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Abstract The genus Mnemiopsis is comprised of a
single species, Mnemiopsis leidyi A. Agassiz, 1865,
that has recently made the transition from a distribu-
tion limited to the Atlantic coasts of North and South
America to an invasive range that includes the Black,
Caspian, Mediterranean, North, and Baltic seas. We
review the foundations of the ctenophore’s invasive
success, which include the source-sink dynamics that
characterize Mnemiopsis populations in temperate
coastal waters where the ctenophore achieves its
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highest biomass levels and ecosystem impacts. Within
its native temperate range, Mnemiopsis is frequently a
dominant, seasonal, colonizing species with limited
dispersal capacities. Cross-oceanic transport within
ballast waters of intercontinental shipping vessels has
altered this dispersal limitation and initiated a rapid
global spread of Mnemiopsis. Owing to continuing
transport via transoceanic shipping, we anticipate
continued range expansion and review the variables
most likely to determine whether introduction of
Mnemiopsis to a novel community results in an
inconspicuous addition or a disruptive invasion.

Keywords Invasion - Source-sink -
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Introduction

The lobate ctenophore, Mnemiopsis leidyi A. Agassiz,
1865, has an established record of ecological impor-
tance within its native range, but has most recently
gained notoriety for its expansion into exotic habitats
(reviewed in Purcell et al., 2001). Before the invasion
of the Black Sea, there was little discussion of the
invasive capabilities of Mnemiopsis. Yet this cteno-
phore has proven to be a highly successful invader and,
consequently, the future of its expansion is an
important issue for marine planktonic communities.
Our goal here is to examine the factors promoting and
limiting invasive success of Mnemiopsis in order to
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review its potential for continued ecological range
expansion.

Time course of invasive introductions

Range expansion of Mnemiopsis came into focus after
the ctenophore was introduced to the Black Sea and
surrounding areas (Vinogradov et al., 1989; Studenik-
ina et al., 1991; Shiganova, 1993; Shiganova et al.,
2001b; Shiganova & Malej, 2009) where fisheries’
collapses and ecosystem disruptions were reported to
be related to the introduction (Kideys, 2002; Knowler,
2005; Oguz et al., 2008). Mnemiopsis apparently was
first transported accidentally in ballast water to the
Black Sea (Ghabooli et al., 2010; Reusch et al., 2010).
The ctenophores were first found in Sudak Bay in
November, 1982 (Pereladov, 1988). By summer—
autumn 1988, it had spread throughout the Black Sea,
with average biomasses of up to 1 kg WW m ™2
(40 g WW m™>) and average numbers of up to
310 ctenophores m—> (12.4 m> ) (Vinogradov et al.,
1989). Subsequently, Mnemiopsis moved through
straits to adjacent basins (Fig. 1). It was first observed
in the Sea of Azov in August, 1988 (Studenikina et al.,
1991). Because Mnemiopsis cannot survive the winter
low temperatures in the Sea of Azov, it must be re-
introduced annually through the Kerch Strait from the
Black Sea. The Mnemiopsis population spread from
the Black Sea in the upper Bosporus current into the
sea of Marmara, where it occurs all year in the upper
water layer. It proceeded from the Sea of Marmara to
the Mediterranean Sea, where it was first recorded in
1990 in the Aegean sea (Shiganova et al., 2001b). In
subsequent accidental introductions, the ctenophore
was transported from the Black Sea to the Caspian Sea
in 1999 (Ivanov et al., 2000; Shiganova et al., 2001b)
and from the northwestern Atlantic to the North and
Baltic seas, where they were first reported in 2006
(Faasse & Bayha, 2006; Javidpour et al., 2006;
Ghabooli et al.,, 2010; Reusch et al., 2010). It
subsequently became apparent that Mnemiopsis was
widely distributed in those waters (Hansson, 2006;
Tendal et al., 2007; Schaber et al., 2011a, b).

Within the Mediterranean Sea, Mnemiopsis rapidly
spread from the Aegean Sea to adjacent waters of the
eastern Mediterranean (Levantine Sea), where it was
found in Mersin Bay in spring 1992 (Kideys &
Niermann, 1994) and in Syrian coastal waters in
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October 1993 (Shiganova, 1997). Until recently,
Mnemiopsis was not reported from new locations in
the Mediterranean. It was reported in the Northern
Adriatic Sea in 2005 and from coastal waters of France
in 2006 (Shiganova & Malej, 2009). Siapatis et al.
(2008) developed a predictive model based on envi-
ronmental conditions and water depth to identify the
potential habitats of Mnemiopsis in the Mediterranean
basin. Their model showed that many regions within
the Mediterranean were potentially viable habitats for
Mnemiopsis invasion. In 2009, blooms of Mnemiopsis
were reported in waters of Israel (Galil et al., 2009;
Fuentes et al., 2010), Italy (Boero et al., 2009), and
Spain (Fuentes et al., 2010). Mnemiopsis from these
locations genotypically resembled those from the
northern Gulf of Mexico and the Black Sea (Fuentes
et al., 2010). Both currents and shipping are probable
methods of transport of Mnemiopsis within the
Mediterranean Sea (Fuentes et al., 2010).

An uncorroborated report of Mnemiopsis came from
the Indian Ocean (Sai Sastry & Chandramohan, 1989),
while a more recent report, corroborated with photo-
graphs, comes from the Australian coast (Bayha, pers.
obs.; Fig. 1). These reports are early indicators of
Mnemiopsis presence in those regions but do not include
biomass distributions or ecological interactions.

Genetic and physiological identity of Mnemiopsis
leidyi global distributions

Knowledge of the specific identity of Mnemiopsis is an
important starting point in order to insure that
comparisons from different locations involve the same
species. However, the taxonomic history of the genus
over the past two centuries has been complicated and
requires clarification regarding the true species diver-
sity in the genus. Ctenophores closely resembling
Mnemiopsis along the eastern coastline of the Amer-
icas have been described as three different genera:
Mnemia (Eschscholtz, 1825), Alcinoe (Rang, 1828;
Mertens, 1833) and Mnemiopsis (Agassiz, 1860, 1865;
Mayer, 1900). While three Mnemiopsis species
(M. gardeni L. Agassiz, 1860, M. leidyi, and M. mccr-
adyi Mayer, 1900) are currently taxonomically valid
(Cairns et al., 2002), M. leidyi and M. mccradyi are the
only two species recognized in the recent literature
(Harbison & Volovik, 1994). The species descriptions
indicate that M. leidyi occurs north of Charleston,
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Fig. 1 Contemporary

global distribution and
average peak biomass of

Mnemiopsis leidyi. Top
global distribution with blue
circles representing native

range, red circles
representing the invasive
range. Orange circles

represent invasive locations
for which no ctenophore
biomass estimate is

available. Bottom
Latitudinal range of average
peak biomass levels. Colors

represent the same data
points as in the top panel.
(Color figure online)

180 150 120 90

&0 30

600
L
L]
-
's 400
E .
(2]
w
(1]
.S 200 - W8
i3] .
®,
[ ]
L ] L ]
0 e , o« ® .
60°S  40°S  20°S 0° 20°N  40°N  60°N
Latitude

South Carolina, USA and M. mccradyi occurs from
there south (Agassiz, 1865; Mayer, 1900); however,
the main morphological character delineating the two
species, the presence of papillate warts in M. mccr-
adyi, was not in the original description (Mayer,
1900), but added later (Mayer, 1912). Harbison &
Volovik (1994) and Seravin (1994a, b) effectively
encapsulated doubts in the field regarding the estab-
lishment of two separate Mnemiopsis species, with
Seravin (1994a, b) declaring Mnemiopsis to be
monospecific, albeit-based solely on the examination
of invasive animals in the Black Sea. Because the
original invasive animals in the Black sea were
initially identified alternatively as M. mccradyi (Zaika
& Sergeeva, 1990) or M. leidyi (Vinogradov et al.,
1989), the actual identity of ctenophores described in
exotic regions has remained problematic. Taxonomic
uncertainties in the Baltic sea (Gorokhova et al., 2009;
Gorokhova & Lehtiniemi, 2010; Javidpour et al.,

2010) have underscored the importance of resolving
species identification.

Although taxonomic conclusions based on mor-
phological studies have indicated multiple species of
Mnemiopsis, none of the genetic studies performed on
Mnemiopsis to date have revealed evidence of more
than one Mnemiopsis species (Bayha, 2005; Ghabooli
et al., 2010; Reusch et al., 2010). While there is no
standard for what degree of genetic variation separates
species, in the absence of morphological data or when
an animal’s morphology renders morphological spe-
cies delineation questionable, a common practice is to
compare the genetic divergence between two speci-
mens with that between recognized species of similar
taxa (Schroth et al., 2002; Dawson, 2004). This
technique has been especially prevalent with gelati-
nous zooplankton (Dawson & Jacobs, 2001; Bayha
etal., 2004; Miranda et al., 2010) and, for species other
than Mnemiopsis, genetic studies have indicated
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significantly greater species diversity than was
revealed based on morphology (Dawson & Jacobs,
2001; Bayha et al., 2004; Holland et al., 2004).

As of date, three studies have surveyed sequence
divergence in the nuclear ribosomal internal tran-
scribed spacer regions (ITS) to examine species
diversity in Mnemiopsis. None of those studies found
extensive sequence divergence among any of the
worldwide populations that would be indicative of
multiple species (Bayha, 2005; Ghabooli et al., 2010;
Reusch et al., 2010). Given the extremely low
divergence found among ctenophores for ribosomal
genes (Podar et al., 2001), small divergence values
would be expected, but Bayha (2005) showed that
values were significantly lower than that found in
other ctenophores. Additionally, sequence divergence
values in Mnemiopsis cytochrome b (cytb) also were
lower than what is typically seen between invertebrate
species, including other ctenophores (Bayha, 2005). In
addition to indicating that Mnemiopsis is monospe-
cific, all three genetic studies indicated that the
invasive populations originated from the NW Atlantic,
with the Black/Caspian population(s) from the vicinity
of the Gulf of Mexico area (Bayha, 2005; Ghabooli
et al., 2010; Reusch et al., 2010) and the northern
European populations(s) from the northeastern coast
of the USA (Reusch et al., 2010; Ghabooli et al., 2010;
Fig. 2). These studies are consistent with the conclu-
sion that only one species of Mnemiopsis occurs
worldwide and that any morphological differences
observed among native or invasive regions can be
attributed to phenotypic plasticity.

Physiological evidence is also consistent with a
monospecific identity of Mnemiopsis occupying
diverse geographical regions. Comparisons between
species previously described as M. mccradyi and M.
leidyi revealed that physiological rates, including
respiration, excretion, egg production, feeding, and
growth, were indistinguishable at comparable condi-
tions between the putative species (Kremer, 1994).
Just as comparisons between populations within the
endemic range of Mnemiopsis have yielded similar
physiological patterns under comparable conditions,
so also have comparisons between endemic and
invasive populations indicated similar physiological
patterns under comparable conditions. As a conse-
quence, physiological traits of both endemic and
invasive Mnemiopsis populations overlap to the extent
that they are indistinguishable (Purcell et al., 2001).
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These results suggest that the phenological and
ecological variations found between regions reflect
flexible responses of one species to a range of
environmental conditions. Importantly, a monospe-
cific view of Mnemiopsis allows evaluation of data
from variable locations to be used for examination of
broad patterns within a flexible, but single, species.

Population dynamics: the source-sink perspective

Mnemiopsis reaches its maximal biomass and ecolog-
ical impact in temperate latitudes. Within its native
range along the North and South American Atlantic
coasts, the average values of peak seasonal biomass
increase with latitude until the middle 40° latitudes
both north and south of the equator (Fig. 1). In these
regions, Mnemiopsis seasonally dominates the plank-
tonic biomass (N. America—Deason, 1982; Condon
& Steinberg, 2008; S. America—Mianzan & Guerre-
ro, 2000) and planktonic community structure
(Deason & Smayda, 1982; Purcell & Decker, 2005;
Sullivan et al., 2008). Likewise, Mnemiopsis can
dominate temperate planktonic communities within its
invasive range (Purcell et al., 2001; Finenko et al.,
2006; Shiganova et al., 2001a, b).

Temperate coastal regions vary seasonally between
warm spring—fall periods capable of supporting
extensive Mnemiopsis biomass, and cold winter peri-
ods when Mnemiopsis is unable to reproduce. During
the non-reproductive winter months, Mnemiopsis
populations cannot replace losses to advective flows
with the result that local circulation patterns can flush
Mnemiopsis populations from large portions of its
coastal habitat. Because retention times of coast water
systems are often of much shorter duration than
Mnemiopsis  winter  non-reproductive  periods
(Costello et al., 2006a), the winter months can cause
local disappearance of Mnemiopsis over extensive
areas of its temperate range. Seasonal elimination
from areas has important implications for Mnemiopsis
distributions because Mnemiopsis is a holoplanktonic
species (Fig. 3) with no known benthic resting eggs,
cysts, or specialized overwintering stages (Hyman,
1940; Brusca & Brusca, 2003). This contrasts with
many coastal jellyfish and copepods (e.g., Sullivan &
MacManus, 1986; Marcus & Boero, 1998), which
possess either benthic resting eggs or life stages that
allow species persistence during periods when the
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Fig. 2 Sampling locations of Mnemiopsis leidyi in their native
distribution range along the North American Coast and in exotic
locations within Eurasia. Pie-diagrams depict allele frequencies
of two microsatellite loci that display five alleles (inner circle,

adult members of the species are not present in the
water column. By contrast, overwintering Mnemiopsis
populations persist in low advection regions, such as
coastal embayments characterized by low water

Co

N

Fig. 3 Variations in life histories of holoplanktonic genera.
Left the genus Acartia (black circles represent resting eggs,
clear circles represent planktonic eggs). Right the genus
Mnemiopsis (only planktonic eggs)

MnleC1583) and seven alleles (MnleL13, outer circle),
respectively. Note the overlap in the common alleles which
suggests that both gene pools are not completely separated (from
Reusch et al., 2010)

exchange rates with surrounding areas (Costello
et al., 2006a). These regions maintain persistent
Mnemiopsis populations and are termed source
regions (see Hanski (1999) for a discussion of
metapopulation dynamics). When favorable tempera-
ture and feeding conditions arise during the temperate-
zone spring, these overwintering refugia serve as
sources for Mnemiopsis inocula that seed population
growth throughout non-overwintering areas. The latter
non-overwintering areas are termed sinks because they
do not harbor persistent, reproducing populations.
Instead, sink areas are characterized by a regular,
annual pattern of local Mnemiopsis elimination and
require re-inoculation each year to initiate seasonal
growth (Fig. 4). Local currents provide the transport
mechanism from source to sink regions and the
seasonal expansion from source regions, evident as
both the rate of Mnemiopsis distribution changes and
the location of primary reproduction, follows predom-
inant local circulation patterns (Kremer & Nixon,
1976; Deason, 1982; Condon & Steinberg, 2008). The
expansion from source regions during favorable
environmental periods may encompass multiple sink
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Fig. 4 Mnemiopsis leidyi metapopulation patterns. a Relationships
between source regions and the factors enabling population growth
in sink regions following dispersal via local currents. b Source
regions in the native locale of Narragansett Bay, Rhode Island, USA.
Red dots indicate embayments bordering the main Bay which can
serve as source regions. Mnemiopsis populations persisted within
these embayments throughout the winter of 2002 while no
ctenophores were found within the central Bay during the same
time period (Costello et al., unpublished data). ¢ Seasonal source-
sink distribution patterns within one embayment area, the York

regions and a large proportion of the total metapop-
ulation range can exist in sink habitats if the source
regions are sufficiently productive to subsidize the
larger sink regions. The result of these interactions is a
dynamic population distribution pattern involving
seasonal refugia, current-driven dispersal, rapid pop-
ulation expansion and decline—all occurring within a
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2003

2004 2005 2006

River estuary of Chesapeake Bay, USA (site location illustrated by
inset panel). Top contour plots of average Mnemiopsis biomass
(biovolume, ml ctenophore m~>) and bottom density (no. cteno-
phores m~3) for four stations plotted along an up-downstream
gradient in the York River estuary. Note the predominance of
Mnemiopsis presence upstream with periodic extensions of cteno-
phore biomass downstream, toward the estuary’s convergence with
the greater Chesapeake Bay (from Condon & Steinberg, 2008).
(Color figure online)

mosaic of coastal source and sink areas. Mnemiopsis
has achieved its greatest productivity levels (Fig. 1)
with these source-sink population patterns. The
dynamic nature of these population fluctuations favor
life history traits that enable rapid conversion of
plankton to ctenophore biomass under a range of local
conditions occurring within temperate, coastal
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habitats. The traits evolved by Mnemiopsis that have
allowed it to successfully navigate these population
dynamics affect the ctenophore’s success in both
native and exotic regions. This leads us to a question—
which traits promote, and which constrain, this
dynamic life history pattern?

Characteristics promoting the success
of Mnemiopsis as an invader

Population growth capacities

Mnemiopsis has evolved a suite of life history traits
enabling rapid population growth. Simultaneous, self-
compatible hermaphrodism (Pianka, 1974; Reeve &
Walter, 1978) permits production of fertile larvae by all
egg-producing members of the population. Fecundity
can be high—frequently in excess of 2,000 eggs
ctenophore day~' (Costello et al., 2006a) and as high
as 12,000 eggs ctenophore day ™~ for Mnemiopsis taken
directly from Narragansett Bay (Baker & Reeve, 1974;
Kremer, 1976). Egg production rates of similar magni-
tude are reported from the Black (Purcell et al., 2001)
and Caspian (Finenko et al., 2006) seas. When grown
under favorable temperature (15-30°C) and food
(>25 pg C 17") conditions, larvae are characterized by
high ratios of growth to metabolism (>2) and high-gross
growth efficiencies (>30%) that permit rapid develop-
ment (Kremer & Reeve, 1989). Generation times can be
short and, at favorable temperatures and food levels,
eggs can hatch and develop into reproducing adults
within 14 days (Reeve & Walter, 1978). High fecundity,
rapid growth, and short-generation times are common
for colonizing species (Funk & Vitousik, 2007) and
important components of the metapopulation dynamics
underlying high-biomass production of Mnemiopsis in
temperate regions (Fig. 4).

Broad physiological tolerance levels

Mnemiopsis has broad physiological tolerances to
temperature, salinity, and dissolved oxygen (DO)
levels (Purcell et al., 2001; Table 1). Nevertheless,
few organisms are unaffected by alterations in phys-
ical regime and each physical factor plays an impor-
tant role modifying Mnemiopsis distribution and
abundance patterns.

The capacity to tolerate temperatures between 0
and 32°C permits Mnemiopsis to occupy a diverse
geographical range that includes temperate through
tropical marine communities (Harbison et al., 1978;
Mianzan, 1999); however, within these broad temper-
ature limits, temperature thresholds affect Mnemiopsis
population dynamics. Most generally, the upper and
lower temperature tolerances determine survival of
individuals within habitats. There has been little
research on the upper temperature limits of Mnemi-
opsis; however, it occurs in native habitats and now in
eastern Mediterranean waters where summer temper-
atures reach 32°C (Table 1). Importantly, the Qg
estimated when temperatures changed seasonally (1.3)
were much lower than those determined when tem-
peratures were changed in the laboratory (>3.4)
(Purcell, 2009), indicating considerable physiological
flexibility within temperature variations characteriz-
ing field distributions of Mnemiopsis.

The lower temperature limit for Mnemiopsis per-
sistence appears to be around freezing. The precise
level of the survival temperature threshold varies by
region and may depend upon salinity levels. In
Narragansett Bay, USA salinities varied between 22
and 33 and Mnemiopsis was collected from waters as
low as —1°C by breaking holes in surface ice (Costello
et al.,, 2006a); however, at lower salinities in the
shallow sea of Azov (surface salinity 0—14), Mnemi-
opsis may not survive below ~4°C (Purcell et al.,
2001). Similarly, in the northern Caspian Sea,
Mnemiopsis cannot survive when salinity is lower
than 4 (Shiganova et al., 2004b). Mnemiopsis popu-
lations disappear in the Sea of Azov when water
temperatures become colder than 3°C (Shiganova
et al., 2001b, 2003). These reports indicate that low-
salinity levels can adversely impact winter survival of
Mnemiopsis populations.

A second temperature threshold directly affects
Mnemiopsis population growth—the reproductive
temperature threshold. Purcell et al. (2001) reported
egg production of Mnemiopsis from Chesapeake Bay
to occur between the temperatures of 12-29°C and
results from Costello et al. (2006a) in Narragansett
Bay broadly match those results (Fig. 5), with minor
egg release at temperatures as low as 6°C. Conserva-
tively, we expect that 10°C is an approximate lower
temperature threshold for successful egg production
by a developing Mnemiopsis population and egg
production rates increase with higher temperatures,
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G (Fig. 6b). One result of this trend is that Mnemiopsis
= i E;‘icl';:r';”d e population growth may now often begin earlier and
‘T‘_g 4000 | ® Greenwich Cove J.;-' persist longer on a .seasonal pasis in temperate coz?stal
b= - F¥er ) systems than during previously recorded periods
= Atlantic Ocean .
S 3000 - " (Costello et al., 2006b; Condon & Steinberg, 2008).
S b Mnemiopsis also has extremely wide salinity toler-
= 2000 - L] L] ances, from nearly freshwater to hypersaline lagoons
| ° B . .
'% v e (Table 1). A recent physiological study showed Mne-
‘§ 1000 . ® e e N miopsis to be a hyper-osmoconformer (Yazdani
e ; @ 'E ', Foshtomi et al., 2007). Its broad salinity tolerance
o 09 e L has several important effects. First, it created confu-
0 5 10 15 20 25 30

Temperature (°C)

Fig. 5 Egg production by the ctenophore Mnemiopsis leidyi in
Narragansett Bay during weekly sampling between the years
2001-2003. Circles of different color represent sites of similar
color on the station map of Narragansett Bay, upper right corner
of figure (from Costello et al., 2006a)

with maxima occurring between 15 and 30°C (Fig. 5;
Purcell et al., 2001). These data also suggest several
important relationships between temperature and
Mnemiopsis population growth. First, optimal tem-
peratures are a necessary but insufficient condition for
Mnemiopsis population growth. Temperatures in the
reproductive range of Mnemiopsis alone are not
effective predictors of population growth; many
sampling dates with adequate temperatures supported
little or no egg production by Mnemiopsis field
populations (Fig. 5; Purcell et al., 2001). Likewise,
many regions with favorable temperature regimes in
the subtropics and tropics do not generally support
high Mnemiopsis biomass levels (Table 1; Fig. 1).
Instead, favorable temperature levels may be viewed
as a condition that permits high-population growth,
but only when combined with sufficient prey concen-
trations and limited predation pressure (Kremer, 1994;
Purcell et al., 2001). Second, during several months of
the year, temperatures of temperate zone waters are
below the reproductive threshold for Mnemiopsis. As
noted previously, this affects annual distribution
patterns and overwintering survival of Mnemiopsis
populations. Third, climate change is altering the
annual duration of this overwintering period in
temperate waters. The number of days per year that
are too cold for Mnemiopsis reproduction has
decreased in recent years (Fig. 6a), and the coastal
areas most affected by this climactic trend are inshore
embayments that serve as Mnemiopsis source regions

@ Springer

sion about identification of M. leidyi, which generally
lacks warts in low-salinity environments (M. leidyi)
but is firmer-bodied and generally has warts
in high-salinity environments (mistakenly called
M. mccradyi). Second, because dry weights (DWs)
of Mnemiopsis reflect the salinity of its environment,
physiological rates standardized by DW can appear to
differ widely among habitats; thus, standardization by
DW should be avoided and salinities should always
be reported (Purcell, 2009). Third, its wide salinity
tolerance allows the ctenophores to extend from
offshore regions into embayments that experience
wide fluctuations influenced by rain and runoff
(Table 1; Kremer, 1994; Purcell et al., 2001). These
low-salinity habitats serve as important refuges from
less-euryhaline predators, such as Chrysaora quin-
quecirrha Desor, 1848 and Beroe spp. Gronov, 1760
(Purcell et al., 2001). This physiological flexibility has
led to a perception that Mnemiopsis populations are
not constrained by salinity variations (Reeve et al.,
1989; Kremer, 1994; Purcell & Decker, 2005).
However, although Mnemiopsis has wide salinity
tolerances, low salinities can lead to reduced low-
temperature survival, smaller maximum body size
(Purcell et al., 2001), and decreased reproductive
success (C. Jaspers, pers. comm.).

The capacity to function over a wide range of DO
concentrations is an additional physiological trait with
important adaptive advantages for Mnemiopsis. Low
DO concentrations generally occur in shallow marine
systems during summer months when water column
stratification limits mixing and aeration of bottom
waters. A variety of coastal mesoplankton are
adversely affected by low O, levels (<3 mg O, 1_1),
but Mnemiopsis is tolerant of low DO levels. Mnemi-
opsis feeding rates on copepods are undiminished at
low DO levels and such large, lobate ctenophores
actually experience elevated clearance rates in low DO
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Fig. 6 The impact of climate change on threshold temperatures
for Mnemiopsis leidyi population growth in North American,
temperate habitats in the ctenophore’s native range. a Warming
temperatures in the York River estuary of Chesapeake Bay.
Upper left panel comparison of water temperature anomaly
from 1955 to 2006 against 50 year mean. York River water
temperature anomaly was defined as the number of days per year
winter—spring water temperatures were <l10°C, minus the
50 year annual mean. Negative anomalies reflect increased
water temperatures over the winter—spring period. Lower left
panel Frequency of cold days (<10°C) in relation to when water
temperature increased to and remained above the 10°C threshold
(x-axis). Note the recent trend toward years with earlier
warming and consequently fewer cold (<10°C), non-

conditions (Decker et al., 2004). Large (but not small)
Mnemiopsis had lower growth and egg production in
low DO concentrations (1.5 and 2.5 mg O, 17" than
in saturated DO (Grove & Breitburg, 2005). Clearance
rates of Mnemiopsis on fish eggs and larvae were the
same at low- and high-DO concentrations (1.5 and
7.0 mg O, 171, and ctenophore densities were high in
the bottom layer even in low DO (Kolesar et al., 2010).
Tolerance to low DO levels provides Mnemiopsis a
predatory advantage over prey experiencing impaired
escape performance in low DO and a competitive
advantage over zooplanktivorous fish with similar
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reproductive days. Grey circle 1955-1974; black circle
1975-2006; dotted line 50 year mean of the water temperature
anomaly (from Condon & Steinberg, 2008). b Amplification of
temperature warming within shallow embayments of Narragan-
sett Bay, USA. Upper right panel date at which the 15°C
threshold was reached during the spring months of 2002 and
2003 for three stations in Narragansett Bay (station locations
illustrated by colored points of inset map). Lower right panel the
advance, in days, of the 15°C threshold in the warm spring of
2002 relative to the colder spring of 2003. Note that whereas the
timing of warming at the seaward-most station is relatively
unaffected between years, the shallow embayment at Greenwich
Cove is strongly affected. Greenwich Cove is a Mnemiopsis
source population location (from Costello et al., 2006a)

diets and higher sensitivity to hypoxia (Purcell et al.,
2007). Thus, tolerance of hypoxia is a beneficial trait
that enables Mnemiopsis to inhabit highly eutrophic
coastal habitats.

Wide dietary niche

Dietary flexibility allows Mnemiopsis to exploit a
variety of planktonic food sources, including micro-
plankton, mesozooplankton, and ichthyoplankton, in
environments characterized by diverse assemblages.
The annual population growth cycle of Mnemiopsis in
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temperate waters of its native range involves transi-
tions between regions characterized by different
spectra of available prey. For example, in Narragansett
Bay, USA, overwintering embayments are often
highly productive environments (Fig. 7a), with more
diverse metazoan planktonic assemblages than the
central Bay regions. Whereas copepods typically
dominate the mesozooplankton assemblages in the
more central Bay waters (Fig. 7b), a variety of
invertebrate larvae and other groups (e.g., molluscs,
barnacles, polychaetes, ascidian larvae, rotifers) can
numerically predominate in shallow embayments so
that copepods may be a minority of prey encountered
(Fig. 7c) by ctenophores in these embayments. The
flexible feeding capacity of Mnemiopsis allows it to
successfully exploit the variety of prey environments
encountered during the regular annual population
expansion cycle from embayments to the central Bay.
A result of this dietary flexibility is that Mnemiopsis
ingestion patterns vary widely depending upon the
available prey and, consequently, these variations are
reflected in the literature on Mnemiopsis (Table 2).
Although characteristic of Mnemiopsis feeding pat-
terns in its native environment, dietary flexibility is
also an essential trait associated with invasive success
by introduced species (Caut et al., 2008; Zhang et al.,
2010).

The dietary breadth of Mnemiopsis is, however,
life-stage dependent. Eggs are small, about 0.3 mm in
diameter and the cydippid larval stage that hatches
from an egg is of similar small dimensions and
possesses delicate tentacles (Fig. 8) used for prey
capture. The small size and low organic structure of
newly hatched larvae render their tentacles vulnerable
to physical damage during encounters with larger,
more powerful metazoan prey (Greve, 1977; Stanlaw
et al., 1981). Although all sizes of cydippid larvae are
capable of capturing nauplii of the copepod Acartia
tonsa, encounters of cydippid larvae less than
0.65 mm diameter with A. fonsa nauplii (NI-NII)
often result in loss of the delicate cydippid tentacles.
For small larvae (0.3-2.0 mm diameter), retention of
nauplii was related to cydippid diameter (Waggett &
Sullivan, 2006). Larger than 2.0 diameter, Mnemiop-
sis larvae retain copepod nauplii effectively (~90%)
and larvae >2.5 mm retained >60% of A. fonsa
copepodites. During the earliest cydippid stages,
ingestion of a wide array of protists including
both autotrophic and heterotrophic prey—diatoms,
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4 h period on each sample date (a—c from Costello et al., 2006a;
d from Costello et al., unpublished)

dinoflagellates, euglenoids, aloricate, and tintinnid
ciliates—are an important nutritional resource for
Mnemiopsis (Sullivan & Gifford, 2004). These prey do
not mechanically damage the cydippid larvae and
provide a safe nutritional alternative to more power-
ful metazoan plankton. Immediately upon hatching,
cydippid larvae begin consuming protistan micro-
plankton. Protistan microplankton at densities repre-
sentative of temperate coastal waters can provide
sufficient nutrition for growth up to approximately
5 mm in diameter (Sullivan & Gifford, 2007), at
which size Mnemiopsis begins the morphological
transition to the lobate phase (Rapoza et al., 2005).
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Table 2 Mnemiopsis leidyi prey ingestion based on in situ gut contents from various geographical locations

Site Dominant prey

Reference

Indian River estuary, FL, USA  Copepod nauplii, barnacle nauplii, mollusc veligers, Acartia

Larson (1987)

sp. adults & copepodites, Oithona sp.

Narragansett Bay, RI, USA

Copepod nauplii, Acartia sp. adults & copepodites, mollusc

Newton et al., (2009)

veligers, barnacle nauplii, rotifers

Barnegat Bay, NJ, USA
‘Woods Hole, MA, USA

Northern Black Sea, summer

Mollusc larvae, invertebrate larvae

Acartia sp. adults & copepodites, copepod nauplii, mollusc
larvae, cladocera (Penilia sp.)

Copepods (mainly Acartia sp. and Calanus sp.), Penilia sp.,

Nelson (1925)
Rapoza et al. (2005)

Tzikhon-Lukanina et al. (1991)

copepod nauplii, mollusc veligers, barnacle cyprids

Northern Black Sea, summer

Cladocerans, mollusc veligers, copepods, appendicularians,

Zaika & Revkov (1998)

tintinnids, cyprid, gastropod and polychaete larvae, fish eggs

Southern Black Sea, summer

Copepods (mainly Acartia sp. and Calanus sp.), Oithona sp.,

Mutlu (1999)

Pseudocalanus sp., Paracalanus sp.

Southern Black Sea, winter

Kiel Bight, Baltic Sea

Copepods (Acartia sp., Pseudocalanus sp., Calanus sp.,
Oithona sp., mollusc larvae

Barnacle nauplii, copepods (Acartia sp., Pseudocalanus sp.),

Mutlu (1999)

Javidpour et al. (2009a)

cladocera, scyphozoan planula larvae, ctenophore larvae

Gullmar Fjord, Baltic Sea

Tintinnids, appendicularians, Penilia sp., Acartia sp.,

Granhag et al. (2011)

copepodites, copepod nauplii, mollusc veligers,

dinoflagellates, Sagitta sp.,

Capture and ingestion of protists continues throughout
development of the lobate stage, but the transition
from cydippid to lobate forms entails a dramatic
broadening in diversity of metazoan prey consumed
(Fig. 9). Small prey continue to be ingested by lobate
Mnemiopsis, but probably are not a substantial nutri-
tional source for larger lobate stages (Stanlaw et al.,
1981). Although ingestion of metazoan prey has been
the primary focus of Mnemiopsis trophic impacts (e.g.,
Table 2), microzooplanktonic feeding by Mnemiopsis,
particularly larvae, may play an important role in
microzooplankton dynamics when larvae are abundant
(Stoecker et al., 1987; Sullivan & Gifford, 2004).
Unfortunately, the short digestion times (2—6 min for
copepod nauplii, <2 min for aloricate ciliates; Sulli-
van, 2010) make ctenophore feeding on microzoo-
plankton difficult to quantify using conventional in
situ gut content methods.

The wide dietary breadth of lobate stage Mnemi-
opsis is based on structurally simple but functionally
complex feeding mechanisms. The simple component
of the feeding system is the structural basis of
encounter with prey. Prey entrained within a relatively
uniform, laminar feeding current (Fig. 10) that pro-
vides transport to two major capture surfaces—the
tentillae and the inside surfaces of the oral lobes. The

functional elegance of the Mnemiopsis feeding system
relies upon the matching of feeding current hydrody-
namic traits with the sensory systems of zooplankton
prey. Slowly swimming and low mobility prey (e.g.,
many larvae of crustaceans, molluscs, invertebrates,
and fish eggs) are simply entrained in the feeding
current and collected by sticky colloblasts on the
tentillae (Waggett & Costello, 1999; Waggett &
Buskey, 2006) and transported to the mouth via ciliary
currents within a food groove (Main, 1928; Moss et al.,
2004). Larger prey with sophisticated sensory and
escape capabilities (e.g., copepods and fish larvae) are
also entrained in the flows but are usually unrespon-
sive to transport within these flows until the prey are
surrounded by the ctenophore’s lobes and escape
probabilities are greatly reduced (Costello et al.,
1999). The inability of prey to detect their transport
prior to capture is due to the low-shear profiles of the
feeding current flows generated by Mnemiopsis
(Fig. 11). Prey, such as copepods, do eventually detect
the presence of stronger shear gradients adjacent to the
ctenophore’s body, but attempted escape by these prey
usually entails contact with the sticky inner oral lobe
surfaces where the prey are captured by the ctenophore.
The unique combination of morphological structure
and hydrodynamic stealth allows Mnemiopsis a dietary
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Fig. 8 Mnemiopsis leidyi life history stages. a Tentaculate-
stage cydippid larva with trailing tentacles (T). b Transition-
stage larva with tentacles and small oral lobes (L). Only one of
the two tentacles is in focus. O/A oral-aboral axis; M mouth.

breadth that encompasses a wide portion of the diverse
prey spectra it frequently encounters in its native and
exotic ranges.

One consequence of the delicate hydrodynamic
equilibrium involved in prey capture is that Mnemi-
opsis predation is likely to be highly sensitive to
variations in ambient hydrodynamic conditions, such
as turbulent mixing. The delicate morphology and
very low shear levels observed in the feeding current
of Mnemiopsis suggests that even low levels of
ambient turbulence could potentially interfere with
prey entrainment and encounter processes, reducing
feeding proficiency. Field data (Fig. 12) suggest that
Mnemiopsis avoids highly mixed regions when pos-
sible and can migrate vertically to minimize exposure
to turbulent mixing (Miller, 1974; Costello &

@ Springer

c Lobate-stage larva, with developing auricles (a) and oral lobes.
d Post-larval Mnemiopsis with completely developed auricles
and oral lobes. Scale bars are 1.0 mm (from Sullivan & Gifford,
2004)

Mianzan, 2003; Mianzan et al., 2010). The interac-
tions between mixing processes, ctenophore feeding
currents, and prey escape behavior involves a variety
of undocumented interactions that, when quantified,
may provide insight in variations in predation patterns
related to physical conditions.

The combination of effective feeding and rapid
growth potential provide Mnemiopsis the ability to
strongly impact planktonic communities. Early quan-
titative estimates suggested relatively low average
(5-10% day™") capacities of Mnemiopsis to crop
copepod standing stocks (Kremer, 1979). However,
more recent estimates indicate substantially higher
predatory potential (>100% of zooplankton standing
stock day_l; Table 3). These higher estimates of
predatory potential are consistent with rapid declines
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and c the diversity (H') of the diet (from Rapoza et al., 2005)

in zooplankton populations that often accompany
increases in Mnemiopsis biomass (e.g., Fig. 13). The
increasing appreciation of Mnemiopsis predatory
impacts is related to methodological changes, partic-
ularly the use of larger volume experimental feeding
containers and field ingestion estimates. For example,
experiments with 10-50 mm sized ctenophores in
containers ranging from 3.5 to 1,000 1 demonstrated
that ratios of container volume to ctenophore volume
of <2,500:1 resulted in reduced ctenophore clearance
rates. Clearance rates were greater in the larger
containers and greatest in 1,000-1 containers (Purcell,
2009). In addition, feeding rates determined from
field gut contents and digestion rates were generally
higher than from containers (reviewed in Purcell,
1997). For example, clearance rates of 40-mm-long
(~15 g WW) Mnemiopsis on Acartia sp. copepods
estimated from gut contents in the Baltic sea
(8.3 1ind.”' h™") were 4-times those of similarly
sized ctenophores measured in 1,000-1 containers
(Granhag et al., 2011). These high-predation rates

make Mnemiopsis a competitive threat to fish larvae
and zooplanktivorous (forage) fish species when their
diets overlap (Darvishi et al., 2004). Indeed, compe-
tition for zooplankton prey has been assumed to be the
main cause of inverse abundances of ctenophore and
forage fish in the Black Sea region (e.g., Purcell et al.,
2001; Oguz, 2005; Daskalov et al., 2007; Oguz &
Gilbert, 2007; Oguz et al., 2008; Mutlu, 2009).

The role of Mnemiopsis as a direct fish predator
currently presents a more complex picture. A variety
of studies demonstrate direct predation on fish eggs
and larvae (reviewed by Purcell & Arai, 2001; Purcell
et al., 2001). However, recent studies in the Baltic
region describe differing distributions of Mnemiopsis
relative to fish eggs and larvae (Haslob et al., 2007;
Schaber et al., 2011b) and a low clearance rate of the
ctenophores on Baltic cod eggs (Jaspers et al., 2011).
The variation in these results suggests that behavioral
details of ctenophore—prey interactions need greater
examination for more complete understanding. These
details will help clarify the pathways through which
ctenophore predatory impacts cascade through plank-
tonic communities in native (Deason & Smayda, 1982;
Purcell & Decker, 2005; Sullivan et al., 2008) and
exotic (Shiganova et al., 2004a, b; Finenko et al.,
2006; Kideys et al., 2008) habitats.

Constraints on the invasiveness of Mnemiopsis
Requirement for high-prey availability

Rapid population growth of Mnemiopsis requires high
prey ingestion rates. Kremer & Reeve (1989) esti-
mated that a minimum prey biomass of >24 pg C 1™
is required to support population growth of field
populations. This is roughly an order of magnitude
greater than average prey concentrations found in
more oligotrophic oceanic waters (Kremer et al.,
1986). Mnemiopsis is rarely found in waters less than
3ug C 1! (Kremer, 1994). Instead, a genus with
many structural similarities but lower feeding effort at
high-prey concentrations, Bolinopsis L. Agassiz,
1860, appears to replace Mnemiopsis in many less
productive waters (Kremer et al., 1986). Reproduction
by Mnemiopsis is sensitive to food supply and egg
production declines within 24 h when feeding stops.
No eggs are produced after 3—4 days of starvation
(Reeve et al., 1989). The protein-dominated body
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Fig. 10 Representative velocity vector fields around a small
(1.3 cm long; a, ¢) and large (4.8 cm long; b, d) Mnemiopsis
leidyi. Both ctenophores were stationary (i.e., swimming
velocity of 0) and actively entrained fluid between their lobes.

The laser sheet used for digital particle image velocimetry
(DPIV) was directed through the center of the ctenophore at two

tissues of Mnemiopsis (Kremer, 1976; Anninsky et al.,
2005) are not well suited to low food supplies.
Mnemiopsis possesses very limited lipid and carbo-
hydrate body reserves, which are quickly utilized
during non-feeding periods (Anninsky et al., 2005).
The use of body proteins to satisfy metabolic demands
leads to organic dilution of tissues (Reeve et al., 1989)
and, after several days of starvation, body shrinkage
(reviewed in Reeve & Walter, 1978). Loss of organic
weight by Mnemiopsis during starvation averages
5.9% day ' at 12°C (Anninsky et al., 2005), indicating
that body shrinkage can be rapid at low prey concen-
trations. As a consequence of high-reproductive
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perpendicular orientations (laser orientation illustrated by red
line, insets). DPIV is shown with the laser directed through the
lobes (a, b) and between the lobes (¢, d). This view is through
the transparent lobe to show particle velocities between the
lobes. White vectors represent velocities greater than
3.5 mm s} (from Colin et al., 2010). (Color figure online)

sensitivity to low-food levels and very limited starva-
tion tolerance, Mnemiopsis appears incapable of
extending population growth into regions of low-prey
concentrations, such as oceanic waters.

Vulnerability to predation

Mnemiopsis biomass levels can be limited by influen-
tial predators. A wide array of predators consume
Mnemiopsis (Table 1), including vertebrate (Mianzan
et al., 1996) and gelatinous (reviewed in Purcell et al.,
2001; Arai, 2005) predators. Gelatinous predators
appear to be particularly influential (Purcell & Cowan,
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letters designating different
copepod species).
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are from Kigrboe et al., 1999
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across the lobe opening and
along a central axis from the 1.0
lobe opening to the

ctenophore’s mouth 0.5

(indicated by red lines,

0.0 M\/

bottom). The observed
deformation rates for this

small ctenophore are large
compared with those of
larger ctenophores. Despite

1.0

this, much of the feeding 0.5 1

Deformation rate (s-1)

current is undetectable to

prey. We would expect a Y R m—

greater portion of the feeding 4 2 0
current of larger ctenophores
to be below the threshold of
prey detection (from Colin
et al., 2010). (Color figure
online)

1995; Shiganova et al., 2001a, 2004a; Finenko et al.,
2003; Purcell & Decker, 2005; Condon & Steinberg,
2008), although little information exists on predation
by fish. The regulatory effect of these gelatinous
predators can dominate Mnemiopsis population bio-
mass and have cascading effects through the plankton
community (Fig. 14). The dominant influence of

Distance (mm)

5 0 5
Position (mm)

gelatinous predators on Mnemiopsis biomass is
remarkable in light of the rapid population growth
potential of Mnemiopsis and the high frequency
(>90%) with which the ctenophores may evade
predators (Kreps et al., 1997; Hosia & Titelman,
2011; Titelman et al., 2012). However, as evaluated by
Condon and Steinberg (2008), the ability of predators
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Fig. 12  Relative vertical position of Mnemiopsis leidyi
biomass versus surface vertical shear in the Peninsula Valdes
region during December, 1989. a Data for all individual stations,
and b grouping of stations by shear levels allowing comparison
relative positions of Mnemiopsis biomass in relation to surface
vertical shear. Note that the proportion of ctenophores in the
surface layers were always low when surface vertical shear was
high (>4.0 s_l); however, when surface vertical shear was low,
the vertical positions of ctenophore biomass were more variable
(from Mianzan et al., 2010)
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Fig. 13 Relationship between timing of population maxima for
the copepod Acartia tonsa and the ctenophore Mnemiopsis
leidyi in Narragansett Bay, RI, USA. A. tonsa has historically
been the dominant summer copepod in Narragansett Bay and the
copepod’s population peaked before the onset of Mnemiopsis
population growth (e.g., a; see also Deason, 1982). However, in
recent years, Mnemiopsis populations have increased earlier
(Costello et al., 2006b), and A. tonsa has become rare in
Narragansett Bay during much of the summer (from Sullivan
et al., 2007)

such as C. quinquecirrha to crop Mnemiopsis biomass
exceeds the population growth potential of Mnemiop-
sis in even the most favorable food and temperature

Table 3 Predation rates of Mnemiopsis leidyi on copepods and Chrysaora quinquecirrha on Mnemiopsis

Month Size (mm) B, D 1 DPP DC
Mnemiopsis consuming copepods

April 43-43 0.7-10.7 119-1775 <0.1-0.5 <1-21 8-84
May 10-39 0.7-9.1 110-1520 0.7-2.5 27-127 144-697
June 12-13 0.0-6.4 81-1065 0.2-1.8 24-208 39-299
July 22-63 2.9-7.6 477-1271 0.0-1.2 0-43 0-206
August 0-34 3.6-113.6 594-18929 0.0-0.1 0-2 0-23
Chrysaora quinquecirrha consuming Mnemiopsis

April 0 0.2-35.2 <1-38 0 0 0

May 0 19.9-32.8 32-425 0 0 0

June 23-133 5.3-50.2 82-170 0.1-13.5 2-27 0-3
July 76-152 0.0-12.5 0-86 0.6-72.7 37-242 <3-425
August 80-134 0.0-17.7 0-28 <0.1-28.1 <1-159 <1-107

Predicted monthly carbon (C) ingestion rates for populations at a upriver York River station. Ingestion rates based on mean-sized
predator (mm), and predator and prey C standing stocks (mg C m ). Values are upper and lower monthly range estimates for April—
August 2003 2006. Calculations were made usmg equations listed in Condon & Stemberg (2008) B, = biomass of prey
(mg C m™>); D, = density of prey (no. prey m™); I = population ingestion rates (mg C m~> day™~ ) DPP = daily population
predation pressure rates (% prey C day 1; DC = C-based daily prey consumption rates (no. prey m™ day ') (From Condon &

Steinberg, 2008)
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conditions for the ctenophore (Table 3). Mnemiopsis
introductions have been comparatively devastating in
regions without other gelatinous predators, such as the
Caspian sea (Roohi et al., 2008, 2009), but they may be
moderated in the presence of established indigenous
gelatinous predators, such as in recently invaded
European regions (Hosia & Titelman, 2011) or where
other gelatinous predators have been introduced, such
as Beroe ovata Bruguiéve, 1789 in the Black Sea
(Finenko et al.,, 2003; Shiganova et al., 2003).
Consequently, the presence of predators, particularly
gelatinous carnivores, can override other favorable
conditions and diminish Mnemiopsis biomass both in
its native (Kremer & Nixon, 1976; Purcell & Decker,
2005; Condon & Steinberg, 2008) and exotic ranges
(Finenko et al., 2003; Shiganova et al., 2003).

Population dynamics and invasive patterns
of Mnemiopsis

The same traits enabling high-biomass production and
influential ecological impacts by Mnemiopsis in
temperate regions of its native habitat are the basis
for the ctenophore’s success as an invader in exotic
habitats. Mnemiopsis possesses many traits associated
with “weed” species—wide physiological tolerances,
wide dietary niche, rapid growth, short-generation
times, and high fecundity (Sakai et al., 2001). These
traits have been a consistent feature of Mnemiopsis
population dynamics within its native range and are
now shared by the ctenophore’s populations in its
exotic range. From this perspective, the high-invasive
success of Mnemiopsis in exotic habitats can be
viewed as an extension of the source-sink population
dynamics enabling the ctenophore to successfully
dominate temperate regions of its native range.

The transition from a historically stable to a
contemporary invasive distribution was initiated by
reducing limitations on dispersal of Mnemiopsis.
Although dispersal between source and sink regions
has historically been limited by local and regional
circulation patterns, the contemporary marine envi-
ronment also features trans-oceanic transport vectors
in the form of ballast tanks within commercial sea
vessels (Fig. 15). Molecular markers trace the path-
ways of these trans-oceanic Mnemiopsis introductions
(Fig. 2) and similar patterns have been confirmed by
multiple, independent studies (Ghabooli et al., 2010;

Chrysaora
years

Mnemiopsis
years

Fig. 14 The role of selective feeding by the scyphomedusa,
Chrysaora quinquecirrha, on a planktonic community in
mesohaline regions of Chesapeake Bay, USA, that contain the
ctenophore Mnemiopsis leidyi and copepods. Data based on
Purcell & Decker (2005; annual variations detailed therein). The
circumference of the spheres under each organism represents the
relative average proportions of those species in the plankton
during years of high abundance in individuals of C. quin-
quecirrha (Chrysaora years: 1987-1990 and 1995) or Mnemi-
opsis  (Mnemiopsis years: 1996-2000). The maximum
concentrations of each organismal group are normalized to the
same circumferences. Within each organismal group, the
relative circumferences of the two time periods are proportion-
ately dimensioned and the average abundances of each group
(no. m~ for C. quinquecirrha and Mnemiopsis, no. 17! for
copepods) are listed within the circles. Values for smaller
circles (C. quinquecirrha: 0.007 m3, Mnemiopsis: 1.1 m>,
copepods: 7.717") were not listed in the figure. Arrows
represent a simplification of trophic interactions because
members of C. quinquecirrha prey upon both individuals of
Mnemiopsis and copepods, but selectively prey upon cteno-
phores relative to copepods. Predation by individuals of C.
quinquecirrha upon the ctenophore Mnemiopsis reduces the
latter with a cascading effect on the ctenophore’s principle prey
items, the copepods. Consequently, the relative abundance of
copepods in the plankton is dominated by trophic interactions
that depend on the prey selection characteristics of the
scyphomedusa C. quinquecirrha

Reusch et al.,, 2010). These data demonstrate an
ongoing pattern that includes relatively recent intro-
ductions from North America to areas such as the
North and Baltic Seas.

It is likely that Mnemiopsis will continue to expand
into exotic areas in the near future. The reasons for this
projection are based on the processes driving invasive
expansion by the ctenophore. Successful invasion of a
novel area by Mnemiopsis is dependent both on the
recipient environment (the area’s “invasibility”—
Leung & Mandrake, 2007) and on the ability to
reach these new areas (the ctenophore’s “propagule
pressure”—Lockwood et al., 2005). Upon arrival,
invaders must persist in the new habitat and persis-
tence depends upon the match between the individual
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Fig. 15 The role of source-
sink life history organization
on invasive patterns of the
ctenophore Mnemiopsis
leidyi. Note that the critical
variable distinguishing this
scheme from that in Fig. 4 is
the expansion of dispersal
beyond the limitations of
local currents by inclusion
of long-range dispersal via
human-related transport

Endemic
Source Region

High annual production
High retention
Annual persistence

species’ traits and the new environment. The broad
physiological tolerances of Mnemiopsis (Table 1)
suggest that a wide array of productive coastal
environments have high-invasibility levels for Mne-
miopsis and could potentially be suitable habitats for
the ctenophore; however, the ctenophore first has to
reach those habitats. Historically, the expanse of low-
productivity oceanic waters likely has prevented
extension of Mnemiopsis beyond its native coastlines
of the Atlantic North and South Americas (Harbison &
Volovik, 1994). However, this historical limitation has
been relaxed by ballast water transport via contempo-
rary transoceanic shipping. Ballast water regulation is
a developing field with limited prospects for reducing
transfer of inocula in the near future (David &
Gollasch, 2008). Hence, the key obstacle to Mnemi-
opsis invasion of new regions is relaxed during a
period when the number of source regions for inocula
has increased. Increasing the number of source regions
can dramatically increase overall invasion rates—
within 50 years of initial invasion, a new source region
may supply inocula for invasion to an additional 300
ports (Kaluza et al.,, 2010). This combination of
factors—a wide variety of high invasibility regions,
reduction of dispersal limitation, and increasing
propagule pressure—favors continued range expan-
sion by Mnemiopsis.

We expect that the ecological role played by
introduced Mnemiopsis populations will depend upon
community structure in the novel environments.
Within its native range, the ctenophore’s ecological
role is constrained by the variables previously con-
sidered (i.e., temperature and production regimes,
predator dynamics). These same constraints will
influence invasive populations of Mnemiopsis in
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exotic habitats. In a variety of native habitats,
Mnemiopsis is a persistent but relatively inconspicu-
ous community member (Kremer et al., 1986; Kremer,
1994). Even in areas that experience periodic, high
Mnemiopsis biomass, fluctuations in ctenophore bio-
mass depend upon predator population dynamics
(Fig. 14). The dramatic effects following Mnemiopsis
introductions documented in the Black (e.g., Kideys,
2002; Shiganova et al., 2004a) and Caspian (e.g.,
Shiganova et al., 2004b; Roohi et al., 2008, 2009) seas
occurred in habitats that lacked gelatinous predators
(Purcell et al., 2001). Recent introductions to the
Baltic and North Seas occurred in habitats containing
potentially influential gelatinous predators (Hosia &
Titelman, 2011) that may impact the eventual role of
Mnemiopsis in these communities. We expect that the
variables favoring and constraining Mnemiopsis pop-
ulation dynamics in previously studied habitats will
provide insight into the fate of introduced populations
as the world community adjusts to the ctenophore’s
expanded the presence in coastal marine communities.
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