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Abstract

1. Freshwater megafauna species (i.e., animals that can reach a body mass >30kg, in-
cluding fish, reptiles, mammals, and amphibians) play important roles in freshwater
systems (e.g., by influencing habitat structure, trophic dynamics, or the dispersal of
smaller species). As they tend to be large and charismatic, they may also function as
flagship umbrella species in future freshwater conservation initiatives. Despite this, as
a group they are highly threatened, and our knowledge of the nature of these threats
is limited. In this study, we aim to improve our understanding of the impacts of alien
species on native freshwater megafauna.

2. We undertook the first global assessment of the impacts of alien species on native
freshwater megafauna using the Environmental Impact Classification for Alien Taxa
(EICAT) framework. We conducted a literature review to identify published and grey
literature on impacts, which we quantified and categorised by their severity and type,
following the EICAT guidelines.

3. Negative impacts on native freshwater megafauna were caused by 61 alien species
from a diverse range of taxonomic groups, including both freshwater and terrestrial
alien species, and both vertebrates and invertebrates. They adversely affected 44
of 216 native freshwater megafauna species, including amphibians, fish, mammals,
and reptiles. The Great Lakes Basin had the highest number of affected megafauna
species (six of the 14 freshwater megafauna species it supports, mainly fish). Impacts
occurred through a broad range of mechanisms (10 of the 12 identified mechanisms
under EICAT); predation and competition were the most frequently reported mecha-
nisms. Some impacts were relatively minor, adversely affecting the performance of
individuals of native freshwater megafauna species. However, some reported impacts
did cause declining populations of native freshwater megafauna species, and one im-
pact contributed to the local extinction of the ship sturgeon (Acipenser nudiventris) in
the Aral Sea. The vulnerability of native freshwater megafauna species to different
types of impact varies during different life-cycle stages (egg, juvenile, and adult).

4. Our understanding of impacts posed by alien species on native freshwater mega-

fauna is limited because data are unavailable for many regions, particularly the Global
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deficient regions.
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1 | INTRODUCTION

Freshwater ecosystems, including lakes, rivers, and wetlands,
are among the most diverse ecosystems on Earth (Strayer &
Dudgeon, 2010; Wetzel, 2001). Although only covering about 3%
of the Earth's surface (Lehner & Do6ll, 2004), they support approxi-
mately one-third of all known vertebrate species and half of all de-
scribed fish species (Balian et al., 2008; Carrete Vega & Wiens, 2012).
They also provide vital contributions to people, for example enabling
the transportation of goods, providing opportunities for recreation,
supplying fertile soils for agriculture, and regulating flood events
(Postel & Carpenter, 1997; Vari et al., 2022). Despite this, fresh-
water ecosystems are among the world's most vulnerable ecosys-
tems; the proportion of species that are threatened or extinct is
much higher in freshwaters when compared to terrestrial or marine
realms (Costello, 2015). Indeed, over 25% of assessed freshwater
species are considered threatened (evaluated as being Vulnerable,
Endangered, or Critically Endangered on the International Union for
Conservation of Nature's [IUCN] Red List of Threatened Species),
and more than 260 freshwater species are extinct (IUCN, 2022).
This may be because freshwater ecosystems are subject to multiple
stressors that act together to negatively affect freshwater species
(Reid et al., 2019).

Freshwater megafauna species (i.e., animals that can reach a
body mass = 30kg) include, for example, river dolphins, hippos, croc-
odilians, large turtles, sturgeons, and giant salamanders. They often
have important ecological roles as ecosystem engineers or keystone
species (Hammerschlag et al., 2019; Moore, 2006). For example, the
hippopotamus (Hippopotamus amphibius) alters floodplain habitats
and river morphology, and transfers large amounts of nutrients from
grasslands to freshwater ecosystems, influencing the diversity of
invertebrate and fish species in the ecosystems it occupies (Stears
et al., 2018; Subalusky et al., 2015). Freshwater megafauna includ-
ing river dolphins and piscivore megafish are top predators and have
a profound influence on local trophic dynamics (Hammerschlag
et al., 2019), while megafish species are often highly mobile and

South, including hotspots for freshwater megafauna diversity such as the Amazon,
Congo, Mekong, and Ganges-Brahmaputra basins. Freshwater megafauna species
are often subject to multiple threats, which makes it difficult to determine the sig-
nificance of alien species impacts relative to other threats such as habitat degrada-
tion and overexploitation. In addition, short-term studies are likely to be masking the
severity of the impacts identified. We call for more long-term studies that attempt

to identify population-level impacts, and for studies that identify impacts in data-
5. The EICAT assessments undertaken for this study will be reviewed by the EICAT

Authority and subsequently incorporated into the IUCN EICAT database. They may

be used to guide future research and conservation actions.

biological invasions, competition, EICAT, freshwater biodiversity, invasive alien species

facilitate dispersal of smaller species (Correa et al., 2015; Lopes-
Lima et al., 2017). Furthermore, many freshwater megafauna species
are considered to be charismatic, and as such may play important
roles in future conservation initiatives (e.g., as flagship umbrella spe-
cies; He, Jahnig, et al., 2021a; Kalinkat et al., 2017). Despite this, they
tend to be long-lived with slow life-history traits (e.g., long lifespan
and late maturity), which makes them vulnerable to human impacts
(He, Langhans, et al., 2021b; WWF, 2020) because individuals lost
from a population are not replaced at a rate fast enough to pre-
vent declines in that population (sensu Webb, 2002). For example,
the incubation period for eggs of Australian freshwater crocodiles
(Crocodylus johnsoni) is typically 75-85days (which gives predators,
including alien wild boar [Sus scrofa], an adequate opportunity to
consume their eggs) (Webb et al., 1983). Freshwater megafauna also
often require a variety of habitats to complete their life cycle (He,
Langhans, et al., 2021), and impacts on any one of these habitats
may adversely affect their ability to reproduce (Schlosser, 1991).
Hence, freshwater megafauna are threatened by a diverse range
of activities. For example, harvesting of their meat, skin, and eggs
has led to a collapse of local populations of sturgeons, beavers, tur-
tles, and giant salamanders (He & J3ihnig, 2019; Ripple et al., 2019).
Recreational fishing has contributed to the decline of the Siberian
taimen (Hucho taimen; Jensen et al., 2009). Dams and levees have re-
duced the connectivity of rivers that freshwater megafauna inhabit,
which has restricted their access to spawning and nesting sites (He,
Thieme, et al., 2021c). As a consequence, between 1970 and 2012,
global monitored populations of freshwater megafauna declined by
88% (He et al., 2019).

Alien species (i.e., species that have been introduced delib-
erately or unintentionally by human activities to areas outside of
their natural distribution) are a critical threat to biodiversity (Pysek
et al., 2020). They are one of the causes of 33% of all animal species
extinctions and 25% of all plant species extinctions since 1500CE
(Blackburn et al., 2019). The number of alien species has grown con-
tinuously across the world over the last 2 centuries, and rates of their
introduction continue to rise (Seebens et al., 2017). The connectivity
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of freshwater ecosystems fosters the spread of alien species, which
is furthered by human activities such as aquaculture and shipping
(Francis & Chadwick, 2011; Moorhouse & Macdonald, 2015). In addi-
tion, many freshwater alien species are adapted to disturbances (e.g.,
drought and flood) and can survive in a range of conditions, which
increases their chance of survival and establishment in regions into
which they are introduced (Francis & Chadwick, 2011; Strayer, 2010).
The introduction of alien species can have catastrophic impacts on
local freshwater ecosystems, including the freshwater megafauna
species they support. For example, the introduction of the Nile
perch (Lates niloticus) to Lake Victoria caused the extinction of ap-
proximately 200 species of fish through predation and competition
(Goldschmidt et al., 1993) and led to population declines of several
native freshwater megafauna species, including the marbled lungfish
(Protopterus aethiopicus), African sharptooth catfish (Clarias gariepin),
and Sudan catfish (Bagrus docmak) (Goudswaard & Whitte, 1997).
Despite these observed impacts, the influence of alien species on
freshwater megafauna has received limited attention in comparison
to impacts associated with other types of threat, such as overex-
ploitation and dam construction (He et al., 2017).

Understanding the impacts of alien species on biodiversity is
crucial for the development of efficient and effective management
strategies to protect them from extinction (Jeschke et al., 2014;
Kumschick et al., 2015). The Environmental Impact Classification
for Alien Taxa (EICAT) protocol provides a systematic approach for
categorising the impacts of alien species (Blackburn et al., 2014) and
has been adopted by the IUCN to assess the environmental impacts
of alien species (IUCN, 2020a, 2020b). It has been used to assess
the impacts of several groups of alien species in terrestrial ecosys-
tems, including birds (Evans et al., 2016, 2021), mammals (Allmert
et al., 2021; Hagen & Kumschick, 2018; Volery et al., 2021), gastro-
pods (Kesner & Kumschick, 2018), and plants (Canavan et al., 2019;
Jansen & Kumschick, 2022). However, with the exception of amphib-
ians (Kumschick et al., 2017), EICAT has not been used to carry out a
global-scale assessment of the effects of alien species in freshwater
ecosystems. As alien species are widely distributed across freshwa-
ter ecosystems and can have significant adverse impacts (Francis &
Chadwick, 2011; Moorhouse & Macdonald, 2015; Strayer, 2010),
such an assessment may provide important information that informs
future research to identify and mitigate impacts, to the benefit of
imperilled native freshwater megafauna species.

In this study, we use EICAT for the first time to undertake a
global assessment of the environmental impacts of alien species
on native freshwater megafauna. We aim to answer the following
three questions: (1) Which freshwater megafauna species have been
affected by alien species, and where do these impacts occur? (2)
In what way, and how severely, are freshwater megafauna species
affected by alien species? (3) Do the types of impacts sustained
by freshwater megafauna vary across different stages of their life
cycle? Freshwater megafauna species reach a very large final body
size, and we therefore expect them to be more vulnerable to the
impacts of many alien species in their egg and juvenile stage than
they are as adults.

Freshwater Biology VS| ]_EYJﬁ

2 | METHODS

2.1 | Literature review

An updated version of the published list of freshwater megafauna
taxa was collected from He et al. (2018), comprising 134 fishes, 47
reptiles, 33 mammals, and two amphibians. Their conservation sta-
tus was collected from the IUCN Red List of Threatened Species
(hereafter IUCN Red List; IUCN, 2022). We conducted a literature
review to search for evidence documenting the impacts of alien
species on each of these native freshwater megafauna species.
Following Evans et al. (2016), we used terms describing alien spe-
cies in combination with the scientific and common names of each
freshwater megafauna species to search for literature on the Web of
Science and Google Scholar. For example, the search string for the
Nile crocodile was: (“invasive” OR “alien” OR “non-indigenous” OR
“non-native” OR “introduced” OR “exotic”) AND (“Nile crocodile” OR
“Crocodylus niloticus”). We screened the titles and abstracts of arti-
cles to identify those that were relevant and reviewed the reference
list published in each selected relevant article to identify additional
references. We included articles describing impacts in the wild, or
impacts identified through experiments. Articles written in either
English or Chinese were considered. We also reviewed information
on each freshwater megafauna species published on the IUCN Red
List, CABI's Invasive Species Compendium (http://www.cabi.org/
isc/), the Global Invasive Species Database of the Invasive Species
Specialist Group (http://www.iucngisd.org/gisd/), and USGS's
Nonindigenous Aquatic Species (https://nas.er.usgs.gov/).

Impact records were divided into three groups. The first included
direct observations of impacts in the wild or established through
laboratory experiments, which may be used for EICAT assessments
(group 1). The second contained references that could not be in-
cluded in the EICAT assessment for various reasons (group 2). For
example, these references provided no direct observation of impacts
(e.g., they are review articles) or no evidence of a negative impact
(e.g., potential impacts were inferred). Some articles documented
positive impacts whilst others focused on stocked native species
rather than individuals in the wild. These references were also not
included in our analysis. The third group contained references that
were excluded because we could not assess the complete article due
to access restrictions (group 3). The following data were extracted
from studies in group 1: names of alien species and affected native
freshwater megafauna species; description of observed impact; lo-
cation of impact; and life-cycle stage of affected freshwater mega-

fauna species (egg, juvenile, or adult).

2.2 | Distribution mapping

We obtained the native ranges of each freshwater megafauna spe-
cies (He et al., 2018) and used level-3 HydroBASINS as spatial units
to map their distributions (Lehner & Grill, 2013). HydroBASINS de-
lineates catchments at a global scale based on their topographic
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position and hydrological connections and provides hierarchical sub-
basins with 12 levels. Level-3 HydroBASINS mainly corresponds to
large river basins such as the Amazon, Congo, Ganges-Brahmaputra,
Mekong, Mississippi, Nile, and Yangtze basins. We assigned each
recorded impact on a native freshwater megafauna species to one
or more level-3 HydroBASINS at this scale. We also categorised
each alien species by the continent of its origin and by the continent
where it caused impacts (i.e., Africa, Asia, Europe, North America,
Oceania, and South America). If an alien species was native to more
than one continent and/or caused impacts on more than one conti-

nent, we assigned it to the category multiple continents.

2.3 | EICAT assessment

We assessed the impacts of alien species on native freshwater mega-
fauna following the EICAT guidelines (IUCN, 2020a, 2020b; Volery
et al., 2020). We assigned each impact record by its type to one of
12 impact mechanisms: competition; predation; hybridisation; trans-
mission of disease; parasitism; poisoning/toxicity; bio-fouling or other
direct physical disturbance; grazing/herbivory/browsing; chemical
impact on ecosystem; physical impact on ecosystem; structural im-
pact on ecosystem; and indirect impact through interaction with other
species. We also assigned each impact record by its severity to one of
five impact severity categories: minimal concern (MC) if no discern-
ible impact was identified; minor (MN) if the alien species reduced the
performance of individuals of a native freshwater megafauna species;
moderate (MO) if the alien species caused a decline in the popula-
tion of a native freshwater megafauna species; major (MR) if the alien
species caused the local extinction of a native freshwater megafauna
species (but this could be reversed if alien species were removed);
and massive (MV) if the alien species caused the global extinction of a
native freshwater megafauna species or the local extirpation of a na-
tive freshwater megafauna species that is not naturally reversible (i.e.,
the locally extirpated freshwater megafauna could not recolonise the
area even if the alien species were removed). When interactions be-
tween alien species and native freshwater megafauna were observed
but the available data were insufficient to assess the magnitude of any
impacts, these records were classified as being data deficient (DD)
under EICAT. We categorised impacts on each freshwater megafauna
species by their affected life-cycle stage (i.e., egg, juvenile, and adult).
We assigned impacts on viviparous megafauna (e.g., hippos, beavers)
by either juvenile or adult stage as they give birth to living young.
Freshwater megafauna species affected by hybridisation were classi-
fied as adults. In some cases, life-cycle stages were inferred based on
the body length and body mass of the affected freshwater megafauna
taxa. We assigned a confidence level of low, medium, or high to each
impact record to indicate the probability of our EICAT assessment
being accurate (IUCN, 2020a, 2020b). For example, confidence levels
may be affected by data quality, the spatial and temporal scale of the
observed data, and the presence of confounding factors that make it
difficult to determine the cause of an impact. All EICAT assessments
were reviewed by at least two co-authors to minimise subjectivity.

When calculating the number and percentage of each impact
mechanism and severity category, we only included unique records.
For example, if two or more records documented the same species
interaction (i.e., between one alien species and one native freshwa-
ter species) with the same impact mechanism in the same level-3
HydroBASINS, only one record was counted. We examined the dis-
tribution of impacts across impact severity and life-cycle stage using
contingency table tests (unconditional exact tests) with the FunChisq
package (Zhong & Song, 2019) in R (R Core Team, 2021). For impact
severity, due to small sample sizes in some categories of interest,
we grouped EICAT categories as follows: MC and MN impacts = less
severe impacts; MO, MR, or MV impacts = harmful impacts. The
FunChisq package generated an estimate for each contingency table,
which is a number between 0 and 1, where 1 represents a complete
mathematical dependency of the two variables and O represents

complete independence.

3 | RESULTS

3.1 | Spatial distribution
Negative impacts on native freshwater megafauna were reported in
45 level-3 HydroBASINS (Figure 1) and affected 44 species (28 fishes,
11 reptiles, four mammals, and one amphibian; Table S1). A quarter
of these species were threatened (listed as Vulnerable, Endangered,
or Critically Endangered on the IUCN Red List). The Great Lakes
Basin had the highest number of affected freshwater megafauna
(six species), followed by the Mississippi Basin (five), and the western
European coastal region (four). Some freshwater megafauna-rich ba-
sins, such as the Mekong and Ganges-Brahmaputra basins, had few af-
fected freshwater megafauna species, and no reported impacts were
identified in others, including the Amazon, Orinoco, and Congo basins.
Twenty-three alien species (i.e., 38% of the 61 alien species that
negatively affected native freshwater megafauna) were native to
North America. Of these, 12 were introduced to other areas in North
America that were outside of their native ranges (e.g., smallmouth
bass, Micropterus dolomieu; alewife, Alosa pseudoharengus). The other
11 species were introduced to other continents (Figure S1). Over a
quarter of all identified alien species (16 species) were native to more
than one continent; eight species were introduced to more than one
continent. None of the identified alien species that affected fresh-

water megafauna were native to Oceania.

3.2 | Taxonomic distribution

Among the 61 alien species that posed a negative impact on native
freshwater megafauna, 36 (59%) were fish. Negative impact reports
were found for other taxonomic groups, including mammals (five re-
ports), crustaceans and plants (four each), reptiles (three), and am-
phibians, molluscs, and worms (two each). Eight alien species caused
negative impacts on three or more native freshwater megafauna
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FIGURE 1 Taxa richness of native freshwater megafauna and percentage of impacted native freshwater megafauna in each HydroBASINS
level-3 catchment. Alien species that posed impacts on native freshwater megafauna were recorded from catchments shown with black
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species (Figure 2). Three of these alien species were also freshwa-
ter megafauna species (common carp, Cyprinus carpio; northern pike,
Esox lucius; and silver carp, Hypophthalmichthys molitrix). The alien
species affecting the highest number of native megafauna species
(six) was a terrestrial mammal, the wild boar.

3.3 | Impact mechanisms and severity

In total, 257 impact records with sufficient information to identify
the severity and mechanism of impact were extracted from 209

2 4
Numbers of affected freshwater megafauna taxa

reports. Competition and predation were the most widely reported
impact mechanisms (Figure S2), being associated with 44% and 31%
of all impact records, respectively. Groups of alien species tended
to affect native freshwater megafauna through different types of
impact mechanisms (Figure 3a). Predation was the most common
impact caused by alien mammals (75%), crustaceans (72%), and fish
(44%), whilst poisoning/toxicity dominated for alien amphibians
(75%) due to the extensive impacts of the cane toad (Rhinella marina)
in Australia where poisoning/toxicity was the most frequently re-
ported impact mechanism. Parasitism was the most common impact

caused by alien worms.
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We identified 58 records of interactions between alien species
and native freshwater megafauna where the impact mechanism or
magnitude could not be identified due to inadequate information.
This resulted in 15 alien species being categorised as DD under
EICAT (e.g., water hyacinth, Pontederia crassipes). These impact re-
cordsinvolved 21 native freshwater megafauna species. Five of these
species, including hippopotamus and beluga (Huso huso), were com-
pletely DD under EICAT (i.e., the severity and mechanism of impact
on these freshwater megafauna species could not be established).

Among those records with sufficient information to evaluate
the impact magnitude, 83% were MC or MN (Figure 3b). A further
16% were MO, causing declining populations of 14 native freshwa-
ter megafauna species. No MR impacts were identified (i.e., revers-
ible local population extinctions), but one MV impact was identified

~

Amphibians Worms

Others

(i.e., gill fluke contributing to the irreversible local extinction of ship
sturgeon [Acipenser nudiventris] in the Aral Sea). Northern pike had
harmful impacts on the highest number of native freshwater mega-
fauna species (four). We found no significant differences in the se-
verity of impacts that were sustained by different taxonomic groups
of native freshwater megafauna species (Table S2) or associated with
different impact mechanisms (Table S3).

3.4 | Life-cycle stage

Impacts were caused through four mechanisms during the egg stage,
and through eight during the juvenile and adult stages (Figure 4).
Impacts were caused through two mechanisms (i.e., predation and



CHEN ET AL.

Egg (n =21)

. Competition . Hybridization
. Predation

Juvenile (n =79)

. Parasitism

. Disease transmission. Poisoning/ toxicity . Structural impact

Biology SAWYS| LEYﬂ

Adult (n = 33)

. Direct physical disturbance . Indirect impact
. Physical impact

FIGURE 4 Percentage of native species impact records as categorised by impact mechanisms and life-cycle stages.

structural impact on ecosystem) during all three life-cycle stages.
Impacts caused by direct physical disturbance only occurred during
the egg stage. Predation impacts accounted for 81% of all records
for the egg stage; 30% for the juvenile stage and 15% for the adult
stage. A decline in the proportion of all records that were associ-
ated with competition was observed from the juvenile stage (38%)
to adult stage (24%). Impact mechanisms and severity were nonran-
domly distributed across life-cycle stage (Tables 1 and 2). In particu-
lar, there were more records describing competition between alien
species and juvenile freshwater megafauna than would be expected
by chance, and fewer records of predation on adult freshwater meg-
afauna than would be expected by chance. In addition, there were
fewer records of damaging impacts during the egg stage and more
during the adult stage than would be expected by chance.

4 | DISCUSSION

Alien species are found in most major river basins worldwide, and
their impacts on native freshwater megafauna species have been
recorded across many regions of the world. However, we observed
major data gaps in many regions. As economic development influ-
ences the availability of impact data on alien species, fewer data tend
to be available in developing countries (Bellard & Jeschke, 2016;
Evans et al., 2018; Evans & Blackburn, 2020; Pysek et al., 2008). It
is therefore possible that the impacts of alien species on freshwa-
ter megafauna are going unnoticed in the Global South. We also ac-
knowledge that as we carried out our literature review using search
terms in English, we might not have found all available information
published in other languages (Nufiez & Amano, 2021).

Most impacts sustained by native freshwater megafauna are
caused by alien fish. This is likely to be because most of the na-
tive freshwater megafauna species sustained impacts are also fish

species. Nevertheless, native freshwater megafauna species are also
affected by alien species from other taxonomic groups, including
species that are predominantly terrestrial. Indeed, alien species with
impacts on three or more native freshwater megafauna species in-
clude amphibians (cane toad) and mammals (wild boar). Other alien
species with impacts include flatworms (gill fluke), crustaceans (rusty
crayfish, Faxonius rusticus), crocodilians (spectacled caiman, Caiman
crocodilus), comb jellies (sea walnut, Mnemiopsis leidyi), and flowering
shrubs (Siam weed, Chromolaena odorata). This diverse range of alien
species is one of the reasons for native freshwater megafauna being
affected by 10 different impact mechanisms.

Alien species causing impacts on native freshwater megafauna
tend to be relatively large. As the most frequently recorded im-
pact mechanisms are predation and competition (i.e., accounting
for 75% of all identified records), this may be because their size
enables them to prey on, and compete with, other megafauna
species (Cucherousset et al., 2012; Eby et al., 2006). In Cuba,
the spectacled caiman competes with two native crocodile spe-
cies (American crocodile, Crocodylus acutus; Cuban crocodile,
Crocodylus rhombifer) and preys on juvenile Cuban crocodiles
(Targarona et al., 2010). Hybridisation with alien species also af-
fects native freshwater megafauna, and some of these alien spe-
cies are also large, being freshwater megafauna themselves. For
example, the introduction of the brown trout (Salmo trutta) to
Slovenia led to a decline in the population of the native marble
trout (Salmo marmoratus) due to genetic introgression (Fumagalli
et al., 2002). Hybridisation between the alien Chinese giant sal-
amander (Andrias davidianus) and the native Japanese giant sala-
mander (Andrias japonicus) has also been widely observed in Japan
(Fukumoto et al., 2015).

Nevertheless, some small alien species can affect native fresh-
water megafauna, but generally through different impact mecha-
nisms. For example, native species are susceptible to the impacts
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TABLE 1 Contingency table (chi-

Poisoning/ squared test) showing the actual and
Competition Predation Hybridisation toxicity Others Total q g )
expected number of impacts associated
Juvenile 30 35 0 4 10 79 with each impact mechanism for juvenile
27.29(0.27) 30.16(0.78)  5.75(5.75) 4.31(0.02) 11.49 (0.20) and adult stages.
Adult 8 7 8 2 6 31
10.71 (0.69) 11.84(1.98) 2.25(14.64) 1.69 (0.06) 4.51(0.50)
Total 38 42 8 6 16 110

¥? = 24.86, df = 4, p<0.01, estimates = 0.23.

Expected values are displayed in italics. Individual ¥ values are displayed in parentheses. Due

to small sample sizes, transmission of diseases to native species, direct physical disturbance,
structural impact on ecosystem, and indirect impacts through interactions with other species were

combined as Others.

TABLE 2 Contingency table (chi-

E J il Adult Total .
g8 uventie “ ota squared test) showing the actual and
Less severe impacts (minimal 21 63 22 106 expected number of less severe and
concern and minor) harmful impacts for each life-cycle stage.
17.39 (0.75) 61.28 (0.05) 27.33 (1.04)
Harmful impacts (moderate, 0 11 11 22
major, and massive)
3.61(3.61) 12.72 (0.23) 5.67 (5.01)
Total 21 74 33 128
¥?>=7.31,df =2, p = 0.02, estimates = 0.19.
Expected values are displayed in italics. Individual %2 values are displayed in parentheses.
o FIGURE 5 The 10 main threats to
Shipping lanes .
. global freshwater megafauna according
Marine & freshwater aquaculture to IUCN Red List assessments (n = 155
Hunting & trapping terrestrial animals freshwater megafauna species that have
Mining & quarrying detailed information on threat categories
) ) ) in their assessment reports; IUCN, 2022).
Commercial & industrial areas
Annual & perennial non—timber crops
Invasive non-native/alien species/diseases
Housing & urban areas
Dams & water management/use
Fishing & harvesting aquatic resources
0 20 40 60 80

Percentages of impacted species (%)

of small alien parasites with which they have no coevolutionary
history (sensu Saul & Jeschke, 2015). The introduction of the stel-
late sturgeon (Acipenser stellatus) to the Aral Sea also resulted in
the unknown, accidental introduction of gill flukes (as a parasite
of the stellate sturgeon). Gill flukes were observed in native ship
sturgeons, reaching a density of 100-300 or sometimes even up to
600 individuals per ship sturgeon. About 150-200mL of fish blood
would be consumed by 300-400 gill fluke individuals per day (Bauer
et al., 2002). Combined with overexploitation, dam construction,
and increased salinity, this caused the local extinction of ship stur-
geon in the Aral Sea (Gesner et al., 2010; Zholdasova, 1997).
Indeed, freshwater megafauna species are subject to a broad
range of threats (Figure 5), and we found several examples of alien
species impacts combining with some of these threats. For example,

predation by the sea lamprey has caused a decline in the population
of the lake trout (Salvelinus namaycush) in the Great Lakes, but over-
fishing has also contributed to this decline (Smith & Tibbles, 1980).
It is difficult to determine the significance of alien species impacts
in these cases, and some threats, such as overexploitation and hab-
itat loss and degradation, may have stronger negative impacts on
freshwater megafauna than alien species (He et al., 2017). Threats
such as dam construction and climate change (Albert et al., 2021,
Reid et al., 2019; Xi et al., 2021) may facilitate the establishment and
spread of alien species (Johnson et al., 2008; Rahel & Olden, 2008).
Extreme weather events associated with climate change may in-
crease the chance that alien species in captive environments escape
to the wild. For example, approximately 10,000 tonnes of five alien
sturgeon species escaped from aquaculture farms into the Yangtze
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River due to an extreme flooding event (Gao et al., 2017). These
alien sturgeon species may be competing with the native Chinese
sturgeon (Acipenser sinensis), which is critically endangered (Ju
etal., 2019).

Impacts on native freshwater megafauna tend to be relatively
weak, with only a few studies reporting impacts causing declin-
ing populations. However, the true severity of many impacts may
be underestimated due to a lack of long-term monitoring (Pergl
et al.,, 2020). Many studies on predation determined that an alien
species preyed on a native freshwater megafauna species (i.e., an
MN impact) but did not extend this research to determine whether
this predation caused a declining population of the native species
(i.e., an MO impact). This may be because documenting population-
level changes in natural habitats requires considerably more time
and effort than studying individual-level responses. However, where
long-term monitoring data does exist, reductions in native freshwa-
ter megafauna populations have been documented. From 1987 to
1995, the impacts of the northern pike were studied after its intro-
duction to Lake Skjeltjgnna, Norway, revealing a decline in the native
brown trout population across all age groups due to pike predation
(Hesthagen et al., 2015). Monitoring of the population dynamics of
Australian freshwater crocodiles from 1978 to 2013 revealed that
the cane toad invasion reduced their population by approximately
70% on the Daly River, Australia (an MO impact; Fukuda et al., 2016).
A related study that only considered the diet contents of dead
Australian freshwater crocodiles identified impacts to the individual
level (an MN impact; Doody et al., 2009).

Impact severity may have also been underestimated because
many studies we identified were carried out under laboratory
conditions. Given their large body size, long lifespan, and large
habitat requirements, it is challenging to observe impacts on fresh-
water megafauna throughout their entire life cycle under labora-
tory conditions. Indeed, many experiments were solely concerned
with impacts on individual native species rather than populations.
Furthermore, under EICAT, impacts identified through experiments
can be classified as no more severe than MN (Volery et al., 2020).
Whether the MN impacts identified in these studies actually have
more severe consequences for native freshwater megafauna in the
wild remains unknown.

We identified a tendency for impacts to be more damaging
during the adult stage and less damaging during the egg stage (i.e.,
no population-level impacts were identified at the egg stage). We
feel that this may be due to a lack of long-term studies undertaken
on impacts during the egg stage, and we do not place much emphasis
on this result. Indeed, this seems plausible, as the large size of both
juvenile and adult freshwater megafauna means that they are less
susceptible to predation than they are during the egg stage. For ex-
ample, juvenile lake sturgeons (Acipenser fulvescens) show a strong
anti-predator response when exposed to the alien rusty crayfish,
but nonetheless, their eggs are vulnerable to predation (Crossman
et al., 2018). Red fire ants (Solenopsis invicta) introduced from South
America to Florida prey on the eggs of American alligators (Alligator
mississippiensis), causing reduced hatching success (Allen et al., 1997,
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Reagan et al., 2000), but negative impacts caused by red fire ants on
juvenile or adult American alligators have not been recorded. Thus,
the maximum recorded EICAT impact sustained by a native freshwa-
ter megafauna species may vary over its life span. Taking into account
life-cycle stage when undertaking EICAT assessments may provide
important insights that inform measures to protect native freshwater
megafauna species. For example, the predation risk posed by large-
mouth bass (Micropterus salmoides) on green sturgeon (Acipenser
medirostris) decreases as the size of the sturgeon increases, and is
negligible once the sturgeon is 20cm long (Baird et al., 2020).

During our assessments, we noticed that some impacts did not
fit within any of the established EICAT mechanisms. For example,
alewife contain thiaminase which can cause thiamine deficiency in
the eggs of native fish that feed on it. This has increased mortality
in Atlantic salmon and lake trout fry (Fitzsimons et al., 1995; Ketola
et al., 2000; Ladago et al., 2020). There is no suitable mechanism for
this impact, which we eventually assigned to poisoning/toxicity even
though the mechanism does not accurately reflect the impact. It is
worth noting that the interactions between alien species and other
threats also represent emerging stressors to freshwater megafauna,
which might not be captured by the current EICAT framework. For
example, consumption of alien Mozambique tilapias (Oreochromis
mossambicus) contaminated with toxins associated with severe pol-
lution caused the death of over 100 gharials (Gavialis gangeticus) in
the Chambal and Yamuna rivers in India (Stevenson, 2015). Although
we assigned this impact to the poisoning/toxicity mechanism, it does
not really fit, as the tilapias do not normally contain toxins. To ac-
count for this, we suggest that the indirect impacts through interac-
tion with other species mechanism could be amended to also include
interactions with other factors (i.e., indirect impacts through interac-
tions with other species or other factors).

Our study highlights the vulnerability of native freshwater mega-
fauna to the impacts of alien species, which have caused population
declines of 14 freshwater megafauna species and contributed to the
local extinction of one species (the ship sturgeon in the Aral Sea).
We show that native freshwater megafauna species are vulnerable
to impacts from a broad range of alien species and through many
different impact mechanisms. Indeed, we observed clear differences
in main impact mechanisms associated with the different life-cycle
stages of freshwater megafauna (egg, juvenile, and adult). On the
one hand, we observed that documented impacts of alien species
on native freshwater megafauna tend to be relatively weak. On the
other hand, the more severe (population-level) impacts sustained
by native freshwater megafauna may be going unnoticed because
of the short-term nature of many impact studies, and also because
of a lack of research being undertaken in the Global South, includ-
ing megafauna-rich basins such as the Amazon, Congo, Mekong, and
Ganges-Brahmaputra. We call for long-term monitoring studies to
more accurately assess the severity of the impacts sustained by na-
tive freshwater megafauna species, and for studies in data-deficient
regions where the impacts of alien species on freshwater megafauna
species are likely to be going unnoticed. Finally, we found several
alien freshwater megafauna species (e.g., Asian carps, northern pike,
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brown trout) to have negative impacts on native freshwater mega-
fauna. To the best of our knowledge, a synthesis of the impacts of
alien freshwater megafauna within freshwater ecosystems is missing,
and yet they are likely to have adverse impacts because introduced
large freshwater animals can profoundly influence local trophic dy-
namics (Cucherousset et al., 2012; Eby et al., 2006). Indeed, given
that freshwater megafauna are often ecosystem engineers or top
predators, and that many freshwater megafauna species have been
introduced to regions outside of their native ranges, future research

focusing on the impacts of alien freshwater megafauna is warranted.
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