 19 plants bought in Canada,
between 250 and 800 ml of water were added to the
plastic bag from the tank (average 493 ml). This
practice was not done for any of the 27 plants bought in
New Zealand. Eight of the nineteen plants bought in
Canada had fish swimming among the plants in stores,
while nine of twenty-six plants bought in New Zealand
did (data in one New Zealand store was not recorded;
Fishers Exact test, two-tailed P value = 0.757).

Invertebrates

A total of 61 taxa were identified, including 30 rotifer,
four cladoceran and seven copepod species (Table 1).
A variety of snails were also found, but confident
identifications could not be made due to them
comprising largely juveniles. Cnidarians (Hydra and
polyps of Craspedacusta sowerbii), insect larvae,
leeches, oligochaetes, Bryozoa, mites, nematodes,
tardigrades and flatworms were also observed. In
Canada, 19 rotifer taxa, two cladocerans, and five
copepod taxa were identified, while in New Zealand,
24 rotifer, three cladoceran and four copepod taxa. A
number of potentially non-indigenous species were
identified. From New Zealand aquarium plants, we
recorded the rotifers Lecane acuelata, L. monostyla, L.
quadridentata, L. shieli, L. signifera, and the copepods
Elaphoidella sewelli and Nitokra pietshmanni, which
are currently not known from this country outside of
aquaria. Species not native to the Great Lakes and
found associated with the Canadian aquarium plants
were the rotifers Cephalodella hoodi, Dicranophorus
epicharis, Lecane monostyla, Nitokra pietshmanni, the
copepod Schizopera sp., gastropod Melanoides tuber-
culata and cnidarian Craspedacusta sowerbii.
Multiple regression analyses indicated no signifi-
cant relationships between richness (P = 0.543) or
abundance (P = 0.791) with wet weight of plants,
time taken for plants to be moved from the aquaria to

plastic bags, or the volumes of water moved. Kruskal-
Wallis tests indicated no significant differences
occurred between richness (P = 0.209) or abundance
(P = 0.098) of invertebrates and the plant taxon or
country. Simple regression indicated that there was a
significant positive relationship between the number
of individuals collected on plants and the richness of
invertebrates collected (P < 0.001).

The MDS analysis undertaken for Canadian and
New Zealand Vallisneria and Sword plants exhibited
some separation of invertebrate community composi-
tion by country, with Canadian samples primarily
occurring on the left and New Zealand samples on the
top right of the ordination (Fig. 1). Some separation
also seemed to be apparent between plant type, with
Vallisneria samples more commonly at the bottom of
the ordination, and Sword at the top. Two factor
PERMANOVA indicated that community composi-
tion significantly differed between the countries
(P = 0.001), but not by plants (P = 0.081); the
interaction term was not significant (P = 0.403). In
the MDS of incidental fauna on macrophytes in New
Zealand, no separation could be discerned between
invertebrate communities on Vallisneria and Sword
plants, though Elodea samples were distributed on the
left of the ordination (Fig. 2). One-way ANOSIM
again indicated that there was no difference in
communities between Vallisneria and Sword plants
(P = 0.279), though differences were evident
between Elodea and Sword (P = 0.002) and between
Elodea and Vallisneria (P = 0.001). Native species
such as the rotifer Cephalodella gibba, the cladocerans
Alona gutatta and Chydorus sp., and caddisfly larvae,
were found to occur frequently (> 25% of samples) on
Elodea but were not observed on the other two
macrophyte species in New Zealand stores (Table 1).

Discussion
Non-indigenous invertebrates on aquarium plants

We recorded a variety of non-indigenous species on
macrophytes bought from both Canadian and New
Zealand aquarium stores. Of greatest concern are the
harpacticoid copepods Nitokra pietshmanni (both
countries), Elaphoidella sewelli (New Zealand only)
and a Schizopera species (Canada only). Both of the
copepod species found on New Zealand macrophytes
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Table 1 List of invertebrate species identified from aquarium plants (Sword plants, Vallisneria and Elodea) bought from Canadian

and New Zealand stores

Sword
Canada (%)

Vallisneria
Canada (%)

Sword
New Zeal. (%)

Vallisneria
New Zeal. (%)

Elodea
New Zeal. (%)

Rotifera
Bdelloids
Cephalodella forficula
Cephalodella gibba
Cephalodella hoodi
Colurella uncinata

Cupelopagis vorax

Dicranophorus epicharis

Lecane arcuata
Lecane acuelata
Lecane bulla

Lecane closterocerca
Lecane flexilis
Lecane hamata

Lecane hornemanni

Lecane ludwigii ludwigii

Lecane ludwigii ohioensis

Lecane lunaris
Lecane monostyla
Lecane pyriformis
Lecane shieli
Lecane signifera
Lecane stichea
Lecane quadridentata
Lepadella ovalis
Lepadella patella
Mpytilina ventralis
Notommata tripus
Proales sp.
Ptygura sp.
Trichocerca sp.
Cladocera
Alona gutatta
Chydorus sp.

Dunhevedia crassa

Graptolebris testudinaria

Copepoda
Elaphoidella sewelli gp.
Eucyclops serrulatus
Microcyclops rubellus
Microcyclops varicans
Nitokra pietshmanni

Phyllognathopus vigueri

sk

sk
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koK

sk

ok

ks

sk

skok

ok

kk

sk

sk
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Table 1 continued

Sword
Canada (%)

Vallisneria
Canada (%)

Elodea
New Zeal. (%)

Vallisneria
New Zeal. (%)

Sword
New Zeal. (%)

Schizopera sp. *
Ostracoda w
Mollusca

Gyraulus spp.

Lymnaeidae *
Melanoides tuberculata *
Physa acuta *ok
Planorbidae *

Potamopyrgus anitipodarum

Indeterminate ‘limpets’ (Tribe Ancylini)
Cnidaria

Craspedacusta sowerbii polyps

Hydra sp. *E
Insecta

Trichoptera (Caddisflies)

Chironomidae (Chironomids)

Diptera (True Flies)
Other taxa

Annelida: Hirudinea

Annelida: Oligochaeta *E
Bryozoa: Plumatella sp. *
Mites e
Nematoda HE
Tardigrada

Platyhelminthes *

*k

kok

sk

ok *
*
ok * *
ok ok ok
* * ok
* *

ok *

ok

* ET
*

*
ok ok ok
ok ok *
* ok
ko k%

A single asterisk (*) indicates a species was present, but in less than 25% of samples. Two asterisks (**) indicates a species was

present in greater than 25% of samples

have also been found in the bottom sediments of home
aquaria in that country by Duggan (2010), demon-
strating a clear link between fauna found in stores and
homes. Nitokra pietshmanni, recorded widely on
aquarium plants in both countries (nine stores in
Canada; three in New Zealand), is known from Asia
(Japan, China, South Korea) and the Hawaiian Islands
(Chang and Yoon 2008), but no non-indigenous
records are known outside of home aquaria. Elaphoi-
della sewelli, found only in one New Zealand store, is
known from Asia, Africa, and India (Lang 1948). The
shared Asian native distribution of N. pietschmanni
and E. sewelli is consistent with the predominant

global regions for aquarium fish culture facilities and
exports (Cheong 1996). One Schizopera species was
recorded, only in Canada (three stores); Schizopera
borutzkyi has been found previously in North America
(Horvath et al. 2001). Nevertheless, our specimens did
not match any known species, including S. borutzkyi;
that species has been found commonly in ballast tanks
(e.g., Duggan et al. 2005), and the aquarium trade was
thus unlikely to have contributed to its introduction.
Schizopera is a species-rich and predominantly marine
genus, although it has two significant inland water
diversity hotspots, including in Africa’s Lake Tan-
ganyika (Karanovic et al. 2015), which itself is a
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Fig. 1 Non-metric multidimensional scaling (MDS) plot rep-
resenting invertebrate assemblages collected from Vallisneria
and Sword plants bought from stores in Canada and New
Zealand. The MDS is overlaid with symbols representing
country (top panel) and macrophyte species (botton panel). Two
factor PERMANOVA indicated that community composition
differed significantly by country (P = 0.001), but not by plant
type (P = 0.081)

source of many cichlids in the aquarium trade. In a
survey of invertebrates imported into the Czech
Republic in a shipment of water hyacinth (for garden
ponds), numerous cyclopoid and harpacticoid cope-
pods were recorded by Patoka et al. (2016a); as such,
the harpacticoid copepods we recorded were likely
imported into each respective country in a similar
manner.

A number of the rotifer species we identified have
not previously been found in New Zealand or the Great
Lakes region. Some may potentially be native to each
respective region, however, as several of the species
found in this study have broad distributions and only
limited research has been undertaken of the plant-
associated littoral rotifer fauna in each region. For
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Fig. 2 Non-metric multidimensional scaling (MDS) plot rep-
resenting invertebrate assemblages collected from Vallisneria,
Sword plants and Elodea bought from stores in New Zealand.
The MDS is overlaid with symbols representing different
macrophyte species. One-way ANOSIM indicated that there
was no difference in communities between Vallisneria and
Sword plants (P = 0.279), but differences in community
composition were evident between Elodea and Sword
(P = 0.002) and Elodea and Vallisneria (P = 0.001)

example, while Dicranophorus epicharis has appar-
ently not been recorded from the Great Lakes, the type
locality for this species is Maine, USA, and it is
considered to have a cosmopolitan distribution (De
Smet 1997). Similarly, Cephalodella hoodi is consid-
ered by Nogrady and Pourriot (1995) to be cosmopoli-
tan but rare. Of the New Zealand specimens, Lecane
quadridentata is described by Segers (1995) as
eurytopic, cosmopolitan, and relatively common.
Nevertheless, other species that we recorded—includ-
ing Lecane monostyla (both countries), L. signifera
and L. aculeata (New Zealand only)—are noted by
Segers (1995) to be more common in “tropical and
subtropical waters”. This suggests that these species
may not be native to New Zealand or to the Great
Lakes region, though they may not be able to survive
there. An interesting record in New Zealand was that
of L. shieli, recorded to date from only a limited
number of sites globally, including Thailand (Segers
1995), Australia (Kobayashi et al. 2007) and Poland
(Ejsmont-Karabin 2011). In Poland, this species is
considered non-indigenous, and associated with Val-
lisneria in water heated by a power station (Ejsmont-
Karabin 2011); this species was also strongly associ-
ated with Vallisneria in our New Zealand aquarium
plant survey. In the Patoka et al. (2016a) survey of
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invertebrates imported into the Czech Republic with
water hyacinth, rotifers were among the most abun-
dant animal group found, with Lecane species
dominating.

Because of their small size and immaturity, confi-
dent identification of many gastropods was not
possible. It is presumably in the retailers’ best interests
not to sell invertebrates that are visible that are also
generally considered contaminants and pests in home
aquaria. Nevertheless, Melanoides tuberculata could
confidently be identified from some macrophytes in
Canada and has been observed in aquarium stores in
that region previously (Rixon et al. 2005). This species
was predicted by Maclsaac (1999) to be a potential
invader of Lake FErie, though Rixon et al. (2005)
believed it would fail to establish due to intolerance to
cold temperatures. Large, identifiable individuals of
this species were common in New Zealand home
aquaria (Duggan 2010), and it has established in one
geothermal spring in that country, with the aquarium
trade inferred as the vector for introduction (Duggan
2002). To accurately assess gastropods sold with
macrophytes from aquarium stores, these should either
be grown to adulthood in the laboratory, or identified
genetically (e.g., Ng et al. 2016).

We observed a large number of Craspedacusta
sowerbii polyps (205 individuals) on a single sample
of Vallisneria bought from one Canadian store.
Medusa of C. sowerbii have been noted in aquaria
previously (Fish 1971; Rahat and Campbell 1974). In
the Great Lakes, this species was first recorded in Lake
Erie in 1933 (Grigorovich et al. 2003). No attempt was
made to identify oligochaetes during this study, due to
most specimens consisting of juveniles, but these were
present in most samples. However, many small
Pristina species were observed, of which three species
are believed to have invaded the North American
Great Lakes (Grigorovich et al. 2003); the aquarium
trade provides a possible vector for these species.

While we collected a variety of non-indigenous
invertebrate species, our sampling was undertaken
over restricted time periods. Nothing is currently
known of the seasonality of invertebrates in aquaria,
and as such it is not inconceivable that a greater variety
of nonindigenous species might be found with greater
temporal sampling effort.

Differences in incidental fauna on macrophytes
between New Zealand and Canada

Overall, the general groups of taxa identified in this
study are very similar to those found by Duggan
(2010) from home aquarium sediments and water in
New Zealand, and by Patoka et al. (2016a) from water
hyacinth imported into the Czech Republic from
Indonesia. These included copepods, rotifers, gas-
tropods, cladocerans, ostracods, annelids, bryozoans,
mites, nematodes, tardigrades and flatworms. Never-
theless, using a systematic approach, we found
statistically significant differences between the inci-
dental fauna carried between two distinct geographical
regions, New Zealand and Canada. Rotifers such as
Cephalodella forficula, Lecane arcuata, L. ludwigii
ludwigii and L. quadridentata were each recorded on
all three macrophyte species in New Zealand, but none
of these species were found in Canada. In contrast,
Lecane flexilis and Schizopera sp. were recorded from
both macrophyte taxa sampled in Canada, but not from
New Zealand plants. Incidental fauna likely differed
between countries due to variability in the donor
regions from which plants and fish were sourced. In
the Canadian survey, some of the plants were sold with
labels identifying that they were cultured in Florida,
USA. In turn, aquarium plants are imported into
Florida in great number each year (Maki and Gala-
towitsch 2004). In New Zealand, aquarium macro-
phytes are now almost exclusively domestically
cultured, and any importation is likely to be minimal;
aquatic plant importers regard the current importation
regulations as impractical and expensive when com-
pared with the value of domestically cultured stock
(Champion and Clayton 2001). Nevertheless, despite
domestic cultivation over many years, macrophytes
still harboured a variety of non-indigenous species,
indicating populations of these species are persistent
over long time periods in culture facilities and/or
stores. Despite differences, there was an overall
cosmopolitan nature to the aquarium fauna. Eighteen
taxa identified to at least genus level were shared
between the two countries (including 14 to species
level). This included Lecane monostyla and Nitokra
pietshmanni, which are non-indigenous to both
regions. Overall, however, our analysis indicates that
the nature of the risk may vary among countries; while
commonalities do exist, analyses should be
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undertaken of incidental fauna transported in other
countries to determine specific risks to each region.

Differences in incidental faunas
between macrophyte species

Elodea in New Zealand carried different incidental
fauna than that associated with Vallisneria and Sword
plants. Macrophytes with more complex architecture
commonly hold greater species richness and abun-
dances of invertebrates than less complex plants (e.g.,
Lucena-Moya and Duggan 2011; Ferreiro et al. 2014),
which might provide some explanation for the differ-
ent communities observed of the densely leaved
Elodea. Despite differences in the architecture of
Vallisneria, with flat narrow leaves, and Sword plants,
with larger, denser lanceolate leaves, we observed no
significant differences between these species in New
Zealand or Canada. For Elodea in New Zealand, the
rotifer Cephalodella gibba, the cladocerans Alona
gutatta and Chydorus sp., and caddisfly larvae—all
native species—occurred frequently (> 25% of sam-
ples), but were not observed on the other two
macrophyte species in New Zealand stores. As such,
a more parsimonious explanation for differences in
Elodea is that this species, unlike other macrophyte
species sold in the New Zealand aquarium trade, is
wild-collected rather than cultivated (PDC, personal
observation). Prior to the declaration of Vallisneria
australis as an unwanted organism under the Biose-
curity Act 1993, this species was also wild-harvested
for trade from non-indigenous populations in New
Zealand (Champion 2012). This practice of wild
collection for sale to the aquarium trade is still
commonplace in Australia (Petroeschevsky and
Champion 2008).

Management of risks and behaviours
from aquarium plants in stores

It is likely that the behaviours of aquarium store
operators, which could lead to the release of non-
indigenous incidental species to waterways, are
different to that by home aquarium owners. For
example, Duggan (2010) found 37% of home aquar-
ium owners disposed of their aquarium wastes exclu-
sively in the garden and deemed this a low risk method
of cleaning. Due to the locations of stores, in
commercial settings, operators are far more likely to

@ Springer

pour washings down drainage systems; this was the
method undertaken by 44% of home aquarium owners.
This may provide a risk of establishment, albeit
generally low, and is dependant on the degree of
sewage treatment utilised. Further, aquarium store
operators are unlikely to pour washings from aquaria
into external ponds or into storm-water drains, as was
also observed from aquarium owners. The greatest risk
for release into natural waters from stores is from
invertebrates firstly being introduced to homes with
macrophytes, establishing populations in home aquar-
ia, and subsequently being released into outdoor
habitats through the risky behaviours identified by
Duggan (2010), or with release of macrophytes into
natural waterways (Rixon et al. 2005). Of the rotifers,
cladocerans and copepods recorded to species level on
plants from New Zealand aquarium stores in the
current study, 64% (18 of 28) were also found in the
sediments or water column of New Zealand home
aquaria by Duggan (2010). This indicates that there is
likely a large movement of incidental species from
stores to homes with aquarium inhabitants. Store
owners could thus provide a role in managing this risk,
by reducing this movement. Most aquarium stores
held macrophytes out to dry for some period before
placing them in plastic bags (and for significantly
longer time periods in Canada), though this did not
appear to lead to significant declines in the abundances
or richness of incidental fauna being transported; large
numbers of invertebrates were still found despite this
practice being commonplace. Other potentially risky
behaviours, such as adding water to the bags with
macrophytes, were also not associated with greater
abundances or richness of incidental invertebrates.
Nevertheless, any patterns may have been masked by
other independent, unmeasured behaviours, such as
the frequency of cleaning of the aquaria containing
macrophytes or the temperature of the tanks they were
held in.

Aquarium plants for sale were commonly kept
separate from any fish, and as such these tanks could
be treated chemically to remove invertebrates from
tanks, reducing the richness abundances of fauna
moved. Alternatively, the onus should be on the
horticulture industry to treat plants prior to transporta-
tion to stores, such as at culture facilities, to remove
non-native species from their premises. Any new
macrophytes introduced to the facilities from else-
where would also require treatment, as should plants



Invertebrates associated with aquatic plants

3177

leaving the facilities. Greater emphasis should also be
made to treat macrophytes pre-border, in situations
where plants are imported from elsewhere, as is the
case in Canada.
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