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Abstract

Background The Prussian carp (Carassius gibelio) is an invasive fish species from Eurasia that was first found in North
America in the Canadian province of Alberta in the early 2000s. In 2018, an established population of Prussian carp
was discovered in the neighboring province of Saskatchewan, raising concern for additional spread in Canada and to
the USA.

Results Prussian carp in Saskatchewan have colonized the South Saskatchewan River and tributaries and are moving
towards additional connected systems to the northeast. Direct access to most of southern Saskatchewan and the USA
is currently prevented only by the QuAppelle Dam on the South Saskatchewan River at Lake Diefenbaker. Prussian
carp populations in Saskatchewan were age-stratified and ranged from hatch size (20 mm) to a maximum of 42.5 cm
total length. Aging using otoliths and scales was unreliable, but the largest fish collected were likely > 10 years old.
Saskatchewan Prussian carp had mixed ploidies with diploid, triploid, and tetraploid individuals intermixed. In Lake
Diefenbaker, only adult female and juvenile fish were detected, but males were present in the Anerley Lakes at low
relative abundance. Emergence of young of the year Prussian carp began in early July and continued through August,
indicating an extended period of reproduction; however, most spawning likely occurred during mid-June. The

timing of spawning overlaps with that of a variety of native sucker and shiner species, but sperm donors for potential
gynogenesis remain unidentified.

Conclusion Our findings suggest that invasive Prussian carp are well established in Saskatchewan and will likely use
provincial waterbodies as a conduit to colonize more areas in North America.
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Background

The Prussian carp (Carassius gibelio) is an invasive fish
species that has spread extensively across Europe, but is
a relatively recent arrival in North America [1-4]. This
species is native to central-Europe, Siberia, and Northern
China, and was introduced to western European waters
by human activities [2, 5, 6]. The expansion of Prussian
carp across western Europe has negatively impacted
freshwater ecosystems, resulting in the decline of native
members of the Cyprinidae family, decreased water qual-
ity, and altered structure of prey communities [1, 6-9].
Additionally, Prussian carp can alter the trophic struc-
tures of the systems they invade, and cause commercial
fisheries issues via clogging nets [10, 11]. Unfortunately,
Prussian carp have successfully colonized much of the
southern portion of the western Canadian province of
Alberta since being discovered there in the early 2000s
[12, 13]. However, their invasion in North America is still
relatively new, and only a handful of studies address their
spread and potential for negative impacts.

The Prussian carp has a variety of life history and phys-
iological traits that make it a formidable invasive species.
These fish grow and mature quickly, often reproducing
in their second year [14, 15]. Prussian carp also have an
unusual reproductive system in which asexual and sexual
reproduction occur simultaneously [16—20]. In the gyno-
genetic (asexual) reproductive mode, triploid females use
sperm from males to stimulate the development of unre-
duced eggs [8, 10, 15, 21, 22]. This mode of reproduction
results in triploid females and both triploid and tetraploid
males [22]. Gynogenetic reproduction can be achieved
by sperm parasitism from other species (allogynogen-
esis), and is common in invasive Prussian carp popula-
tions [8, 23-25]. This strategy, paired with observations
of 4-5 spawning events in a year, enables invading Prus-
sian carp populations to explode in size over a short time
frame [21, 26]. Additionally, Prussian carp are able to
occupy a wide range of freshwater systems [2, 12, 21], and
are highly tolerant of harsh conditions [2, 13, 21, 27-29].
These features may facilitate persistence and rapid expan-
sion following introduction events in novel areas.

The Prussian carp has the potential to spread widely
across North America from its unusual initial area of
colonization. Prussian carp most likely arrived in west-
ern Canada through live release originating from the pet
trade or live fish food market [12]. Initially recorded in
2000 [13], Prussian carp in Alberta have spread widely
over a huge area, now occupying multiple major river
systems. Verification of C. gibelio in Alberta was con-
ducted using morphological and DNA sequencing tech-
niques [12]. All of these river systems flow eastward into
the neighboring province of Saskatchewan, so coloniza-
tion of that province was likely inevitable. The earliest
recorded Prussian carp in Saskatchewan was an isolated
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observation of a single individual fish in 2005, with no
official records thereafter [13]. However, in the spring of
2018 a large number of Prussian carp were found dead on
the shore of a small Saskatchewan lake (Stockwell Lake)
more than 240 km east of the Alberta border (M. Tyree,
Saskatchewan Ministry of Environment, pers. comm).
This site is a tributary to the South Saskatchewan River,
and the die-off was the first evidence of an established
Prussian carp population in Saskatchewan. The circum-
stances suggested that Prussian carp had been estab-
lished for some time in Saskatchewan, but essentially
nothing was known about this novel invasive species in
North America outside of Alberta.

Here we examine the state of the invasive Prussian carp
population in the Province of Saskatchewan using a com-
bination of citizen science reports and field surveys. Our
first objective was to conduct surveys for Prussian carp to
determine their distribution and identify occupied bod-
ies of water. Our second objective was to examine life
history traits, including size and age, sex ratio, timing of
spawning, and the likely mating system via assessment of
ploidy. Our study provides novel insight into the range
expansion of the highly invasive Prussian carp in North
America, as well as their population characteristics in a
newly invaded system.

Methods

Study area

We conducted field surveys on two different spatial scales
to examine Prussian carp distribution in Saskatchewan.
In the first, we sampled areas in the South Saskatchewan
River, the upper QuAppelle River, and the Saskatchewan
River watersheds during the spring and summer of 2019
(Fig. 1a; Table S1). In 2020 we had to pause Prussian carp
fieldwork following the University of Regina’s research
protocols during the COVID-19 pandemic restrictions.
During 2021 and 2022, we focused our field survey efforts
on eastern Lake Diefenbaker (Fig. 1b; Table S1). Two
dams on Lake Diefenbaker alter the flow of water. Gar-
diner Dam on the northern portion of the lake is a hydro-
electric dam that releases water to continue flowing down
the South Saskatchewan River. The QuAppelle Dam is
an earthen structure that separates the QuAppelle River
system from Lake Diefenbaker and the South Saskatche-
wan River system. When the reservoir is at normal water
levels, the outlet is located at 24 m depth. The two dams
on Lake Diefenbaker have the potential to be control
structures for preventing the spread of Prussian Carp.
Lake Diefenbaker supports a wide variety of native fish
species and has important recreational fisheries for wall-
eye (Sander vitreus), northern pike (Esox lucius), yellow
perch (Perca flavascens), and burbot (Lota lota). Shallow
bays and tributary inflows along the shoreline are key
areas for native species. Coteau Bay at the northern end
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Fig. 1 Map of sample locations. Large-scale (A) and smaller-scale sampling (B) of Prussian carp between 2019-2022. Filled symbols are locations where
Prussian carp were detected; unfilled symbol represent sites that were surveyed but no Prussian carp were found. Panel (A) contains both citizen science
(diamonds) and field survey reports (circles); panel (B) is based solely on field surveys (circles). See Table S1 for further information on sampling effort and
fish caught
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of Lake Diefenbaker is an important site for native spe-
cies reproduction [30].

We also sampled extensively in Stockwell Lake (Table
S1), which is part of the Anerley Lakes chain that con-
nects to Lake Diefenbaker by Coteau Creek. Coteau
Creek is ephemeral and is likely the pathway Prussian
carp used to establish in Stockwell Lake before the large
die-off event that alerted their establishment in Saskatch-
ewan in 2018. Stockwell Lake is a shallow (max depth
4.5 m), highly productive lake that connects to the rest
of the Anerley Lakes through a series of culverts. Shal-
low depths, poor water quality, and unstable water lev-
els generally prevent the Anerley Lakes from sustaining
large-bodied native fish populations. However, they are
important waterbodies for amphibians, shorebirds, and
waterbirds.

Prussian carp surveys

Fish netting

We identified all fish in the Carassius genus that were
captured or reported as Prussian carp. This identifica-
tion is based on the work of Elgin et al. [12], who used
molecular and morphological characteristics to verify the
identity of C. gibelio in the river systems that connect to
Saskatchewan. Prussian carp are capable of hybridiza-
tion with other species and can exist as a mixed hybrid
complex [31-35]. However, Halas et al. [36] confirmed
that invasive fish found in Saskatchewan and Alberta all
shared the same mitochondrial DNA haplotype, which
was identical to archived sequences for C. gibelio. Gold-
fish (C. auratus) have a very limited distribution in Sas-
katchewan, where they are typically limited to closed
storm water retention systems that do not allow move-
ment into natural water bodies [37]. Thus, goldfish are
unlikely to confound identification of Carassius speci-
mens in our area.

For the larger spatial scale surveys in 2019, field sites
were located from the southwest through to the central-
eastern parts of Saskatchewan. Thirteen field sites were
selected to encompass a variety of locations that might
have Prussian carp based on connectivity to known
occupied sites in Alberta and recent observations in Sas-
katchewan (Fig. 1a). An additional number of sites was
added (to total of 29) to reflect locations from citizen sci-
ence reports. At each site we set 5 fyke nets for a variable
number of overnight periods (16-20 h) ranging from 1 to
3 nights in a row. The nets were constructed with 20-mm
mesh, and we set 1 large, 3 medium, and 1 small fyke
nets at each site. All nets were set near shore in depths
of 1.5 m or less with the lead perpendicular to the shore-
line. We also used a 30-m beach seine to complete three
30-m pulls in the same general area of the fyke nets on
each day. These survey methods caught many Prussian
carp during our preliminary netting in Stockwell Lake.
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In addition, live-trapping does not necessitate killing
native species; thus, we deemed this mixed live-netting
approach suitable for other locations. Correspondingly,
we used the same approach for more focused surveys on
eastern Lake Diefenbaker in 2021 and 2022. However,
we chose sites based on habitat that was likely to attract
Prussian carp (shallow bays in coulees), as well as loca-
tions that were ecologically significant to other fish spe-
cies (e.g., Coteau Bay), or in close proximity to lake exit
points near dams or irrigation pumping stations (Fig. 1b).
In addition, in 2021 we used 2 small larval fish fyke nets
in Coteau Bay (site 19), and in 2022 we added baited
umbrella-style minnow traps to the methods described
above at all survey locations. Our objective was not to
standardize sampling for comparisons, but rather to
determine Prussian carp presence.

Citizen science

In collaboration with the Saskatchewan Wildlife Fed-
eration, a non-government organization representing
anglers and hunters in Saskatchewan, we developed a
citizen science program to survey for Prussian carp. We
asked anglers to submit observations of Prussian carp to a
dedicated email address: ReportInvasiveCarp@swf.sk.ca.
Additionally, we used social media posts (https://www.f
acebook.com/SaskSportfishResearch/) to recruit anglers,
educate on identification of Prussian carp, and encour-
age reporting. Facebook posts related to the citizen sci-
ence program were viewed over 500,000 times during
2019 and 2020. We asked citizens to report the date and
location of any suspected Prussian carp observation,
and submit a photo for identification. Reports submitted
without a photo were noted but not used in the dataset.
We verified the fish identification using external features
visible in photos. The reporting email address will remain
actively monitored indefinitely.

Samples for size and age

Our fish netting efforts in 2021 produced 4,396 Prus-
sian carp, which were euthanized by immersion in 5%
clove oil for 10 min, followed by severing of the spinal
cord. A subset of Prussian carp sampled from 2019 to
2021 (n=269) made up of individuals varying in length
was used to provide aging structures. Prussian carp were
measured for total length to the nearest mm with the tail
in the natural position and weighed to the nearest 0.1 g
using a digital scale. Scales, fin spines, sagitta otoliths,
and lapilli otoliths were extracted from each individual.
We selected lapilli otoliths for aging based on their higher
reliability for aging species in the Carassius genus [38—
41]. Heads were dissected to extract the lapilli from the
inner-ear cavity [40, 42]. Sex was determined by mac-
roscopic assessment of gonads; individuals were either
mature or immature depending on gonad development


https://www.facebook.com/SaskSportfishResearch/
https://www.facebook.com/SaskSportfishResearch/

Menard et al. BMC Zoology (2025) 10:8

[42]. The presence of orange-coloured eggs in ovaries
and developed testes (visible to the naked eye) indicated
mature specimens [42].

Aging methodology

The lapillus was read whole and then cracked and read
at 1.6-6x magnification using a dissecting microscope
(Olympus AZX10) for each individual. Annuli were
determined using American Fisheries Society (AFS) stan-
dards [42]. The percent agreement on fish age between
scorers using lapilli was very low (20%), but increased
when considering +/- 1 (50%) and +/- 2 (73%) years.
There was no systematic pattern in the disagreement
between observers, but we deemed the reproducibility of
age estimates to be too low for any kind of formal analy-
sis. However, to enable presentation of some age data, we
performed a consensus aging for all fish in which both
observers simultaneously read the same structure and
agreed upon the final scoring. Annual growth rings for
Prussian carp near the nucleus of otoliths (representing
approximately ages 1-3) were relatively poorly distin-
guishable, and our consensus aging is likely an under-
estimate for many individuals.

Ploidy analysis

Samples for ploidy assessment were collected from Lake
Diefenbaker and Stockwell Lake in 2021 as part of the
field survey and citizen science methods summarized
above. From Stockwell Lake we randomly selected 10
female fish in three different size classes (n=30; <10 cm,
11-20 cm and <30 cm), and all males that were collected
(n=19). We used all adult fish and 10 randomly selected
juveniles between 5 and 10 cm to assess ploidy in Lake
Diefenbaker (1 =28).

Silver nitrate staining of the nucleolar organizer region
(hereafter AgNOR) for ploidy assessment was done
using procedures modified from three previous studies
[43—-45]. Freshly euthanized individuals had cells scraped
from the dorsal epidermis using a number 10 scalpel
blade, which were spread on a glass microscope slide and
fixed with 50% acetic acid solution. The air-dried slides
were stored for future preparation. Step 2 was completed
in the lab; two solutions were used for AgNOR stain-
ing: (1) a colloidal developer, containing 2 g of gelatin
and 1 ml of 88% formic acid in 100 ml of distilled water;
and (2) a 50% silver nitrate and water (w/v) solution.
Slides were dried at 60 °C in a drying oven (HERAtherm
IMHG60, ThermoFisher, Waltham, MA, USA). We viewed
slides via light microscopy using an Olympus CX41 light
microscope at 1000x magnification with immersion oil
type A.

Ploidy was determined by counting the number of
chromosome sets per cell based on the number of
nucleolar organizer regions (NORs; 43, 45, 46). There is
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generally one NOR present per haploid genome; how-
ever, the Carassius genus underwent a historical poly-
ploidization event [47, 48], so each chromosome set has
2 NORs [49, 50]. To test the NOR method, we examined
NOR values in diploid goldfish (n=5) from a gonocho-
ristic line obtained from a pet store, and common carp
sampled from a naturalized population (n=2). The gold-
fish all had 4 NORS, indicating that they were diploid,
as expected. The common carp both had 2 NORS, also
indicating diploidy. Common carp did not undergo the
same genome-wide duplication event that members of
the Carassius genus did [50]. For our assessment of Prus-
sian carp in Saskatchewan, we scored ploidy as follows
based on NOR number: 2n=4, 3n=6, 4n=8. For each
sample, 100 intact cell nuclei were counted and the num-
ber of visible NORs recorded for each. The mode of the
NOR number for the 100 cells was used as the ploidy for
each sample [51]. A subset of 21 slides was re-scored by
the same observer yielding an agreement on the mode of
76%.

Spawning trends in lake diefenbaker

We used timing of emergence of young of the year to pro-
vide information on when Prussian carp were potentially
spawning in our study area. Young of the year for a vari-
ety of species were collected throughout the open water
season as they were recruited into sampling gear during
our nearshore surveys. Young of the year Prussian carp
hatch after around 52 h of incubation at 22—-25 °C (tem-
perature-dependent) and are typically~5 mm in length
[52, 53]. At this larval stage Prussian carp are generally
in dense floating plant cover and are nearly impossible
to sample [53, 54]. However, when they grow somewhat
larger (10-20 mm), around 20 days post hatch [52], they
swim to shallow, muddy, vegetated areas [54]. At this
stage they can be sampled by common survey methods,
and the presence of young of the year Prussian carp indi-
cates recent spawning in the local area. We considered
any fish below 20 mm to be relatively newly hatched,
most likely within the previous 20-days [52]. We focussed
young of the year emergence assessments in Coteau Bay
on eastern Lake Diefenbaker. We used a mix of beach
seining and small larval fyke nets (mesh size<1 mm) to
sample small fish as described above. Linear regression
was used to evaluate the increase in length of juveniles
throughout the summer. Lengths from the first emer-
gence of juveniles on July 8th until August 15th were
included and a regression model was run using length
and date values. The analysis was conducted using the
stats package in R [55].
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Results

Prussian carp surveys

Broader-scale field surveys during 2019 captured a total
of 7=9,991 individual fish from 24 different species
(Table S2). However, only a single Prussian carp speci-
men, a 35-cm adult female fish weighing 775 g, was cap-
tured in a fyke net July 12, 2019 in Rusty’s Coulee near
Riverhurst on Lake Diefenbaker. In contrast, a total of 38
citizen science reports of suspected Prussian carp were
made from April 2019 to December 2020. Seven of the
reports had no photos submitted to verify identifica-
tion. Of the remainder, 18/31 (58%) were confirmed to
be members of the Carassius genus. These specimens
were largely caught by anglers while targeting other spe-
cies. Locations reported by citizens included the South
Saskatchewan River between Lake Diefenbaker and the
Alberta border, multiple locations on Lake Diefenbaker,
the South Saskatchewan River between Gardiner Dam
and Saskatoon, and the South Saskatchewan River north
of Saskatoon (Fig. 1a). Two of the 18 (11%) citizen sci-
ence reports were much more likely to be feral goldfish
(rare in Saskatchewan) than Prussian carp; these were
submitted from closed municipal storm water retention
ponds in the cities of Saskatoon and Warman. Thirteen
of the 31 (42%) submitted reports were not Prussian carp,
but rather fish caught relatively infrequently by anglers.
These reports consisted of common carp (Cyprinus car-
pio; 5/31, 16%), quillback (Carpiodes cyprinus; 3/31,
10%), shorthead redhorse (Moxostoma macrolepidotum;
2/31, 6.5%), lake whitefish (Coregonus clupeaformis; 2/31,
6.5%), and goldeye (Hiodon alosoides; 1/31, 3%).

Field surveys on a smaller spatial scale at 9 sites on
eastern Lake Diefenbaker in 2021 captured 43,010 indi-
vidual fish of 18 different species (Table S1). Of these,
4,396 (10.2%) were Prussian carp, with at least one indi-
vidual caught at 6/9 (67%) of the sites surveyed (Fig. 1b).
The Coteau Bay area was the most intensively surveyed
and yielded 4,112 (93.5%) of the individual Prussian carp
captured. Most of these were young of the year, but adult
fish were also caught in this location. This site is located
close to the spillway for the Gardiner Dam, and access
to the South Saskatchewan River downstream of Lake
Diefenbaker. In 2022, we surveyed 6 sites on eastern lake
Diefenbaker that were associated with lake exit points at
irrigation pumping stations and water control structures.
Surveys in 2022 produced 4,032 fish of 14 species, and
4/6 (67%) sites had at least one Prussian carp captured.
In total we caught 132 Prussian carp in 2022, and simi-
lar to 2021 the majority of these came from Coteau Bay
(67/132=50.8%). Other notable observations from 2022
included capture of an adult gravid female Prussian carp
in the immediate area of the Qu'Appelle Dam, and juve-
niles near irrigation pick ups in Bigfill Coulee and Irriga-
tion Bay. We continued to receive citizen science reports
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during 2021, 2022, and 2023; 100% of these were from
Lake Diefenbaker and the South Saskatchewan River
south of Saskatoon. Two reports from western Lake Dief-
enbaker (Saskatchewan Landing Provincial Park) in the
winter of 2023 were of large numbers of juvenile Prus-
sian carp in the stomachs of northern pike captured by
anglers.

Size and age

In Stockwell Lake, individuals from 1 to 40.2 cm total
length were present, with survey gear capturing many
individuals across the size range. The length frequency
distribution suggested multiple age cohorts were present
in both 2019 and 2021. In 2019, at least 3 cohorts were
identified by peaks in the length-frequency histogram
(Fig. 2a). The three cohorts were at 1 ¢cm, 4-9 cm, and
14-22 cm; above 22 centimeters cohorts were not read-
ily identifiable. The cohorts are presumed to be young
-of the -year, year 1, and possibly year 2. The maximum
length sampled in Stockwell Lake in 2019 was a 33.5-cm
female. Samples from Stockwell Lake in 2021 also had
at least 3 cohorts, including a minimum of 6.2 cm and a
maximum size of 40.2 cm (Fig. 2b). The minimum size
was larger than in 2019 because of more limited beach
seining, which resulted in fewer small fish being captured
in 2021. Potential cohorts sampled from Stockwell Lake
in 2021 were 6-14 cm, 15-22 c¢m, and >22 cm. Nota-
bly, there were multiple fish (nz=7) larger than the maxi-
mum size recorded in 2019. Younger / smaller fish do not
show up accurately in the size frequency distribution for
2021 because we sampled hundreds of smaller Prussian
carp but only measured a subsample, which is depicted
in Fig. 5. Consequently, the relative frequency of small
fish in the 2021 dataset is much higher than presented
(Fig. 2b; see grey block).

The length-frequency distribution of Prussian carp
was completely different in Lake Diefenbaker compared
to Stockwell Lake (Fig. 2c). Despite intensive sampling
using the same gear types, only small juvenile Prussian
carp from 1 to 10 cm, and large adult fish >34 cm were
captured in Lake Diefenbaker; fish of intermediate length
were not detected at all. Both the smallest (~1 ¢m) and
largest fish (42.5 cm) captured in survey gear were from
Lake Diefenbaker. More than 4000 small Prussian carp
were sampled in Lake Diefenbaker in 2021; however, we
only measured length for a small subset. Like the situa-
tion for Stockwell Lake in 2021, the relative frequency of
small fish cannot be accurately shown and is much higher
than displayed here (Fig. 2¢; see grey block).

Consensus otolith ages of Prussian carp were esti-
mated for fish sampled from Stockwell Lake and Lake
Diefenbaker, as well as several from other locations in
the South Saskatchewan River Watershed (total 7 =264).
In Stockwell Lake (n=218), the most common ages
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were between 2 and 3 years old (n=132), with 3-year-
olds accounting for the most aged individuals (n=72).
Length of males ranged between 14.2 and 34.9 cm; the
oldest male in Stockwell Lake was estimated to be 5
years old (TL=16.1 cm), whereas the oldest female sam-
pled in Stockwell Lake was estimated to be 7 years old
(TL=31.8 cm). Ages in Lake Diefenbaker and the South
Saskatchewan River ranged from young-of-year to 10
years old for a large female (TL =38 cm). Females in Dief-
enbaker reached a maximum of 42.5 cm in our samples.
All of the fish aged in Lake Diefenbaker (n=47) were
young of the year or mature adults ranging from 3 to 10
years old.

Ploidy

Ploidy was assessed using silver-nitrate staining of nucle-
olar organizer regions from 78 Prussian carp captured in
Lake Diefenbaker and Stockwell Lake during 2021. When
all samples were considered together, most females
(45/49; 92%) had a modal value of 6 NORs, indicating
that they were triploid. In contrast, all male individuals
assessed (19/19; 100%) had a modal value of 8 NORs,
indicating that they were tetraploid. When considered
separately by lake, female Prussian carp in Stockwell Lake
(n=30) were predominantly triploid based on the modal
value of 6 NORs (26/30; 87%); however, some females
had modal values of 4 (1/30; 3%) and 8 NORs (3/30; 10%),

indicating that they were diploid or tetraploid, and that
ploidy in Stockwell Lake was mixed (Fig. 3). Interestingly,
2 female fish from Stockwell Lake presented NOR val-
ues in which the mode was only slightly higher than the
next closest value. The first individual was split at 4 and 6
NORs, and the second was at 6 and 8 NORs, which raises
the intriguing possibility of 2n-3n and 3n-4n somatic
mosaicism. For ploidy summaries we used the modal
value for these individuals despite the potential mosa-
icism. All female individuals (7z=19) and most unsexed
juveniles (8/9 and 89%) from Lake Diefenbaker (n=28)
had modal NOR values of 6, indicating that Prussian carp
in this lake were also predominantly triploid. However,
a single unsexed juvenile individual (1/8;12.5%) had a
modal NOR value of 8 and was therefore tetraploid.

Sex ratios

Fish from Stockwell Lake included both females and
males. In 2019, the M: F ratio was 0.21:1 (males, n=13;
females, n=63). Whereas in 2021, Stockwell Lake males
represented 11% (males, n =23; females, n =160; juveniles
not sexed, 7=33) of the sampled population, with a M:
F sex ratio of 0.14:1. All but one of the mature individu-
als > 30 cm sampled between 2018 and 2021 (#=53) from
Lake Diefenbaker were female based on visual inspec-
tion of gonads. One mature individual (TL=32.4) was
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sampled in June of 2020 in Lake Diefenbaker that had
characteristics of both female and male gonads (intersex).

Spawning trends in lake diefenbaker

We focused young of the year fish sampling on a single
site in Lake Diefenbaker (Coteau Bay) that was system-
atically surveyed weekly from mid-May through the
end of August of 2021. Relatively newly hatched Prus-
sian carp (<20 mm) began to appear in sampling gear
in the first week of July. After initial emergence the rela-
tive abundance of young of the year Prussian carp rap-
idly increased until they reached the highest relative
abundance by the weeks of July 21st through Aug 3rd
(Fig. 4a). Catch-per-unit-effort (CPUE) of Prussian carp
based on the number captured per seine pull increased
through early July (from 50 to 258) and peaked in mid-
July at 258 (Fig. 4b, c). Individuals <10 mm were very dif-
ficult to sample with standard gear but were detected on
July 27th and August 3rd (Fig. 5). Individuals between 10
and 20 mm were detected on July 6th, July 10-12th, July
15-16th, July 20th, July 22nd, July 26-28th, August 3-5th,
and August 12-13th. Once young of the year appeared,
they increased significantly in size over time (Linear
Regression, df=619, r?=0.432, p=<0.0001). However,
variance in the length of small Prussian carp was very
high, and those in the 10 to 20 mm newly-hatched range
were detected across the entire sampling period.

Discussion
Prussian carp surveys
At the time of this study Prussian carp were established
in Saskatchewan throughout the South Saskatchewan
River watershed from the Alberta border to Saskatoon.
Citizen science reports included three historical catches
of adult fish in Lake Diefenbaker in 2015 and 2017 that
anglers submitted to us once the program was initiated.
Juvenile fish were sampled in multiple locations outside
of Stockwell Lake, indicating established and reproduc-
tively active populations. Juvenile Prussian carp were
found in Lake Diefenbaker, Swift Current Creek, Coteau
Creek, and the South Saskatchewan River downstream
of Lake Diefenbaker, near the city of Saskatoon. Stock-
well Lake is only connected to Coteau Creek during high
water events. Stockwell Lake has multiple size classes of
Prussian carp, so they likely moved into Stockwell from
Lake Diefenbaker during provincial flooding in 2014.
This, combined with the confirmed individual in 2005,
suggests that Prussian carp established in Saskatchewan
much earlier than 2018, and likely as early as the late
2000s [13]. Docherty et al. [13] found the invasion area
doubling time in Alberta to be five years, and given the
distance Prussian carp travelled through Saskatchewan
(over 450 km from the Alberta border), it is possible they
have been in the province for as long as 15 years.
Prussian carp in Saskatchewan were found primarily
in shallow water areas. Lake Diefenbaker, a reservoir in
the South Saskatchewan River, offers a lot of deep water,
but Prussian carp were only found in the near-shore
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areas of coulees and associated tributaries of the reser-
voir. Prussian carp were also sampled in shallow eddies
of the South Saskatchewan River and in two smaller trib-
utaries. This is similar to findings in Alberta, which has
established Prussian carp populations in multiple river
systems, reservoirs, and creeks [12, 13, 56]. In Alberta,
Prussian carp were also often found in irrigation canals
[13]. There are similar irrigation canals in Saskatch-
ewan, but they were not sampled in this study due to
high water levels. Studies in Europe found that Prussian
carp established in lakes, reservoirs, and rivers, which is
similar to the results of this study [2, 21]. Prussian carp

were not found in isolated lakes during our study, as they
have been in Europe, but this difference is likely due to
European anglers releasing Prussian carp into lakes for
angling opportunities [7]. In North America, Prussian
carp are not a desirable species and less likely to be pur-
posefully spread by anglers.

Gardiner Dam, located between Lake Diefenbaker and
the South Saskatchewan River, has a spillway that has
already been breached by Prussian carp. The Qu'Appelle
Dam, between Lake Diefenbaker and the Qu'Appelle
River, has no spillway and an outlet that is 24 m under the
surface. No Prussian carp were sampled east of this dam
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and confirmed citizen science reports have only come
from areas west of this structure. Thus, the QuAppelle
Dam and its deep-water outflow could act as an impor-
tant control structure to limit the spread of Prussian
carp eastward. Dams as barriers to the spread of invasive
carp have previously been studied, but are viewed as only
semi-permanent, reducing movements but ultimately
not preventing spread [57-59]. Common carp, silver
carp, bighead carp and grass carp have all been recorded
bypassing various dam structures in North America [57,
59, 60]. Additional control structures such as electric
barriers, bubble screens, and CO, barriers have failed in
preventing upstream movement of invasive carp entirely;
however, these barriers have not been tested on Prussian
carp in North America [61-63].Critically, the presence
of a gravid female captured near the QuAppelle Dam in
2022 suggests that escapement is a significant concern.
Citizen science as an additional surveying approach
was crucial to the success of this study; only one Prus-
sian carp was sampled during broader-scale field net-
ting efforts in 2019. Historical citizen science reports of
Prussian carp from as early as 2015 aided in determining
the invasion timeline in Saskatchewan. Citizen science
reports also provided evidence of establishment through-
out the entirety of Lake Diefenbaker. Additionally, citizen
science reports provided the confirmation that Prussian
carp were able to cross the spillway of Gardiner Dam.
Some citizen reports erroneously identified common
carp and some native species as Prussian carp. Col-
lectively, all of these species are caught relatively infre-
quently by most anglers, which is likely what triggered
these reports. However, anglers were able to correctly

identify Carassius spp. specimens in many cases, and
likely can be taught to do so reliably [64, 65]. Johnson et
al. [66] studied a variety of large plant and mammal citi-
zen science projects and found the data from 26 different
programs led to 27 key discoveries. With proper educa-
tion about species identification citizen science programs
are an inexpensive addition to field sampling that aids in
determining invasive species range [67].

Size and age

Age estimation was relatively unsuccessful in this study;
our initial attempt at aging produced very low agreement
between observers, and a low level of confidence in the
data. Consequently, we resorted to a much more conser-
vative consensus aging method, which likely biased ages
downward (younger). However, the maximum age of 10
years we observed aligns well with other published stud-
ies (e.g., [5]), and gives us the key insight that Prussian
carp were in Saskatchewan for at least 10 years prior to
our sampling. Consequently, Prussian carp have been
in Saskatchewan for some time but escaped detection,
which is a common occurrence for new exotic species
[68]. The adult female Prussian carp sampled in Sas-
katchewan, especially in Lake Diefenbaker, were larger
than those reported for many European populations (e.g.,
[69-72] and more). Environmental conditions may be
an important contributor to larger Prussian carp size in
Saskatchewan, specifically the large river and lake sys-
tem combined with cold, continental climate, may cause
slower growth and larger size in cyprinids [1, 41]. Growth
parameters have been estimated for locations outside of
Canada affected by Prussian carp invasions, but these
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sites often have very moderate environmental conditions
(e.g., [15, 73-75]). Future studies should address fac-
tors that affect growth and maturity of Prussian carp in
Canada.

The length frequency distributions of Prussian carp in
Stockwell Lake and Lake Diefenbaker were drastically dif-
ferent despite the fact that these waterbodies are close in
proximity and intermittently connected. It is not uncom-
mon for size distributions of fish to differ by waterbody
[1, 76]; however, we did not detect any midsized Prussian
carp (13-34 cm) at all in Lake Diefenbaker. This finding
was somewhat surprising because mid-sized fish were
by far the most common individuals in Stockwell Lake,
and also in most other populations around the world
(e.g., [72, 77, 78]). Several factors may have contributed
to the missing mid-sized fish in Lake Diefenbaker. The
first is that our sampling methods for Prussian carp in
Lake Diefenbaker simply missed midsized fish. Alterna-
tively, the limited littoral zone and unstable water levels
in Lake Diefenbaker may cause intermittent availability
of suitable habitat, and thereby intermittent spawning
success and recruitment for Prussian carp. Finally, native
predators may consume large numbers of newly invasive
fish, and if sufficiently high, predation may remove whole
size classes [79-81]. Interestingly, Stockwell Lake does
not have any predatory fish, whereas Lake Diefenbaker
has large predatory fish populations, suggesting that pre-
dation may indeed be an important factor. Changes in
size distributions have been recorded for other Caras-
sius species when piscivorous fish were present [54, 82].
We also directly observed predation of Prussian carp by
native species including northern pike, piscivorous birds,
and a plains garter snake (Thamnophis sirtalis) on Lake
Diefenbaker.

Ploidy analysis

Multiple ploidy states for Prussian carp were identified in
Saskatchewan, a further indication that they have likely
been established for many years. Invasive populations
are predominantly triploid, and a mixture of triploid
and diploid females may suggest that both gonochoris-
tic and gynogenetic reproduction are occurring [17, 93].
However, a mixture of ploidy states was also found in
populations that do not use both reproductive modes [2,
17, 22, 83, 84], and tetraploid individuals are also com-
mon elsewhere [83, 85, 86]. Multiple ploidy states may
arise in Prussian carp via different mechanisms, includ-
ing hybridization (e.g., [31-35]), and unbalanced chro-
mosome division during gametogenesis [83, 87, 88].
However, all of these mechanisms take time to produce
individuals with different ploidy and generate mixed
populations like those we documented in Saskatchewan.
Given the direct connection to Alberta, it is possible that
the Prussian carp population had already evolved mixed
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ploidy by the time they arrived in Saskatchewan. Thus, at
this point we can only conclude that Saskatchewan Prus-
sian carp have mixed ploidies that likely developed over a
number of generations, but the mechanism(s) underlying
this phenomenon remains unknown.

The sex ratio of Prussian carp in Saskatchewan was
highly skewed towards females. All-female popula-
tions must use gynogenesis and require donor males
from other species to provide sperm [89]. So far, no
male Prussian carp have been detected in Lake Diefen-
baker, suggesting the possibility that it is a gynogenetic
population; however, a very low abundance of males can-
not be ruled out based on our sampling. Male Prussian
carp were present in low abundance in Stockwell Lake.
Males spontaneously appeared in other invasive popu-
lations after establishment and growth, sometimes after
decades of strictly females being present [90-92]. The
spontaneous appearance of males introduces the pos-
sibility of gonochoristic reproduction [93, 94]. In many
locations the introduction of males and the advantages
of sexual reproduction are proposed to push Prussian
carp into sexual reproduction and eventually diploidy
[16, 95]. Recent studies suggest males are produced by a
genetic sex differentiation gene found on microchromo-
somes, and there is a link between an increased number
of microchromosomes and maleness [96]. Environmental
sex determination based on rearing temperature may also
produce males, even without the genetic male determin-
ing region present [97, 98]. Finding males in Stockwell
Lake was a surprise because no males have been sampled
elsewhere in Saskatchewan, although males have been
documented in Alberta [99]. Future research should
determine whether males in the Stockwell Lake are fertile
and actually mating.

Spawning trends in lake diefenbaker

Prussian carp spawning in Coteau Bay was asynchronous
and spanned at least one month. Eggs have a relatively
short incubation period of 3 days at 20 °C and 52 h at
22-25 °C [52-54]; juvenile Prussian carp reach ~20 mm
long in 20 days post hatch at water temperatures of
22-25 °C. Given this information, the repeated emer-
gence of small young of the year in Coteau Bay separated
by at least 3 weeks suggests asynchronous spawning
events [52-54]. In this study, juveniles under 20 mm
were detected on July 8th, 27th and August 13th. Con-
sidering the time elapsed and the temperatures in Coteau
Bay (20.4-28 °C), it is highly likely that these young of
the year came from spawning sessions that began in mid-
June. Spawning spread over a long time period may offer
Prussian carp greater reproductive success when variable
environmental conditions affect recruitment [100]. In
addition, many North American species reproduce early
in the season at low temperatures [101-104], so Prussian
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carp may benefit from less competition with juveniles of
other species by spawning later [100, 101]. Finally, juve-
nile Carassius species occupy warm water and grow opti-
mally between 25 and 28 °C, which may protect them
from cool-water native predators like walleye (20-23 °C
optimal; 105, 106).

For Prussian carp to use gynogenesis, a native species
that spawns at the same time and in the same habitats
must act as the sperm donor for reproduction to occur.
Donors in Eurasia are cyprinids, typically common carp,
or a member of the Carassius genus; however, a wide
range of donors has generated viable progeny [8, 86].
There are no known closely related species in the South
Saskatchewan River, Lake Diefenbaker, or Stockwell Lake;
common carp are present elsewhere in Saskatchewan,
and goldfish are in Alberta, but neither species is present
at any of our study sites. Thus, if Prussian carp are using
gynogenesis in Saskatchewan it is unclear what species
are serving as sperm donors. Bondarev et al. [107] found
that the onset of European invasive Prussian carp spawn-
ing was between 11.5 and 15.5 °C at similar latitudes to
southern Saskatchewan, and extended for a long period
after beginning. Native species that spawn in Coteau Bay,
Lake Diefenbaker, have a wide range of spawning temper-
atures and times, and only some are likely to overlap with
Prussian carp (Fig. 6). Several sucker, shiner, and minnow
species are prime candidates, including white sucker,
those of the Moxostoma genus [103], and native mem-
bers of the Cyprinidae, such as fathead minnow, emerald
shiner and spottail shiner. Future research should address
which native species could act as a potential donor and
are capable of viable progeny by initiating gynogenesis.

Management implications

This study found that Prussian carp have likely been
established in Saskatchewan for longer than previously
thought and have likely gone undetected for several years.
Prussian carp are well established throughout the South
Saskatchewan River system and appear to be expanding

their range. Currently, no barriers exist to prevent further
expansion of Prussian carp to the north, where the South
Saskatchewan River joins the North Saskatchewan River.
Monitoring of the North Saskatchewan River should
occur to determine if Prussian carp are already estab-
lished in that system and to aid in determining the rate of
spread in Saskatchewan. Investigations of the Qu’Appelle
Dam on Lake Diefenbaker should be prioritized to deter-
mine its suitability as a barrier to prevent the spread
of Prussian carp eastward through Saskatchewan and
into Manitoba and the United States. Monitoring of the
Qu’Appelle River downstream of the QuAppelle Dam for
early detection will be crucial for managing the spread
of Prussian carp across North America if the dam is
not successful as a barrier. In addition, physical barriers
or other means of actively deterring Prussian carp from
entering the deep-water intake need to be very seriously
considered. Continued education of anglers about how
to accurately identify Prussian carp can be a useful and
cost-effective way to increase effort and aid in the early
detection of range expansion. Ultimately, Prussian carp
are likely already too widespread and abundant in Sas-
katchewan for eradication, and management focus will
need to be on reducing local impacts on native systems
and reducing further spread.
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