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ABSTRACT 

Species establishing outside their natural range, negatively impacting local ecosystems, are of 

increasing global concern. They often display life-history features characteristic for r-selected 

populations with fast growth and high reproduction rates to achieve positive population 

growth rates (r) in invaded habitats. Here, we demonstrate substantially earlier maturation at a 

2 orders of magnitude lower body mass at first reproduction in invasive compared to native 

populations of the comb jelly Mnemiopsis leidyi. Empirical results are corroborated by a 

theoretical model for competing life-history traits that predicts maturation at the smallest 

possible size to optimize r, while individual life-time reproductive success (R0), optimized in 

native populations, is near constant over a large range of intermediate maturation sizes. We 

suggest that high variability in reproductive tactics in native populations is an 

underappreciated determinant of invasiveness, acting as substrate upon which selection can 

act during the invasion process. 
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INTRODUCTION  

Biological invasions can have large ecological and economic impacts (Butchart et al., 2010; 

Walsh et al., 2016), especially in aquatic systems (Gallardo et al., 2016) and species 

translocations are steadily increasing worldwide (Butchart et al., 2010; Seebens et al., 2017). 

Of the non-indigenous species that are moved around the world, only a minute fraction 

become invasive and form self-sustained populations (Williamson & Fitter, 1996; Mack et al., 

2000). A long standing issue in ecology has been to characterize potent invasive species 

(Baker, 1974; Tingley et al., 2014) through traits that promote invasion success (Pysek & 

Richardson, 2007; McKnight et al., 2017). There are examples from diverse organism groups 

showing that invasive and native populations differ in life-history traits (MacInnis & Corkum, 

2000; Fox et al., 2007; L'avrincikova & Kovac, 2007), either because the invasion process 

filters individuals with certain traits, or because invaders evolve or are selected subsequent to 

invasion (Davis, 2005; Gutowsky & Fox, 2012; Laugier et al., 2013; Fox & Copp, 2014; 

Sargent & Lodge, 2014). While certain traits make some species successful in colonizing new 

areas, there may also be differences within a species that make some individuals or sub-

populations more successful than others (Lee & Gelembiuk, 2008). Although a large body of 

literature has attempted to identify differences between native and invasive populations, the 

generality of such investigations is still inconclusive (Parker et al., 2013) and strongly context 

and invasion stage dependent (Van Kleunen et al., 2015; Chuang & Peterson, 2016). For 

some plants, amphibians, and fresh water fish it has been shown that invasive sub-populations 

at the expansion front show opportunistic traits related to increased dispersal or reproduction 

rates compared to the core populations (Phillips et al., 2010; Gutowsky & Fox, 2012; 

Lindström et al., 2013; Huang et al., 2015). However, other investigations using the same set 

of species did not observe such differences (Parker et al., 2013; Chuang & Peterson, 2016). 

Specifically, in an analysis considering trait differences in 53 species, half of the species 
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showed increased reproductive performance in invaded ranges. However, the difference was 

only observed in plants, while none of the investigated animals showed significant differences 

in reproductive traits (Parker et al., 2013).  This lead Parker et al. (2013) to conclude, that 

although invaders may on average perform better, e.g., in terms of reproductive output, size, 

and abundances, this difference is largely driven by a few species displaying pronounced 

distinctions  between the native and invasive range. Therefore, it remains an open question 

whether and how traits of invasive species differ between native and non-native areas 

(Ordonez, 2014). 

From a general life-history perspective, one would expect that successful invasive 

populations should be selected for ‘opportunistic’ traits or be ‘r-selected’, while native 

populations in steady state would be more ‘K-selected’ (MacArthur & Wilson, 1967; 

McMahon, 2002). More specifically, in a native population in ecological and evolutionary 

equilibrium, per capita population growth rate, r, and lifetime reproductive success, R0, are 

two equivalent fitness measures, having a maximum (of 0 and 1, respectively) at the current 

optimal trait value. Invasive populations, in contrast, result from the colonization of a new 

habitat by a group of individuals with a positive population growth rate not yet at steady state, 

so that r > 0 and R0 > 1. In the latter scenario, it is hypothesized that strategies increasing the 

population growth rate will dominate the population. Thus, evolutionary processes including 

selection are expected to optimize the per capita population growth rate, r.  

The marine holoplanktonic comb jelly Mnemiopsis leidyi, native to the east coast of 

America, is an example of a successful invasive species (Costello et al., 2012) with large 

ecosystem implications in northern and southern Europe (Kideys, 2002; Riisgård et al., 2007) 

and listed among the 100 worst invasive alien species worldwide (Lowe et al., 2000). It shares 

many characteristics of a successful invasive species due to high growth rates (Stanlaw et al., 

1981) and its large reproductive potential (Jaspers et al., 2015a). Furthermore, M. leidyi is a 
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simultaneous hermaphrodite and able to self-fertilize (Jaspers et al., 2015b). Producing viable 

offspring via self-fertilization allows this species to offset Allee effects, which otherwise may 

limit species during early colonization (Tobin et al., 2011). To our knowledge, marine 

holoplanktonic organisms with the ability to self-fertilize have not been considered in the 

context of life-history evolution in invasive species so far. As invasive species, they constitute 

an extreme case because dispersal is driven by prevailing ocean currents, and connectivity 

between regions in the marine realm is on average 1-2 orders of magnitude larger in 

comparison to terrestrial systems (Kinlan & Gaines, 2003). Therefore, it may take longer 

before density-dependent processes become significant. We hypothesize that during the 

invasion of the comb jelly M. leidyi into western Eurasian waters, opportunistic life-history 

traits have been positively selected for. We compare life-history traits of several native and 

invaded populations of M. leidyi and apply life-history modelling to interpret the 

observations. In western Eurasian waters, two distinctly different invasion events can be 

separated. M. leidyi first occurred in the Black Sea during the early 1980´s. A quarter of a 

century later, animals were also recorded in Northern Europe (Costello et al., 2012). 

Molecular analyses demonstrate that the invasive population present in the North originates 

from the north-east coast of the United States of America, whereas animals present in 

southwestern Eurasia originate from the Gulf of Mexico region (Reusch et al., 2010). This 

enables us to compare populations with different invasion histories to address the hypotheses 

(i) that life-history traits differ between native and invasive populations and (ii) that those 

traits are associated with maximizing R0 and r in native and invasive populations, 

respectively.  

MATERIALS AND METHODS 

Life-history model. We developed a life-history model for M. leidyi and optimized the per 

capita population growth rate (r) and lifetime reproductive success (R0) to represent invasive 



6 
Jaspers et al. 2017  

and native populations, respectively. To examine how size at maturation is expected to 

change between native and invasive M. leidyi populations, we consider a size-structured 

population growing at a constant rate and explicitly describe the trade-off between somatic 

growth and reproduction at the individual level (Day & Taylor, 1997). We numerically 

calculate individual per capita population growth rate (r) and lifetime reproductive success 

(R0) for different sizes at maturation and compare the shape and maxima of the two fitness 

measures.  

An individual’s net energy acquisition rate, i.e., the surplus of energy after accounting for 

maintenance, scales with its weight  as	 , where   measures weight-specific acquisition 

rate and n its scaling exponent. Somatic growth g ( ) and fecundity b (  compete for this 

surplus energy according to: 

1 , ∗ ,   (1) 

and 

, ∗
,    (2) 

where  denotes age,  fecundity rate (eggs ind.-1 d-1),  the weight of an egg, and 

maturation size.  is the proportion of surplus energy devoted to reproduction, with 

1 , ∗  allocated to somatic growth. It is described by a sigmoidal function varying 

smoothly from 0 to 1 around the size at maturation:  

, ∗
/ ∗     (3) 

where θ is a shape parameter that describes the steepness of the transition from growth to 

reproduction. Mortality 	consists of a constant term, μ , unrelated to size, and a size-

dependent predation mortality, μ , scaling with body mass to power n (Andersen & Beyer, 

2006):  

a b 0m *m

*),( mm
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μ μ ,    (4) 

with the same parameter  (< 1) as in equation 1. 

To describe the population dynamics, we use a size-structured population model. The density 

, 	of individuals of size  at time	t	is given by:  

, , , ,  (5) 

with a boundary condition of egg size giving the number of offspring produced in the 

population: 

, t, d .  (6) 

When the population has reached a stable-size distribution, we expect it to grow exponentially 

at a constant rate	r: 

, , ,    (7) 

where  is the per capita population growth rate.  

Using equations (5) and (7) and solving the resulting ordinary differential equation gives the 

population density: 

, , exp d .  (8) 

The characteristic equation is obtained by inserting ,  given by equation (8) into 

equation (6): 

1 exp	 d d .  (9) 

The root of the characteristic equation (9) is referred to as the dominant eigenvalue of the 

linear model (5) and gives the per capita population growth rate .  

Expected lifetime reproductive success (R0, dimensionless) is given by the right hand-side of 

equation (9) when  is equal to 0: 
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    (10) 

Fitness optimization. Model parameters are given in Table (1) and were estimated from 

laboratory experiments (see below) or from the literature as follows: Parameters ,  and 

population mean maturation size ∗ in the life-history model were estimated by nonlinear 

least square fitting of equations (1) and (2) to the observed mass-dependent egg production 

and growth rates (Fig. S1). The allometric scaling of energy acquisition rate (n) and mortality 

was taken from West et al. (1997), weight at hatch was set to be the same as egg weight (m0) 

and taken from Jaspers et al. (2015a), while the final individual size (m∞) was assumed, based 

on observations and literature information of M. leidyi size distribution data in native and 

invaded habitats. This leads to a final individual length of 10 cm (oral-aboral), equivalent to 

100 mgC (Robinson & Graham, 2014). Finally, the mortality parameters, µ0 and µ1, were 

estimated such that mortality at hatch was 0.15 d-1 (individual carbon weight: 0.3x10-3 mgC) 

and declining to 0.1 d-1 (0.05 mgC) after 3 weeks of growth based on the magnitude and 

allometric scaling of the mortality rate of pelagic organisms (McGurk 1986). 

To find the maturation size where  and  were the highest, we calculated these two 

fitness parameters for different mean maturation sizes  ∗	using Mathematica 9.0,  found the 

optima, and examined their sensitivity to change in parameters (Fig. 1, Table 2). 

Size-dependent reproduction rates. Reproduction rates of Mnemiopsis leidyi as a function 

of age and size for both native and invasive populations and using both field and laboratory 

investigations were included in this analysis (n = 13 studies/experiments see Table 3). Data 

originate either from our own experiments or were extracted from the literature, leading to a 

total of 1010 individual size specific egg production rate data (see Table 3 for a full 

description). To allow for comparisson between different studies, we corrected all rates to a 
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standard temperature of 19.5˚C, applying a Q10 of 2.8 (Hansen et al., 1997). We used oral-

aboral lengths as size standard and converted to mg body carbon using published conversion 

factors and length-mass regressions (Fig. S2; Kremer & Nixon, 1976; Sullivan & Gifford, 

2004; Robinson & Graham, 2014). For laboratory investigations, only experiments conducted 

at ad libitum or non-limiting food conditions (Jaspers et al., 2015b) were considered. For field 

investigations, statistical analyses included only rates measured at salinities ≥20 to avoid 

confounding effects of low salinity on reproduction rates (Jaspers et al., 2011).   

Laboratory experiments. To investigate growth and energy allocation in Mnemiopsis leidyi, 

a cohort of laboratory reared animals was followed for 40 days following hatch in spring 2010 

at DTU Aqua in Charlottenlund, Denmark (Table 3, study 9). The cultured animals were 

originally collected in the southern Kattegat and a cohort was initiated from a controlled 

spawning event. On day 2 post hatch, 150 larvae were randomly picked and incubated in 

batches of 10 individuals in 15 0.32-L squared tissue culture bottles (Falcon©) that were 

mounted on a slowly (0.9 rpm) rotating plankton wheel. M. leidyi were subsequently moved 

to increasingly larger incubation volumes and fed with increasingly larger size classes of the 

copepod Acartia tonsa at a target food concentration of 100µg A. tonsa C L-1. Copepods 

originated from laboratory cultures fed with Rhodomonas salina and carbon was estimated 

from lengths using published regressions (Berggreen et al., 1988), accounted for shrinkage 

after Lugol preservation (Jaspers & Carstensen, 2009). Prey concentrations were adjusted 

every day, while eggs and sizes were assessed every second day up to day 34 and daily 

thereafter. Eggs were concentrated by reverse filtration (45µm) and counted. Handling 

controls (n = 4) were performed with a total of 180 eggs, leading to an average egg loss 

0.56%. M. leidyi sizes (oral-aboral, mm), were assessed by triplicate measurements of either 

images using ImageJ (Rasband, W.S., ImageJ) or live animals. Images were attained using a 

macro lens on a Nikon D70 SLR camera, while live animals were measured with a dissecting 
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microscope and an ocular ruler or a caliper. We estimated growth rates (µ, d-1) from (µ = ln 

(Wt/W0)/t) where W0 and Wt denote body carbon on day 0 and day t, respectively. Specific 

egg production rates (d-1) were calculated from egg counts and carbon contents of eggs 

(Jaspers et al., 2015a) and adults (see above). Energy allocation to reproduction was similarly 

assessed in a native cohort by Baker & Reeve (1974); see Table 3, study 8. 

Common garden experiments with both invasive sub-populations from southern and 

northern Europe were conducted during spring 2015 (Table 3, study 11). These experiments 

were conducted to test for genetically underlain differences between sub-populations. To 

remove parental effects, wild larvae from the Caspian Sea and Baltic Sea were grown to 

adulthood at GEOMAR, Kiel and the F1 generation from these wild animals was used to run 

the common garden experiments. Even though experiments were first conducted with the F1 

generation of wild caught parents entirely raised in the laboratory from larvae to adulthood, 

this may not have been enough to fully remove maternal effects (Dam, 2013). However, 

comparison of F1 and F3 generation egg production rates of southern invasive M. leidyi did 

not show significant differences in reproduction rates (P = 0.62). Rearing was conducted in 

60-L glass aquaria with sterile filtered sea water (salinity 33, 16⁰C) and animals were fed ad 

libitum with a mixture of Acartia tonsa and Artemia salina. To initiate F1 generations, lobate 

M. leidyi were transferred into 60-L glass aquaria overnight and removed the next morning. 

The eggs were allowed to hatch and subsequently grow to adulthood. Randomly picked adults 

from the F1 generation were incubated in 7.5-L sterile filtered seawater for 24 hours and egg 

production measured following reverse filtration as above. 

Similarly, during October 2015 southern invasive M. leidyi (n = 11) originating from a new 

spawn (F3 generation) of the permanent cultures kept at GEOMAR, Kiel, were investigated 

for egg production (Table 3, study 13).  
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In situ experiments. We measured size-dependent egg production rates for invaded 

populations in Northern Europe (n = 97). Animals were caught in the Skagerrak (58°15′N 

11°24′E) during August/September 2010 (Table 3, study 5) and size-dependent egg 

production over 24 hours measured as outlined above.  

Statistical analyses. Size-dependent egg production rates of northern and southern as well as 

invasive and native populations were analyzed using power regression analyses on raw data 

and a separate slopes model was used to test for differences between slopes and intercepts on 

log (x+1) transformed data using co-variance analyses (GraphPad Prism V.4.0).  

RESULTS 

Following the laboratory cohort from hatch to adulthood (Table 3, study 9), we observed a 

change in growth rate during development along with a change in energy allocation between 

growth and reproduction (Fig. 1).  

With parameters derived from the experiment we examined how R0 and r depend on mean 

maturation size (m*): optimization of population growth rate (r) implies that maturation size 

should be as small as possible, while optimizing for lifetime reproductive success (R0) leads 

to an optimum size for reproduction at 20 mg body mass (Fig. 2, Table 1). However, the R0 

fitness curve is very flat, and lifetime reproductive success is thus nearly independent of 

maturation size over a large range of sizes (Fig. 2). The prediction that smallest possible 

maturation size optimizes population growth rate (r) is independent of parameter choice, and 

the shape of the R0 fitness curve is also robust to rather large variations in parameters (Table 

2). But because the R0 curve is flat, the precise maturation size optimizing R0 varies between 

ca. 1 and 30 mgC when parameters are varied by + 10% (Table 2). Overall, however, life-

history optimization predicts potentially large differences in maturation size between native 

and invaded populations.  



12 
Jaspers et al. 2017  

The observed difference in estimated maturation age between native and invasive 

populations is indeed substantial. Controlled laboratory investigations with invasive and 

native populations (Table 3) show that animals start reproduction at a significant smaller size 

(co-variance analyses: P < 0.0001) in invasive than in native populations, with a factor of 2-4 

difference in length (Fig. 3a) and more than two orders of magnitude difference in body mass 

at maturation (Fig. 3b). Specifically, the mean maturation size for native populations (18 ± 

2.05 mgC, P < 0.0001, Fig. 3b) is close to that predicted by the model, ca. 20 mgC (Fig. 2). In 

comparison, invasive populations change energy acquisition to reproduction at a much 

smaller size, and the mean maturation size is just 0.15 ± 0.02 mgC (P < 0.0001, Fig. 3b). 

Field data on egg production in native and invasive populations similarly showed delayed 

reproduction at a larger size in native compared to invasive populations, but the difference is 

not as pronounced as with the laboratory data (Figs. 4). We found that northern and southern 

populations show similar size-dependencies within native (P > 0.15) and invasive (P > 0.58) 

populations. In native populations, the scatter of size-dependent reproduction rates is 

substantial, indicating high variability between individuals. On the other hand, reproduction 

rates of invasive field populations show consistently much higher size-specific reproduction 

rates and hence cluster at the higher end of reproduction rates observed in native areas (Fig. 

4a). Egg production rates for both populations increase as a power function of body mass (y = 

a xb), with invasive populations showing faster increase with size (b = 3.69 ± 0.20) than 

native populations (1.89 ± 0.33). We further confirm that invasive populations have 

significantly higher size specific reproduction rates than native populations (co-variance 

analyses: P = 0.02) and this difference increases with size reaching a factor of 3-4 for the 

larger individuals (Fig. 4b).  

DISCUSSION 
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Our hypothesis that invasive populations are selected for high population growth rate (r) and 

hence should mature at a smaller size and display higher size specific reproduction rates was 

supported by both laboratory and field data. We show that initiation of energy allocation from 

growth towards reproduction, and hence maturation, displays a spectacular difference 

between invasive and native populations in the comb jelly Mnemiopsis leidyi in controlled 

laboratory experiments. Invasive western Eurasian populations may mature at a body mass 

two orders of magnitude smaller compared to native populations from America. This 

difference is predicted by simple fitness optimization arguments. Though it has generally 

been hypothesized that invasive populations should mature at a smaller size (Parker et al., 

2013; Van Kleunen et al., 2015), comparable fecundity data from the native and invasive 

range remain sparse, especially for animals (Parker et al., 2013). It has been shown that 

invasive fresh water fish species mature at a smaller size compared to native populations 

(MacInnis & Corkum, 2000; Fox et al., 2007; L'avrincikova & Kovac, 2007). However, the 

described difference between native and invasive populations is only 10 to 40% in length 

(MacInnis & Corkum, 2000; Fox et al., 2007; L'avrincikova & Kovac, 2007), while we 

observe a factor 2 to 4 difference in length at first reproduction, which translates into two 

orders of magnitude difference in body mass.  

The qualitative effect of varying maturation size on R0 and r predicts the observed effect 

and confirms the general expectations (Brommer, 2000; Kiørboe & Hirst, 2008). The basic 

trade-off is between early maturation at a small size with consequently low fecundity but high 

survival chance vs. late maturation at large size and high fecundity but lower chance of 

surviving to maturation. Because r scales inversely with generation time (r ~ ln(R0)/T, where 

T is the generation time) and, hence, with maturation age, maximizing r leads to lower 

optimal maturation size than maximizing R0. Thus, simpler arguments lead to a similar 

qualitative prediction as the more elaborate population model presented here.  
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An alternative explanation for the much smaller maturation size in invaded populations is 

higher juvenile mortality in invaded compared to native populations. This would similarly 

select for earlier maturation (Stearns, 1992; Taylor & Gabriel, 1992). However, invasive 

populations may rather escape their native predators at a biogeographical scale (Colautti et al., 

2004), and there is generally no indication that predation pressure should be higher in invaded 

compared to native habitats (Wolfe, 2002). 

The more specific model developed here for M. leidyi predicts that the fitness curve for R0 

is rather flat (Fig. 2). This allows for a large variation in reproductive traits in the native 

population. The empirical field data show that size at first reproduction and, in particular, 

size-specific egg production is more variable in native than in invasive populations, with the 

reproductive performance of native population ranging between as good as invaded 

populations to much worse, irrespective of sampling time and regional coverage. This larger 

variability is consistent with a flat fitness curve for native populations and allows for a large 

genotypic variation, which, in turn is substrate for selection of different phenotypes during 

invasion. The large scatter of reproduction rates in native American populations thus suggests 

that higher reproductive output in invaded habitats is due to selection from available genetic 

variation in the founder populations (Barrett & Schluter, 2008). This is corroborated by the 

lower genetic diversity in invasive western Eurasian populations compared to native parental 

populations of M. leidyi (Reusch et al., 2010). Similarly, high genetic diversity in the source 

population has been shown to be important for colonization success in plants (Crawford & 

Whitney, 2010). 

The high absolute value of R0 attained by our model is unrealistic and is likely due to very 

high egg mortality in the field, which has not been considered in the model. For copepods, it 

has been shown that freely spawned eggs can have orders of magnitude higher mortality than 

the newly hatched larvae and later stages and with much less than 1% surviving to hatching 
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despite short (~ 1 day) hatching times (Kiørboe et al., 1988; Peterson & Kimmerer, 1994). 

Something similar may be the case for M. leidyi. However, high egg mortality does not 

change the shape of the dependency of R0 on maturation size and, hence, our conclusion.  

Parker et al. (2013) showed that observed differences in fecundity between native and 

invasive populations were mainly documented for plants and that none of the included animal 

species displayed substantial fecundity differences. Such lack of evidence for animals may be 

caused by differences between invasive sub-populations that can differ in dispersal related 

life-history traits, depending on time since establishment (Van Kleunen et al., 2015; Chuang 

& Peterson, 2016). Hence, pioneer sub-populations at the forefront display higher dispersal 

and fecundity traits compared to the invasive core population and these traits fade as 

population density increase (Phillips et al., 2010; Gutowsky & Fox, 2012; Lindström et al., 

2013; Huang et al., 2015). In our case we see that irrespectively of time since invasion, 35 

and 10 years or ca. 350 and ca. 100 generations after establishment in southern and northern 

Europe, respectively, populations in the invasive realm remain selected for opportunistic 

traits. The dynamic nature of marine environments along with multiple re-invasions 

(Ghabooli et al., 2010; Reusch et al., 2010) and a constantly moving range expansion front in 

northern Europe (Hosia & Falkenhaug, 2015) may explain sustained invasive traits in western 

Eurasian populations of M. leidyi, despite the long time since the species was first recorded. 

Since connectivity is much higher in the marine realm compared to near shore, terrestrial or 

fresh-water systems (Kinlan & Gaines, 2003), density dependence might be temporarily and 

spatially offset. This might further explain the observed large scatter in reproductive tactics in 

the native habitat, which makes the American population a potent invasion source. 

To our knowledge, this is the first study of fecundity trait differences in a holoplanktonic 

self-fertilizing marine invasive species. We see that, irrespectively of time since invasion, a 

spectacular difference in size at maturation persists in invasive populations of the comb jelly 
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M. leidyi. We argue that multiple successful invasions of this species, now reaching a global 

distribution (Costello et al., 2012), are caused partly by the large variation in reproductive 

traits in the source population. Such large variation constitutes a substrate for selection and an 

important characteristic of a successful invasive species.  
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Table 1: Life-history trait model parameters. 

Parameter Equation Default value 

n allometric scaling of energy acquisition rate 1, 2, 4 3/4

h weight-specific acquisition rate 1, 2 0.07mg1-nC d-1  

Ѳ steepness of energy allocation to reproduction 3 2.035  

m0 weight of an egg 2, 6, 8-10 0.22x10-3 mgC  

m* mean maturation size 1-3 0.155 mgC  

m∞ final individual size 9, 10 100 mgC  

µ0 Constant in size-mortality relationship 4 8.12x10-2 d-1  

µ1 exponent in size-mortality relationship 4 9.08x10-3mg1-nC d-1  
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Table 2: Mnemiopsis leidyi life-history model sensitivity analyses for maturation size (m*, 

mgC), where optimum R0 is reached with parameters varied by 10% around the default values 

(see Table 1). 

Parameter + 10% - 10% 

h ± 10% 26.6 12.7 

n ± 10% 30.1   6.8 

µ0 ± 10%   1.3 28.1 

µ1 ± 10% 11.6 24.7 
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Table 3: Literature review of available M. leidyi egg production rates in native (USA) 

and invaded (Europe, EUR) habitats covering laboratory (lab) and field investigations, with 

total number of experiments/studies (study), the number of egg production measurements per 

study (n) and experimental details such as temperature (Temp. ± SD), incubation volume, 

salinity range and number of animals per treatment (Ind.); n.a. = no data. 

 

Study Region Population Location Temp. 
(⁰C) 

Volume 
(L) 

Salinity Ind. n References 

1 NE USA Native field  8-22.5§ n.a. n.a. 1 254 (Kremer, 1976b; 
Kremer, 1976a)** 

2 SE USA Native field  21, 26, 
31§§ 

2 n.a. 1 57 (Baker & Reeve, 
1974)* 

3 N EUR, 
Kattegat 

invasive field 12.5±1.3 1 to 13.5 21-29 1 52 (Jaspers et al., 
2011) 

4 N EUR, 
Baltic Sea 

invasive field 12.5±1.3 1 to 13.5 7.8±0.3¤ 1 47 (Jaspers et al., 
2011) 

5 N EUR, 
Skagerrak 

invasive field 16.5 4 or 7.5 22.5 1 97 this study 

6 S EUR invasive field 22 2 n.a. 1 25 (Finenko et al., 
2006)* 

7 SE USA, 
Gulf of 
Mexico 

Native lab, cohort 
analysis 

16-20§ 2 20 2 60 (Robinson, 2012) 

8 SE USA, 
FL, Miami 

Native Lab, cohort 
analysis  

21 19 n.a. 1 84 (Baker & Reeve, 
1974)* 

9 N EUR invasive lab, cohort 
analysis 

19.5±0.5 7.5 33 10 270† this study 

10 N EUR invasive lab  19±0.4 7.5 25 & 33 1 11 (Jaspers et al., 
2011) 

11 N & SE 
EUR  

invasive lab, common 
garden 

16.5±0.5 1 33 1 19 this study 

12 N EUR invasive lab***  19±0.5 20 33 1 23 (Jaspers et al., 
2015b) 

13 SE EUR invasive lab 17 7.5 33 1 11 this study 
 
*total length (TL) converted to oral-aboral length (OA) by regression given in Fig. S2 
**wet weight (WW) have been converted to OA (Kremer & Nixon, 1976) 
***data from > 80µgC L-1 fed animals 
¤excluded due to low salinity. Note: 2 small sized animals tested (5 and 6 mm with 1 and 2 eggs ind-1 d-1) 
§in situ temperatures for each rate  
§§ in situ temperatures, lab incubation assumed with 26⁰C 
†> 4mm sized egg production rates included in Fig. 3a (n = 150), all data shown in Fig. 1 
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Figure captions 

Figure 1 Growth and reproduction rates of a Mnemiopsis leidyi laboratory cohort of 
invasive origin. Body mass (mgC, ± SD, circles) and specific egg production rates (d-1 ± SD, 
grey squares) are displayed and initially high specific growth rates of 0.4 d-1 (R2 = 0.93, P < 
0.0001) for <14 day larvae (black/white circle) are reduced to 1/5th (0.08 d-1, R2 = 0.69, P < 
0.0001, black circle) after start of metamorphosis (dashed vertical line).  

Figure 2 Mnemiopsis leidyi life-history model predictions with default parameters (Table 1) 
for lifetime reproductive success (R0 (dimensionless), left, red line) and population growth 
rate (r (d-1), right, blue line) as a function of maturation size (mgC).  The maturation size (m*) 
for highest value of R0 is 20.5 mgC (red dot). 

Figure 3 Laboratory reproduction and growth data for Mnemiopsis leidyi from invaded 
(western Eurasia, red circle) and native (USA, blue squares) populations. (a) Egg production 
as function of size (oral-aboral, mm; total: n = 478, >4mm: n = 358), temperature corrected to 
19.5˚C (see Table 1) including northern (filled symbols) and southern (open symbols) sub-
populations of native (squared) and invasive (circle) origin with invasive laboratory animals 
starting reproduction at significantly smaller size than native M. leidyi (F1,355 = 258.4, P < 
0.0001 co-variance analyses, intercepts are significantly different). (b) Fraction of surplus 
energy allocated to reproduction (SPE = reproduction /(growth+reproduction)) as a function 
of body mass (mgC) for laboratory cohort populations. The dotted lines are fits of equation 3 
to the data, and the estimated maturation size is 0.15 ± 0.02 mgC for invasive (red circle, n = 
22, t = 8.06, P < 0.0001) and 18 ± 2.05 mgC for native (blue squares, n = 84, t = 8.82, P < 
0.0001) M. leidyi, respectively.  

Figure 4 Reproduction rates for field populations of Mnemiopsis leidyi from native (blue) 
and invasive (red) populations. (a) Daily egg production as a function of size in northern 
(filled) and southern (open symbols) populations from native (blue square) and invasive (red 
circle) habitats. The egg production rates do not differ between northern and southern 
populations for neither native (F1,170 = 2.10, P = 0.15) nor invasive (F1,307 = 0.316, P = 0.58) 
populations, but are significantly different between native and invasive populations (P = 
0.02).  (b) Average reproduction rates (± SD) as a function of size in native (blue) and 
invaded (red) populations for 1cm size bins. Egg production rates increase as a power 
function of body mass, with invaded population showing faster increase with size (power b = 
3.69 ± 0.20) than native populations (1.89 ± 0.33), and invasive populations have significantly 
higher egg production rates than native populations  (co-variance analyses of all available 
field data: F1,481 = 5.313, P = 0.02, n = 485, Table 1).   
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 

 


