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ABSTRACT. The spatial and vertical distribution of a recent exotic species, the predatory cladoceran
Cercopagis pengoiyas studied in Lake Ontario in September 1999. Only typical forms of the species
C. pengoicharacterized by a relatively long tail with an S-bend and claws with straight or backwardly
bent tips, were found. Structure of fBercopagigpopulation was rather uniform over the lake, consisting
mainly (over 90%) of parthenogenetic females. Median epilimnetic abundance and biomass was 295/m
(max. = 2,544/ and 13.4 mg DW/n(max. = 113.3 mg DW/#), respectivelyCercopagisontributed

a median of 15.8%, and at maximum 73.8%, of the total crustacean zooplanktonic biomass (exclusive of
nauplii). Abundances showed a significant positive relationship with distance from sRored(84,

p < 0.01), but distribution was independent of the depth and temperature of the epili@aronpagis

did not exhibit any diurnal vertical migration patterns: over 90% of the individuals stayed either in the
epilimnion or within the metalimnion during the day and night. The proportion of individuals, both live
specimens and carcasses of dead individuals, in cooler layers was negligible (< 3%). The following
weight (W) — body length (L) relationship was developed during the study: In(W) = 2.98*In(L) — 6.42
(r2=0.85, p < 0.001).

INDEX WORDS: Cercopagis pengoicladoceran, crustacean zooplankton, Lake Ontario, non-
indigenous species.

INTRODUCTION tioning of aquatic ecosystems and may lead to severe

During the last decades, the modification of €cological, as well as economic, consequences
aquatic ecosystems by human activities has in-(Mills et al. 1993, Niermanret al. 1994, Carlton
Creased Considerably, as evidenced, for example’ b}lggg, Ketelaar@t a.I. 1999, Rutherfoert al. 1999,

a rise in unintended releases of non-indigenousNalepaet al. 1999). _

species. If successfully established, these species ca Mills et al. (1993) reported the establishment of
effect substantial changes in the structure and func-139 exotic species in the Great Lakes since the
1800s, most of those species being native to Eurasia
(55%). Of these, however, they claimed that a rela-
*Corresponding author: E-mail: henn@sea.ee tively small number—only 9%—had a substantial
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influence upon the Great Lakes ecosystem. Most of
the recent important invaders to the Great Lakes,
such asDreissenaspp.,Neogobius melanostomus
Gymnocephalus cernuuand Echinogammarus is-
chnus are native to the Ponto-Caspian basin (Riccia-
rdi and Rasmussen 1998). These authors have
identified 17 additional Ponto-Caspian invertebrates
that have recent invasion histories and the likely po-
tential to be introduced to the Great Lakes.

The latest exotic species to invade the Great Lakesr|G, 1. Location of sampling stations in Lake

region, first observed in Lake Ontario in 1998, is the Ontario. Filled circles denote stations of migration
predatory cladocera@ercopagis pengofMaclsaac study ofC. pengoi stations whereC. pengoiwas

et al. 1999). This species had previously invaded found in 1998 are indicated by squares.
several sub-basins of the NE part of the Baltic Sea

(Ojaveer and Lumberg 1995, Kryl@t al. 1999) and
expanded its distribution area toward the south and, 5| vertical migration (DVM) ofC. pengoj zoo-

north in 1999 (Zmudzinski 1999; E. Leppékoski, piankion tows were performed at fixed depth inter-
Abo Akademi University, Turku, Finland, pers. vals (0-20, 20-40, 40-60, 60-80 and 80-100 m) by
comm.).C. pengoihas caused substantial changes in neans of a closing net. DVM samples were taken at
the diet of several fish species in the Baltic and byg 5 1, 12 p.m., 6 p.m., and 12 a.m. at two offshore
fouling fishing gear has caused direct economic l0SSgi4tions (Fig. 1). After collection, samples were nar-

for fishers. . . . _ cotized with soda water and preserved with sucrose
Although substantial ecological impacts in the ¢, majin solution (Haney and Hall 1973). Al indi-

Great Lakes due t@. pengoihave not been docu-  \iq,als ofC. pengoiwere removed from each sam-

mented as of yet, ecosystem effects associated withy o nger a dissecting microscope and enumerated.

another recent invader similar @ pengoj the 15 o merate the rest of the crustacean community
predatory cladoceraBythotrephes cederstroemi (excluding nauplii), samples were split with a Fol-

have been seen in the Great Lakes. These includeg, ' aniion splitter and four stratified aliquots ex-

?rgo;bgur?ég?\rsé g]'cssrggﬁf"sriaz‘ggec?Jsfarggit'goiefggit;amined per sample. For biomass calculations, length
P measurements were made on the first twenty individ-

species and changes in zooplankton communityuals encountered of each speci ;
. pecies per sample, includ-
dominance (Yan and Pawson 1997, Lehman anding C. pengoj and biomass computed using

&aecfr:gis t%%i)s a;'gega}g:;ténntgiritgjjm{'n?l_f:rc‘;);gflength-weight relationships found in the literature.
9 P y In the case ofC. pengoj the relationship developed

ggggi)e’sa(mIg‘f‘;ﬁfggg)_the diet of commercial fish in this study was useq. Body Iengthcofpengo_iwas
I this paper, the primary goal was to assess they CASITEC O T T BT8R O (S ol
distribution pattern, and characteristics and structure rformed 1. t fm ﬁth fter field y m "g
of the newly-establishe@. pengoipopulation in periormed -~ 10 0 sg ef ?1 f)adp 19. dqf
Lake Ontario. In addition, an individual weight-body Comparisons were made of the body size and fe-
length conversion formula fo€. pengoiwas devel- cundity of sexual females between 1998 and 1999,
oped for calculating population biomass using samples generated from the U.S. EPA Great
' Lakes National Program Office (GLNPO) summer
survey in 1998. For these comparisons, individuals
METHODS were measured from stations at whizhpengoiwas
Samples were collected on board the U.S. Envi-found in 1998. In that yea€. pengoiwas found at
ronmental Protection Agency (U.S. EPA) Rl\dke four stations in the eastern basin of the lake (Fig. 1;
Guardianin Lake Ontario during 14 to 19 Septem- see also Barbieret al in press). Zooplankton tows
ber 1999. Vertical tows through the epilimnion layer, from Lake Ontario were taken between 5 to 7 Au-
the depth of which was determined from temperaturegust in 1998, and were made with both a 64 pm
profiles taken using a Seabird STE-911 CTD, were mesh net to a depth of 20 m, and with a 153 pm
taken with a metered 153-um mesh net at a total ofmesh net to the shallower of 100 m or 2 meters from
24 stations (Fig. 1). In order to study possible diur- the bottom at each station. A Mann-Whitney Rank
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Sum test failed to find significant differences in
body length between individuals collected using th
different mesh sizesn(= 0.05), so these data were
pooled in subsequent analyses. All measuremer
were done by the same individual (HO). To compar
body lengths of individuals of different instars col-
lected in 1998 and 1999, the nonparametric Mant
Whitney Rank Sum Test was used. All statistica
tests were conducted using Sigmastat 2.0.

To develop a body length-dry weight relationship
233 C. pengoiindividuals were sorted according to
body lengths (min. = 0.95 mm, max. = 2.55 mm). In
dividuals were dried for 48 hours at 60°C and hel
over silica gel for 2 hours prior to weighing. Up to €
specimens of similar body lengths were grouped tc
gether. Dry mass was determined using a Cahn C-
microbalance with a precision of 1 pug. Both body
length and dry weight were In-transformed to stabi
lize variance, and the relationship between them de-
termined using least squares regression. It is
understood that some shrinkage typically occurs
after preservation with formaldehyde (Kapigs al.
1997, Yan and Pawson 1997). The length-weight re-
lationship developed here, however, was specifically
intended to be used with preserved individuals. It
should be recognized, though, that some underestimass ofC. pengoitended to be higher in the central
mation is possible due to loss of mass upon preserregion of the lake than in coastal areas; least squares
vation (Campbell and Chow-Fraser 1995, andregression revealed a significant relationship
references therein). between abundance and distance from shore

(r2= 0.34, p = 0.0015; Fig. 3). However, a signifi-
RESULTS cant relationship was not observed between percent
contribution ofC. pengoito the total zooplankton

FIG. 2. A.) Abundance ofC. pengoi(individu-
als/md); and B.) Percent contribution ofC. pengoi
to crustacean zooplanktonic biomass (excluding
nauplii) in the epilimnion of Lake Ontario, Septem-
ber, 1999.

The Cercopagiscommunity of Lake Ontario in
September 1999 was represented by a typical mor-
phological form of the specieSercopagis pengoi 8
characterized by possession of a relatively long te In(Abundance)=3.28+0.094*D
with characteristic S-bend and claws with straight ¢ 71 r*=0.34, p=0.0015 o
backwardly bent tips. The tail length to body lengt
ratio averaged 4.68 (SD = 0.56, n = 100). The stru
ture of theC. pengoicommunity was uniform over
the lake, with parthenogenetic females contributin
over 95% of all individuals. Sexual females an:
males together constituted less than 5% of the pog s 0o
lation. o o

Medians of epilimnetic abundance and biomass 2 1
C. pengoiwere 295/m (interquartile range = o
541/mB, max. = 2,544/, n = 24) and 13.4 mg 1
DW/m3 (interquartile range = 25.0 mg DW#mmax.
= 113.3 mg DW/r&, n = 24), respectively. The me-
dian percent contribution of. pengoito the zoo- FIG. 3. Relationship between In-transformed
plankton community was 15.8% on a dry weight epilimnetic abundance ofC. pengoiand distance
basis (max. = 73.4%) and 0.6% on an abundanceof sampling station from shore (km) in Lake
basis (max. = 5.7%) (Fig. 2). Abundance and bio- Ontario.

©)

In(Abundance)

0 5 10 15 20 25 30 35

Distance of sampling station from shore (km)



Cercopagis pengoin Lake Ontario 13

OC OC
0 5 10 15 20 0 5 10 15 20
~ 020
E
® 20-40 |
§
E 40-60
£
£ 6080
[5]
O 80-100
_ 0-20
£
w 204
b
£ 4060
£ 6080 6:00 pm 12:00 am
O E
0 80-100 1 A 1 B
0 20 40 60 8 O 20 40 60 80 100 0O 20 40 60 8 0O 20 40 60 80 100
Percent Abundance Percent Abundance Percent Abundance Percent Abundance

FIG. 4. Depth distribution ofC. pengoiduring migration study at A.) Western station;
and B.) Eastern station. Lines denote—] temperature°C; and (---) in vivo chlorophyll
(relative units).

biomass and distance from shore £ 0.05). Simi- Rank Sum Test, showed statistically significant dif-

larly, significant relationships were not found be- ferences between years for instar three females, both
tween abundance and either depth or meansexual and parthenogenetic (P = <0.001 in both
temperature of the epilimniom = 0.05). cases), while lengths of earlier instars were not sig-

Vertical distribution ofC. pengoiexhibited similar  nificantly different @ = 0.05; Fig. 5). The larger
patterns at both stations of the migration study. Thebody size of sexual females in 1998 was accompa-
majority of individuals were found within the warm nied by increased fecundity (usually 2 eggs in brood
uppermost 20 m water layer during both day andpouch), whereas only 4.9% of sexual females carried
night; no DVM was evident. However, relatively 2 eggs in 1999.
more individuals were distributed in the 20 to 40 m
stratum at the eastern station than at the western ste
tion (Fig. 4). This difference could be explained in
part by depth of the epilimnion, which was substan- — ggg
tially thicker at the eastern (20 m) than the western
(12 m) station. However, it also appears Gapen-
goi can occur rather abundantly within the metal-
imnion. At both stations, less than 3% of t@Ge e
pengoipopulation occurred in deeper (> 40m) water .
layers. 1 , %

A relatively high proportion oC. pengoiindivid-
uals without any detectable body fluidum, including
lack of a large pigmented eye, most likely represent- Parthenogenetic
ing individuals dead at the time of collection, was 0 . T
observed in deeper water layers—up to 100% of the 1 2
total count within a depth interval. However, ab-
solute densities remained at rather low levels, atF|G. 5. Comparison of body length (mm) of sex-
most 7/n3, suggesting that sinking of de@dpengoi  ual and parthenogenetic females by instar in Lake
to deeper water layers is probably not intense inOntario in 1998 and 1999. Boxes denotet®and
Lake Ontario. 75th percentile, interior lines denote median,

Comparisons of body lengths of females by instar whiskers denote 10 and 90h percentiles, points
between 1998 and 1999, using a Mann-Whitney indicate 3" and 95h percentiles.

Length (mm)
°
e
I

Instar
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andC. pengoiare morphologically distinctive forms
of a single species.

The maximum population abundanceMfpengoi
observed in this study (2,544#mis substantially
higher than has been observed in other invaded
basins (maximum values frequently below 609/m
with outstanding densities up to 1,808/rKrylov et
al. 1999 and references therein, Uigtoal. 1999). In
1998, in the first year of identification in Lake On-
tario, C. pengoireached maximum densities of
322/m? in coastal areas of the western part of the
lake in late August (~5 km offshore between
Oakville and Grimbsy, Ontario: Maclsa&t al.
1999) and 465/fin upper water layers (< 20 m) in
open areas of the eastern part of the basin in the first

FIG. 6. Relationship between In-transformed dry Week of August (Barbieret al. in press). However,

weight (W, mg) and body length (L, mm) fd2. C. pengoidensities were probably substantially un-
pengoiin Lake Ontario. derestimated in that first study in comparison with

those of this study, since samples were collected
from the bottom to the surface (sampling depth
< 27 m, Maclsaaet al. 1999), whileC. pengoiin-
habits mainly the warmer upper water layers. Thus,
environmental conditions of Lake Ontario both in

-3

In(W)= 2.98*In(L) - 6.42
r? = 0.85, P<0.001

In(Dry Weight (mg))
&

In(Length (mm))

Dry weight of females of extreme body lengths
(min. = 0.88 mm; max. = 2.58 mm, respectively) dif-
fered by 24.7 times. A regression formula for In- :
ransformed body Tength (L)—dry weignt (W) 1998 (AESlen ozt arees and 1999 (oper bai)
relationship, developed during the study and used for

o . o i Also, the maximum proportion df. pengoiin the
gercopaglsblomass calculations, is given in Figure zooplankton community of Lake Ontario (73%, dry

wt. basis) was remarkably larger than those docu-
mented in the Baltic Sea. According to Ojaveeal.
DISCUSSION (1998), during its population maximu@. pengoi
In the Cercopagispopulation of Lake Ontario in made up about 25% of the total mesozooplankton

; PP individuals 0.2 to 2.0 mm in length) biomass (wet
late summer only typical. pengoiindividuals were ~ (INdi ; .
found, having a long tail spine with a characteristic Wt-) In the Gulf of Riga. However, in that study body

S-bend and claws with straight or backwardly bent\(’)er{ﬁgt;ggilgreggﬂ‘gs;:;gggnegég ?ﬁefgf%?éto ;r;at
tips, a finding consistent with results from the Baltic n W

Sea. In both water bodies, the occurrence of individ-IorObany substantially underestimated. In 1908y-

uals with morphological features deviating from the copagispopulation abundances remained at rela-
tpical C pholog ted | ating q I tively low levels in the Baltic Sea. In that year, the

ypical &. pengoiwas reported in spring and early species made up a maximum of 15% of the total zoo-
summer. The most prominent difference from the

. . . . plankton biomass in the Gulf of Riga (M. Simm, Es-
typical C. pengoiform is the relatively short caudal jnian Marine Institute, Tallinn, Estonia, pers.

process without an S-bend, and forwardly bent tips comm ). Therefore, relatively larger scale and more
of the claws. According to Mordukhai-Boltovskoi hronounced ecosystem effects caused byCthpen-
and Rivier (1987), those are characteristic®f  goj, initially on plankton communities, but eventu-
(Apagig ossiani Simm and Ojaveer (1999) hypothe- ajly through food-web interactions and changes in
sized that these atypical specimens probably repre-energy transfer pathways of the ecosystem, would be
sent the first parthenogenetic generation of theexpected to take place in Lake Ontario than in the
speciesC. pengoihatched from resting eggs, and the Baltic Sea.

morphology of subsequent generations are character |n 1998, there were clear differences in zooplank-
istic of typical representatives @. pengoi This ton community composition between sites in the
suggestion is consistent with another recent studyeastern basin at whidd. pengoiwas found and sites
conducted by Makarewicet al. (2001) who used in the western basin where it was n&osmina lon-
mitochondrial DNA analyses to show thatossiani girostris accounted for between 19 and 60% of the
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non-nauplii crustaceans at the latter sites, while atspecies Bythotrephescan probably be extrapolated
sites supportingC. pengoiit accounted for between for Cercopagis and (b) fish stock structure and
0.2 and 3%. The dominant daphnid in the lake, abundance is of crucial importance for explaining
Daphnia retrocurva showed the opposite trend, spatio-temporal patterns @f. pengoipopulation dy-
being on average nearly twice as abundant at sitetnamics in invaded ecosystems.
with C. pengoi Other differences were noted be-  Parthenogenetic females appear initially in the
tween the two basins, such as a distinct decrease ipelagic zooplankton community in spring, after
cyclopoid copepodites in the east, and a shift in ro-hatching from over-wintered resting eggs, and are
tifer dominance fronPolyarthra vulgarisin the west ~ the dominant form throughout the growing season
to Ascomorpha ovalisn the east (Barbieret al. in (Maclsaacet al. 1999). Sexual females, which pro-
press). It is unclear whether these differences induce resting eggs, typically appear in late summer
1998 were due to impacts @f pengoion the zoo-  after the appearance of males. Thus, their high pro-
plankton community. Populations of most zooplank- ductivity is very important for the survival of the
ton species have been shown to develop in the easCercopagispopulation over the winter and for pro-
and subsequently move west (Patalas 1969), so difviding a sufficient seed population for the next
ferences in distribution could have been due to dif- spring.
ferences in population timing. The significantly larger body size of ovigerous
In the Gulf of Riga (Baltic Sea), after the invasion sexual females in the first year of introduction
of C. pengoj the abundance level of its potential (1998), compared to that in 1999, was accompanied
prey—Bosmina coregoni maritimahas been signif- by elevated fecundity o€. pengoi In 1998, they
icantly lower than during the pre-invasion period. usually (over 60%) carried 2-egg broods while in
Densities of other native, small-sized cladocerans1999 only 4.9% had 2 eggs. Obviously, the elevated
(Evadne nordmanrand Pleopsis polyphemoidgsr fecundity of gamogenetic females in 1998 facilitated
nauplii of copepods did not exhibit any notable an expansion of the distribution of the species to all
changes after the invasion (Ojavexral. 2000). In- areas of the lake and supported increases in abun-
formation on the feeding habits &f. pengoiwould dance. However, the larger body size of partheno-
be necessary to relate the above documented changegenetic females did not result in elevated clutch size
in zooplankton community composition to predation (Grigirovich et al.2000).
by C. pengoj but unfortunately such information is The common pattern of diurnal vertical migration
not available as yet. Therefore, at this point it can of zooplankton is to ascend to the surface waters at
only be stated that similar changes have occurred irdusk and descend back to cold water layers at dawn.
the zooplankton communities of recently invaded The two most commonly cited hypotheses on the

ecosystems, specifically decrease8osminaabun- adaptive value of vertical migration of zooplankton
dance, and hypothesized that these changes may kare the demographic and predation hypotheses (Lam-
the result of direct predation. pert 1989). The demographic hypothesis assumes

Long-term stomach content investigations of the that growth is retarded at low temperatures which re-
most abundant planktivorous fish (herrirf@lupea sults in greater body size of migrating plankters, and
harengus membrasmelt,Osmerus eperlanugnd consequently elevated fecundity (McLaren 1974).
three-spined stickleback;asterosteus aculeatu The predation hypothesis assumes that by avoiding
the Gulf of Riga revealed that the mean shar€.of the illuminated surface waters layers during the day,
pengoiin fish stomachs did not exceed 7% (Ojaveer zooplankton reduce the risk of visual predation
et al. 2000). However, being an energetically prof- (Zaret and Suffern 1976). Since food is often more
itable prey item due to its relatively large size, the abundant in the surface waters, predator avoidance
cladoceran can periodically make up a substantialusually involves a trade-off between predation and
portion (up to 100%) of fish diet (Ojaveer and Lum- food availability. In addition, increased temperatures
berg 1995). Other results from the Baltic Sea, for in-in the surface water can increase productivity (Lam-
stance thaC. pengoiis not a preferred food either pert 1989), therefore, vertical migration may be a
for juvenile or adult fish, and that utilization @f. compromise between several factors (Vuorinen
pengoiis dependent upon a species-specific thresh-1987). The data from this study suggest tbapen-
old size of fish, are in agreement with those of goi does not exhibit any clear pattern of vertical mi-
Bythotrephedn the Great Lakes (Ojaveet al. gration in the offshore region of Lake Ontario at the
2000, Barnhisel and Harvey 1995). These studiesdepth intervals examined. Most of the individuals
suggest that (a) existing knowledge on similar stayed in the epilimnion, and to some extent within
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the metalimnion. The results from this study on the bly dynamic and complex, including both abiotic
vertical distribution pattern of the species agree with (stability and thermal conditions of the upper water
those obtained in the Gulf of Finland (Baltic Sea). column) and biotic (predator abundance and prey
Krylov et al. (1999) have found highe€. pengoi availability) components.

densities in the warmer upper 10 m layer at both in- Based on the current field data, a larger impact on
shore and offshore stations, with the exception ofthe Lake Ontario ecosystem due @ pengoiis

one station located in the central Gulf of Finland probably to be expected in the open part of the basin,
where the highest densities were recorded at 25 to 3\where more favorable conditions allow the develop-
m depth. However, overall densities were very low ment of larger standing stocks. In the Baltic Sea
at this stationg 10/m8). Thus, in general, the risk of (Gulf of Riga), in contrast, the highest population
exposure to potential predators in the upper illumi- densities were recorded in shallower and relatively
nated warm water environment may be compensatecclosed areas ar@ercopagisabundance was the low-
for by elevated productivity of this warm-water pre- est in open areas and in stations situating in the re-

ferring species, and may not be great enough to wargion of currents (Ojaveest al. 1999).
rant an energy-consuming diurnal migration through

the_ th_ermocline to cooler water. In ad_ditidh, pen- ACKNOWLEDGMENTS
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