
UNIVERSITY OF STRATHCLYDE

Modelling the sustainability of

overwintering Mnemiopsis leidyi

populations in the North Sea

by

Ian Gardiner

A thesis submitted in partial fulfillment for the

degree of Master of Philosophy

in the

Faculty of Science

Department of Mathematics and Statistics

2015

University Web Site URL Here (include http://)
Faculty Web Site URL Here (include http://)
Department or School Web Site URL Here (include http://)


Declaration of Authorship

This thesis is the result of the authors original research. It has been composed by the

author and has not been previously submitted for examination which has led to the

award of a degree.

The copyright of this thesis belongs to the author under the terms of the United King-

dom Copyright Acts as qualified by University of Strathclyde Regulation 3.50. Due

acknowledgement must always be made of the use of any material contained in, or

derived from, this thesis.

Signed:

Date:

i



Abstract

Invasive species are widely accepted as one of the leading threats to global biodiversity.

The invasive ctenophore Mnemiopsis leidyi gained notoriety in the late 1980s when its

explosive population growth in the Black Sea – following accidental introduction via

ballast water – coincided with a drastic reduction in the stock of the anchovy Engraulis

encrasicolus in the region. M. leidyi has since been found in the coastal waters of many

European countries and is a major cause for concern in these areas.

In February 2009, M. leidyi was recorded at several offshore locations in the North

Sea raising concern among researchers regarding the widely held belief that the winter

conditions of the North Sea proper were unsuitable for the survival of the ctenophore.

The General Estuarine-Ocean Transport Model (GETM) coupled with the European

Regional Seas Ecosystem Model-Biogeochemical Flux Model (ERSEM-BFM) and a La-

grangian particle tracking individual behaviour model (GITM) are used to examine the

origin and sustainability of these overwintering M. leidyi individuals. The main results

of this research are: (i) the model suggests it is possible there exists a UK population of

M. leidyi somewhere along the English coast that has thus far gone undetected; (ii) M.

leidyi can survive in the North Sea proper the entire winter until the summer months

of July and August when conditions are most favourable for reproduction; (iii) under

current climatic conditions the model finds the reproductive capability of M. leidyi in

the North Sea proper to be minimal due to the relatively low summer temperatures and

the consequent high (juvenile) mortality. Theses results are presented with the caveat

that there remains substantial uncertainty regarding the model parameterisation which

can only be improved with further research on the species. For this reason it is ad-

visable that more effort is dedicated to investigating the factors influencing the rate of

transfer between life stages and the mortality rates of M. leidyi at lower temperatures.
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Chapter 1

Introduction

1.1 Background information

The introduction of non-native species together with anthropogenic impacts is resulting

in the loss of populations and species in almost every ecosystem on the planet (Valdés

et al., 2009; Salihoglu et al., 2011). As a result many marine ecosystems across the

world have lost their natural populations of large predatory finfish and are now being

dominated by a handful of organisms such as prawns, lobster and jellyfish (Howarth

et al., 2014). These biological changes are proving to be ecologically and economically

damaging (Simberloff et al., 2013). Also, the rate of chemical and physical change in

the marine ecosystems induced by climate change is expected to increase in the coming

decades in the absence of immediate and dramatic efforts towards climate mitigation

(National Research Council, 2011). Rising atmospheric CO2 levels have increased sea

surface temperatures and ocean stratification, reduced subsurface oxygen concentra-

tions and could eventually alter ocean circulation and nutrient dynamics (Keeling et al.,

2010). These changes will potentially have dramatic cascading effects on current marine

ecosystems, their structure, functioning and biodiversity (Doney et al., 2012).

Many recent publications claim that gelatinous plankton blooms are increasing in both

magnitude and frequency (Jackson et al., 2001; Richardson et al., 2009; Costello et al.,

2012) which, if true, could have dramatic impacts on commercial fisheries and the

tourism industry (Bax et al., 2003). Others however are sceptical of this paradigm

1



Chapter 1. Introduction 2

shift (Mills, 2001; Condon et al., 2012) and claim historical records show there have

always been “bloom and burst” cycles of gelatinous plankton density. Regardless of

how accurate these publications are, the media attention they have received cannot

be underestimated. In particular they could potentially lead to serious socioeconomic

consequences if politicians and other policymakers are influenced by public perception

rather than scientific evidence (Condon et al., 2012). Despite this attention however,

the currently available information on gelatinous species is at best fragmentary; more

fundamental research is required to better understand gelatinous species ecology and

their complex life cycles and ecosystem roles.

One particular invasive gelatinous organism which has gained a lot of media attention

is Mnemiopsis leidyi A. Agassiz, 1865, referred to hereafter as M. leidyi. Commonly

referred to as the sea walnut, this highly opportunistic ctenophore has a rapid growth

rate and high reproduction capabilities under a wide range of environmental conditions.

Native to the eastern coastal waters of North and South America, M. leidyi’s predation

on the eggs and larvae of the anchovy Engraulis encrasicolus and its competition with

the zooplanktivorous fish for food resources (Kideys, 1994) is likely to have contributed

to the major collapse of anchovy stocks in the Black Sea in the late 1980s. Whilst there

has been some discussion regarding the causative role of M. leidyi in the anchovy stock

collapse (Bilio and Niermann, 2004) – with overfishing, eutrophication and the lack of a

natural predator being cited as other contributing factors – the explosive expansion of

M. leidyi in the affected region led to the ctenophore being included in the International

Union for Conservation of Nature (IUCN) list of 100 world’s worst invaders (Lowe et al.,

2000) and made the possible introduction in other areas a huge cause for concern.

When occurring in blooms, M. leidyi has the potential to cause major pelagic regime

shifts in coastal areas which may result in the collapse of commercially important fish

populations (Reusch et al., 2010). In 2005 M. leidyi was first recorded in the North Sea

region (Faasse and Bayha, 2006) and has subsequently been recorded along the North

Sea continental coastline from France to Sweden (Antajan et al., 2014; Hansson, 2006).

These findings have alarmed the scientific community, especially as these waters are

home to of some the world’s most commercially important fish stocks and spawning

and nursery grounds (Ellis et al., 2012). These fishing grounds also share the depleted

state of fish stocks that characterised the Black Sea when M. leidyi was introduced
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(Boersma et al., 2007) and played a key role in the devastating collapse of anchovy

stock (Bilio and Niermann, 2004).

Much of the discussion in the literature regarding M. leidyi population dynamics (as

reviewed in Costello et al., 2012) is centered around the theory of source-sink dynamics

suggesting that much of the North Sea is unsuitable to sustain a year-round popula-

tion and is therefore annually re-inoculated with M. leidyi individuals when conditions

become favourable for survival. However, in 2009, the International Bottom Trawl Sur-

vey (IBTS, http://ocean.ices.dk/Project/IBTS) unexpectedly found surviving M.

leidyi individuals in open water – and has recorded a similar presence each subsequent

winter to date. There has also been research carried out at the Centre for Environ-

ment, Fisheries and Aquaculture Science (Cefas) which suggests conditions in large

parts of the North Sea may actually be suitable for overwintering M. leidyi populations

(Collingridge et al., 2014).

The spatial extent of M. leidyi populations and bloom periods in the North Sea are

unclear. Regular surveys have been conducted in coastal areas, but inadequate sam-

pling and poor conservation techniques may have underestimated the abundance or

even overlooked its presence altogether. These recent discoveries in open waters raise

questions regarding the current knowledge of the winter survival and distribution of M.

leidyi in the North Sea region and form the impetus for this thesis.

1.2 Thesis plan

The aim of this thesis is to increase understanding on M. leidyi population dynamics

by modelling the sustainability of the recorded overwintering M. leidyi populations.

A three-dimensional hydrodynamical model (GETM: General Estuarine-Ocean Trans-

port Model) coupled with an ecosystem model (ERSEM-BFM: European Regional Seas

Ecosystem Model-Biogeochemical Flux Model) is used to provide hydrodynamics and

food fields for an offline Lagrangian particle tracking model. A particle tracking in-

dividual behaviour model (GITM: General Individuals Tracking Model) – originally

designed as an extension to GETM and later modified by Dr. Johan van der Molen

at Cefas – is used to: (1) attempt to locate possible origins for the recent open water

discoveries; (2) evaluate the possibility that these individuals can survive the winter; (3)

http://ocean.ices.dk/Project/IBTS
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track their future movements and determine whether or not M. leidyi individuals from

the recorded winter locations can result in the formation of a year-round population.

These results will attempt to enhance the understanding of the population dynamics of

M. leidyi in the North Sea and locate potential risk areas where further monitoring of

the species is required. Chapter 2 of this thesis provides a succinct yet thorough review

of M. leidyi, including its life history, sensitivity to environmental factors, geographic

distribution and range expansion as an invasive species. Chapter 3 gives an overview

of the hydrographic processes of the North Sea, describes the GETM-ERSEM-BFM

model used to generate flow fields and provides a detailed description of the particle

tracking individual behaviour model that it implemented for this research. Chapter 4

summarises the sampling procedure used to collect the data which forms the basis of

the model runs and presents the results of several model simulations undertaken in an

attempt to find the origin and future location of the recent winter discoveries. Chapter

5 provides a detailed discussion of what the results mean in the context of the current

M. leidyi literature and how this work could be developed upon in the future. Chapter

6 is a conclusion to the thesis and sums up the progress that has been made as a result

of this research.



Chapter 2

Mnemiopsis leidyi in a Nutshell

2.1 The autecology of Mnemiopsis leidyi

The genus Mnemiopsis was previously divided into three species: M. gardeni [L. Agas-

siz, 1860], M. leidyi [A. Agassiz, 1865] and M. mccradyi [A.G. Mayer, 1900] but since

1994 these three putative species have been reunited as one, M. leidyi (Hansson, 2006),

with the conclusion that polymorphism is responsible for the differentiation between

species found in separate regions.

M. leidyi is a self-fertilising hermaphrodite that is native to temperate and subtropical

estuaries and coastal areas along the east coast of the Americas from New England

to Argentina. It has been discovered in temperatures ranging from 0 to 32◦C and in

salinities from <2 to 39 PSU (Costello et al., 2012). This tolerance to a wide range of

environmental conditions together with its fast feeding, growth and reproduction rates

contribute to the success of M. leidyi as an invasive species.

2.1.1 Life stages

Previous research has suggested that the ontogeny of M. leidyi can be broken down into

four distinct life history stages: egg, cydippid larva, transitional stage and lobate adult

(Sullivan and Gifford, 2004; Salihoglu et al., 2011). Spawned eggs develop a thick outer

layer within one minute of touching the seawater and embryonic development occurs

5
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completely within the egg-envelope (Purcell et al., 2001). Upon hatching, M. leidyi

round-shaped larvae are released into the water, and have two protruding tentacles

(Figure 2.1a). The cydippid larvae then progress into a transitional stage retaining

these tentacles whilst growing two small oral lobes (Figure 2.1b). Finally tentacle

bulbs resorb the tentacles and the lobate adult stage is reached (Figure 2.1c).

Figure 2.1: Life stages of the ctenophore Mnemiopsis leidyi: (a) cydippid larva,
(b) transitional stage between cydippid and lobate form, and (c) lobate adult form.

[Obtained from Rapoza et al. (2005)]

2.1.2 Feeding habits

M. leidyi has become well known for its voracious predatory capabilities (Reeve et al.,

1978; Rapoza et al., 2005) and the impact it can have on ecosystems both natively and

as an invasive species (Shiganova et al., 2001). Historical research claimed that M. leidyi

was a generalised carnivore; however most of this analysis was based solely on lobate

adults (Rapoza et al., 2005) and provided little or no information on larvae dietary

requirements – despite the fact that juvenile ctenophores may seasonally dominate

overall abundances in native and exotic regions (Kremer and Nixon, 1976; Shiganova

et al., 2001). From a functional perspective, the transition from cydippid larva to lobate

adult entails a change in prey capture mechanisms (Waggett and Sullivan, 2006). Young

larvae rely solely on tentacles containing colloblast cells which, when touched, discharge
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an adhesive substance which entraps prey. Newly hatched larvae are small and delicate

and can be damaged by organisms as small as copepod nauplii (Stanlaw et al., 1981).

The larvae are omnivorous and require microplankton prey (20-200 µm) for growth and

development (Sullivan and Gifford, 2004). As the larvae grow, consumption rapidly

increases and they quickly develop the ability to capture and retain metazoan prey

(Rapoza et al., 2005). Once the young ctenophores have progressed into the transitional

and lobate adult stages they use cilia to generate a feeding current that continuously

entrains large volumes of fluid, yet is virtually undetectable to their prey. It is this trait

which has enabled M. leidyi to become notoriously successful as an invasive species and

led to some labeling the ctenophore “the ultimate hydrodynamically silent predator”

(Colin et al., 2010). The feeding rate of adult M. leidyi rises with increasing ctenophore

size and weight thus, all else being equal, larger ctenophores could catch and digest more

food in the same time as smaller ones (Purcell et al., 2001).

2.1.3 Reproduction

M. leidyi has a high reproductive capacity which contributes to its success as an invasive

species in European waters. Combined with a short hatching time of approximately

24 hours (Purcell et al., 2001) and high hatching success (60-90%) (Jaspers, 2012)

M. leidyi can rapidly respond to favourable conditions by spawning. In line with most

planktonic ctenophores M. leidyi is a self-fertilising hermaphrodite capable of producing

viable offspring from a single adult (Planka, 1974). It possesses gonads containing the

ovary and spermatophore in their gastrodermis and begins spawning by shedding sperm

then quickly releasing oocytes into its own sperm which facilitates external fertilisation.

Spawning commences at night typically between 12:00 and 02:00 a.m. and occurs in a

wide range of temperatures and salinities. Salihoglu et al. (2011) reported that a full

life cycle from egg to adult takes approximately 17 days at a temperature of 25◦C but

can take considerably longer at lower temperatures (40 days at 15◦C) as growth and

metabolism are sensitive to temperature (Kremer, 1994; Purcell et al., 2001). Fecundity

rises with ctenophore size and egg production has been known to reach 14,000 eggs per

day in US waters (Kremer, 1976) and 12,000 eggs per day in the Black Sea (Zaika and

Revkov, 1994) but it is important to note that increased fecundity does not always

result in increased abundance (McNamara and Lonsdale, 2014). The life span of an egg

producing individual can last several months (Costello et al., 2006). The limiting effects
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of temperature, food availability and salinity on reproduction have been discussed in

previous literature (see Section 2.2) and the importance of adequate feeding in particular

has divided opinion. Reeve et al. (1989) claim that egg production is highly sensitive to

food availability citing the fact that 2-4 days of starvation can result in the termination

of egg production.

There is evidence that suggests M. leidyi is capable of both paedogenesis (sexual ma-

turity of larvae and juveniles) and dissogony (sexual maturity in two different forms,

between which a regression of gonads occurs) (Planka, 1974; Martindale, 1987). M. lei-

dyi has the ability to regenerate from fragments larger than one-quarter of an individual

(Henry and Martindale, 2000) which also favours rapid population growth.

2.2 Sensitivity to environmental factors

There is no doubt that the flexible physiology of M. leidyi is what makes it such a

viable candidate to invade many different exotic regions. That is not to say, however,

that the distribution of M. leidyi and its reproductive capabilities are not influenced

by changes in one or more of the environmental factors which are discussed below:

2.2.1 Temperature

M. leidyi has been collected from waters ranging from 0◦C in northern native locations

in the winter, to 32◦C in eastern Mediterranean waters in the summer (Shiganova et al.,

2001). This ability to tolerate a wide range of water temperatures allows M. leidyi to

habituate across a diverse geographical range that includes temperate through tropical

marine territories. It is difficult to obtain a global set of survival temperature limits

because several abiotic factors interact with one another. For example, M. leidyi was

collected from waters as cold as -1◦C in Narragansett Bay, USA where the salinity level

varies between 22 and 33 PSU (Costello et al., 2006), however it is believed M. leidyi

can not survive below ∼4◦C in the Sea of Azov where salinity is between 0 and 14 PSU

(Purcell et al., 2001). These reports suggest that low salinity levels can influence the

winter survival of M. leidyi.
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As well as survival temperature limits there is also a threshold at which temperature

impacts the reproduction capabilities. Taking into account the various different regions

where M. leidyi is present egg production is maximised between 15 and 30◦C (Purcell

et al., 2001). Costello et al. (2012) provide an excellent summary of data from reports

carried out at various sampling locations. The results highlight that often there is sam-

pling dates which have adequate temperature levels yet show very little or no evidence

of egg production. This demonstrates that optimal temperatures are seen as vital to

successful population growth but also emphasises there are other important conditions

to be considered such as salinity, food availability and the co-occurrence of a natural

predator.

2.2.2 Salinity

M. leidyi has been recorded in conditions close to freshwater in sections of the Sea of

Azov and northern Caspian Sea (Shiganova et al., 2001, 2004) and also in hypersaline

regions natively at Narragansett Bay and exotically in the Aegean Sea (Kremer, 1976;

Shiganova et al., 2004). The phenotypic plasticity of M. leidyi is highlighted by its

reaction to saline waters. Yazdani Foshtomi et al. (2007) claimed that M. leidyi is a

hyper-osmoconformer, changing the osmotic concentration of its body fluids to match

the extent of its environment. The euryhalinic nature of M. leidyi has lead to a per-

ception by some that M. leidyi populations are not constrained by salinity variations

(Reeve et al., 1989; Kremer, 1994; Purcell and Decker, 2005). Despite this notion, low

salinities can lead to smaller maximum body size (Purcell et al., 2001) and can also

reduce the winter survival of M. leidyi. Jaspers et al. (2011) claim areas with high

salinity levels such as the Kattegat appear to act as source regions for the M. leidyi

population in the central Baltic Sea, however this may be an unlikely assumption as

the Baltic Sea generally exports water and only sporadically imports water from the

Kattegat (Burchard et al., 2009). It is more likely that in fact, contrary to the findings

of Jaspers et al. (2011), M. leidyi does persist all year round in the Baltic Sea. Ex-

periments have shown that egg production rates decrease significantly with decreasing

salinity. Reproduction rates at a salinity resembling the conditions in the Kattegat (30

PSU) were over 20 times higher than those in a salinity resembling the central Baltic

Sea (6 PSU) (Jaspers et al., 2011). In contrast, Lehtiniemi et al. (2012) claim that

at salinities of 30 PSU the rate of reproduction was negligible. These results suggest
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that salinity could be an important explanatory variable when modelling the reproduc-

tion rates of M. leidyi and highlight the need for further research into the relationship

between reproduction and salinity in combination with temperature – in particular to

investigate the presence of an upper limit on reproduction in high saline waters. Only

once a well-understood causal relationship is established can salinity be meaningfully

included in reproduction modelling.

2.2.3 Prey abundance

Whilst it is true that M. leidyi is a generalist predator capable of exerting strong reg-

ulatory control on the zooplankton community (Purcell et al., 2001), it is important

to recognise that the dietary breadth of this ctenophore is life-stage dependent. Early

cydippid larvae feed almost exclusively on microzooplankton and protozoa whereas lo-

bate forms feed primarily on mesozooplankton such as copepods, mollusc larvae, eggs

and young fish larvae (Sullivan and Gifford, 2004). The availability of microzooplank-

ton can determine the magnitude of larval survivorship, growth and their subsequent

recruitment into mesozooplankton-feeding adults (McNamara et al., 2013). Field data

from McNamara et al. (2013) conveyed a strong top-down control of microplankton and

mesozooplankton during peak abundances of larval and adult M. leidyi, respectively.

Furthermore, a significant reduction of mesozooplankton by adult M. leidyi released

certain microplanktonic taxa from predation pressure which resulted in a cascading

effect on microplankton abundances, enhancing prey conditions for larval ctenophores.

Understanding the different nutritional requirements of each stage may have important

ecological consequences. Population models should acknowledge the fact that overall

growth can be curtailed if cydippid larvae have an inadequate supply of prey available,

irrespective of the abundance of lobate prey.

Despite recent research by Rowshantabari et al. (2012) showing that the quantity of

food digested by M. leidyi at 27◦C was twice the quantity recorded at 12◦C, Salihoglu

et al. (2011) and Anninskii and Abolmasova (2000) agree that high growth rates under

high temperatures can only be reached if the food sources of both larval and adult

M. leidyi are not limited (i.e. 25mg Cm−3 and 90mg Cm−3 mesozooplankton and

microplankton respectively). Only, therefore, when growth conditions are favourable
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for all stages are the high overall population growth rates associated with population

blooms likely to be found.

2.2.4 Predation

The abundance of M. leidyi can also be regulated by influential predators. There is

a broad selection of predators known to consume M. leidyi, including vertebrate and

gelatinous predators (Mianzan et al., 1996; Purcell et al., 2001). Beroe ovata is a pelagic

ctenophore that shares a native region with M. leidyi in Chesapeake Bay, USA. B. ovata

can strongly influence M. leidyi abundance patterns and its accidental introduction to

the Black Sea is thought to have had a regulatory effect on the expanding M. leidyi

population which had devastated fish stocks in the region (Shiganova et al., 2001).

Despite the rapid population growth potential of M. leidyi, predators such as B. ovata

and the carnivorous jellyfish Chrysaora quinquecirrha have the ability to reduce M.

leidyi biomass in native waters in even the most favourable food and temperature

conditions for the ctenophore (Condon and Steinberg, 2008).

Much of the literature appears to focus on the predation by gelatinous species (Purcell

and Cowan, 1996; Purcell and Decker, 2005; Condon and Steinberg, 2008) but there is

some evidence of fish also preying on M. leidyi. Oviatt and Kremer (1977) hypothesised

that the predation by the butterfish Peprilus triacanthus may account for the autumn

decline of the M. leidyi population in Narragansett Bay. The interactions between

ctenophores and fish can have positive and negative effects on commercially important

fish populations. Whilst M. leidyi has been known to predate on fish eggs and larvae

and provide potential competition for food, there are also records of other ctenophores

having a commensal relationship with young fish (Purcell and Arai, 2001). These results

suggest that there is a need for fish-stomach research in areas with known M. leidyi

abundance to improve knowledge on predation.

M. leidyi invasions have caused particular devastation in regions without other gelati-

nous predators such as the Black and Caspian Seas (Purcell et al., 2001). The situation

was partly alleviated following the introduction of B. ovata and it is believed that native

predators such as Pelagia noctiluca, Cyanea capillata, Beroe gracilis and Beroe cucumis

in the North and Baltic Seas are important in controlling the invasive ctenophore (Hosia

and Titelman, 2010). P. noctiluca is potentially an important predator of M. leidyi in
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the northwest Mediterranean as it has been known to consume other gelatinous species

and forms blooms at the same time as M. leidyi (Tilves et al., 2013).

2.3 Geographic distribution

Temperate and subtropical coastal regions have seasonal temperature fluctuations which

can dramatically effect M. leidyi populations. The entire life cycle of M. leidyi is plank-

tonic and does not include any specialised overwintering or benthic stages (Costello

et al., 2006). This means that in native and invaded regions when temperatures fall

and M. leidyi reproduction decreases, there is no way to replace the losses by advective

flows to open water where flushing rates may be higher (Abdelrhman, 2005) and water

temperatures are lower. This in turn leads to the local disappearance of M. leidyi in

the non-reproductive winter months. Furthermore, because ctenophores are holoplank-

tonic, survival of larvae directly influences the population dynamics of adult M. leidyi

blooms. There are, however, low advection regions in invaded waters where overwin-

tering M. leidyi persist all year round (Kube et al., 2007; Viitasalo et al., 2008). These

sub-populations are often referred to as source regions. By contrast, the areas which

repeat the annual cycle of local population elimination in the winter months followed by

re-inoculation in the warmer months are known as sinks (Costello et al., 2012). Local

circulation currents provide the delivery method from source to sink regions and M.

leidyi is able to re-establish itself when conditions promote growth and reproduction.

Source-sink dynamics are vital to the persistence of M. leidyi in both its native and

invaded habitats (Purcell et al., 2001; Costello et al., 2006). In Narragansett Bay it was

found that M. leidyi was present in inshore waters all year round (Costello et al., 2006).

These interior waters have long hydrographic retention periods (Abdelrhman, 2005) and

serve as a refuge for overwintering populations until temperature and prey conditions

become favourable for reproduction (Beaulieu et al., 2013). The high reproductive

capability of M. leidyi then leads to seasonal recolonisation as the species propagates

throughout the entire bay. Temperature appears to be of overriding importance in

determining conditions suitable for the population increase and expansion of M. leidyi

(Huwer et al., 2008).
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Reusch et al. (2010) found that the M. leidyi populations recorded in Eurasia are the

result of at least two distinct invasions. It is believed those found in the Baltic and

North Seas were introduced directly from native regions and are independent of those

recorded earlier in the Black Sea and surrounding areas – this is illustrated by the

transport routes in Figure 2.2. The entire Southern European metapopulation is of

Gulf of Mexico origin and can be grouped together in one genetic cluster (Bolte et al.,

2013). Furthermore, the greater allelic richness in populations from the Black Sea

compared to those from the Caspian and Mediterranean Seas suggests the Black Sea

is the source region from which a stepping-stone scenario has lead to local populations

being established in the surrounding areas.

Genetic analysis has also been used to demonstrate the dynamics of the Northern

European populations. The stable genetic diversity over a number of years between the

populations in the North Sea and western Baltic Sea indicate successful recruitment

took place in both regions and both populations are self-sustaining (Bolte et al., 2013),

however an alternative hypothesis may be that the species have evolved to adopt to the

varying conditions in which they are found. The former argument is backed up by the

findings of Antajan et al. (2014) which suggest there were multiple and simultaneous

introductions of M. leidyi in the main harbours of Northern Europe, most likely by

means of ballast water transport.

2.4 Vertical distribution

Despite its considerable ecological importance, the research on spatial distribution pat-

terns of M.leidyi is still in its infancy. In particular, the vertical distribution patterns

of established M. leidyi populations are seldom described and when mentioned the

factors determining the distribution are not well defined. The overall vertical distri-

bution pattern of M. leidyi was described as “somewhat confusing” when reviewed by

Mianzan et al. (2010). Often there are several factors impacting the organism’s dis-

tribution simultaneously which makes it difficult to determine what exactly is causing

the organism to vertically migrate. Water depth and degree of vertical stratification

not only appear to be influential (Purcell et al., 2001), but may also reflect a range of

behavioural responses within local populations (Mianzan et al., 2010). In the Black Sea
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the majority of M. leidyi are located above the pycnocline across the entire day but evi-

dence of vertical migration within the perceptible upper water layers has been recorded

(Mutlu, 1999). In shallow, vertically stratified waters, such as the native Chesapeake

Bay, M. leidyi was also found above the pycnocline both night and day (Purcell et al.,

1994). In vertically homogeneous habitats such as the Pamlico Sound (USA), M. lei-

dyi was dispersed throughout the water column during the night but aggregated near

surface during the day (Miller, 1974). M. leidyi can dramatically alter their vertical

position over a period of less than an hour (Costello and Mianzan, 2003). Miller (1974)

observed that M. leidyi retreated from surface layers during periods with high surface

winds and choppy sea conditions. Subsequent research by Mianzan et al. (2010) sug-

gest low vertical sheer levels represent a necessary, but not sufficient, condition for high

concentrations of M. leidyi to occur in surface waters.

Haraldsson et al. (2014) reported some cases in the Baltic Sea where small and medium

sized M. leidyi migrated upwards an average distance of over 10m per day whilst the

largest individuals seemed to remain in deeper water without migrating. Theoreti-

cal models for other planktivorous species suggest different optimal strategies between

growth and survival depending on life stage, where small individuals tolerate high pre-

dation risk in shallow and more illuminated waters in order to achieve sufficient feeding

and growth rates (Giske and Aksnes, 1992; Rosland and Giske, 1997). As fecundity in-

creases with ctenophore body size, perhaps M. leidyi reaches a size whereby optimum

population expansion is achieved solely by reproduction at deeper water levels, where

higher salinities and slightly lower temperatures are found, without risking predation

at the surface. The fact that the same diel vertical migration was not detected by

Haraldsson et al. (2014) at some of the other sampling locations suggests that vertical

distribution is controlled by more than one factor.

The influence of light sensitivity on ctenophore migration divides opinion as light sensing

organs have not been identified within the phylum (Graham et al., 2001). Despite this,

spawning of M. leidyi does occur a few hours after sunset so it it may be unwise to

completely rule out sensitivity to light as a factor governing diel vertical migration in

M. leidyi. It may be the case that light sensitivity is a confounding factor and the

perceived avoidance of light is actually a reflection of predator avoidance. There is

evidence in both native and exotic waters that predator presence appears to alter M.

leidyi’s swimming direction and speed (Kreps et al., 1997; Titelman et al., 2012).
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During winter and spring in the Baltic Sea when the species was found in low den-

sities and a high proportion of adults were present, the bulk of the population was

concentrated in bottom waters (Javidpour et al., 2009a). Afterwards, with the rising

temperatures and the slight development of vertical stratification, the population grew

and was dominated by a higher proportion of larval stages, and the bulk of the pop-

ulation shifted towards the upper layers. This may concur with the earlier hypothesis

that young, smaller ctenophores are more inclined to risk predation in the upper water

layers as they seek maximum growth potential however whether or not this result stems

from the fact the adult M.leidyi migrated downwards or that simply those in the upper

layer died off is not clear.

Kube et al. (2007) found that M. leidyi occurred in the central Baltic Sea during

the winter months below the permanent halocline, where temperatures do not fall

below 4◦C. It is possible that the stratification of the water column in the Baltic Sea

due to salinity and temperature differences in the surface and bottom water layers

might provide an overwintering refuge for M. leidyi. Mianzan et al. (2010) also claimed

vertically stratified waters appear to contain higher abundances than unstratified ones.

Conversely Huwer et al. (2008) found that low salinity was a major factor limiting the

population expansion in the Baltic Sea. Strong stratification may therefore act as a

physical barrier which restricts population growth (Haraldsson et al., 2014). M. leidyi

has shown a great tolerance to low dissolved oxygen concentrations (Purcell et al.,

2001) and so the threat of hypoxia is probably not a major restriction on population

expansion. In some instances when dissolved oxygen concentrations are not lethally low,

they can allow M. leidyi to feed better than other organisms with which it competes

for food resources because it is able to withstand the low dissolved concentration levels

and consume planktonic prey in hypoxic waters that others may avoid (Purcell et al.,

2014).
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2.5 The range expansion of Mnemiopsis leidyi in Euro-

pean shelf seas

M. leidyi was first located in Europe in inshore waters of the Black Sea in 1982 (Pere-

ladov, 1988). It wasn’t until 1988 that it began to encompass much more of this area

(Vinogradov et al., 1989) and by autumn 1989 it reached peak abundance with a den-

sity of 304 individuals m−3 (Purcell et al., 2001). There was then a steady decrease

in numbers and biomass until the summer of 1993. Another peak in abundance was

recorded in the autumn of 1994. Although the second outbreak did not reach the lev-

els of the original one, greater biomasses were recorded in inshore waters compared to

those in 1989. A third peak was measured in 1998 which led Purcell et al. (2001) to

claim a marked inter-annual variation in the abundance of M. leidyi in the Black Sea as

a result of environmental factors and food availability (Shiganova, 1998). In its native

environment M. leidyi populations exhibit long term fluctuations in their density and

Kremer (1994) noted that the pattern of varying year to year abundance in the Black

Sea appeared to resemble this. In native waters, this interannual variation in population

size has been attributed to interannual variation in spring-time temperatures (Purcell

et al., 2001), variations in zooplankton biomass (also linked to temperature) (Kremer,

1994) and predator abundance (Kremer and Nixon, 1976).

During the late 1980’s M. leidyi from the Black Sea moved into the adjacent basins

(Figure 2.2). It was first detected in the Sea of Azov in the summer of 1988 and has

bloomed there every year since between summer and early autumn. M. leidyi was first

found in the southern area neighbouring the Kerch Strait and later it spread through

the Sea of Azov and reached peak biomass around August/September. It is believed

the organism cannot survive the low temperatures observed in the Sea of Azov during

the winter months and therefore must be re-introduced annually through the Kerch

Strait (Purcell et al., 2001). The year-to-year fluctuations in the timing and extent of

the dispersion into the Sea of Azov depends on wind driven currents (Volovik et al.,

1993). Despite having the potential to achieve substantial population biomass, M. leidyi

remained relatively small (1.5-2.5cm) in the Sea of Azov (Purcell et al., 2001). This

may be due to the constant re-introduction of new young organisms as the population

dies out during the winter months or may be a consequence of the organisms allocating

resources to reproduction as a more efficient means of sustainability than growth.
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In 1989, M. leidyi spread to the Sea of Marmara via the Bosporus Strait where, unlike

the Sea of Azov, it occurs all year round in the upper water layer. The following year

it advanced to the Mediterranean Sea where it was first identified in the Aegean Sea

(Shiganova, 1998). M. leidyi has been recorded in low densities in the spring, summer

and autumn months. Conditions in the spring and autumn seem favourable for M.

leidyi with temperatures not exceeding 26◦C but more noteworthy is that it has been

detected during the summer months when temperatures are much greater and salinity is

consistently around 39 PSU. Today a wide distribution of M. leidyi across these waters

remains and indicates established permanent populations throughout southern Europe.

More recently there has been a series of discoveries in northerly European waters. In

November 2005, M. leidyi was first recorded in the Baltic Sea and is now thought

to be widespread there (Javidpour et al., 2009b). The first records of its occurrence

in the North Sea were in 2006 when Faasse and Bayha (2006) confirmed via genetic

analysis the presence of M. leidyi in two different estuarine regions along the Dutch

coast. (Faasse and Bayha, 2006) claim there is a high possibility M.leidyi was present

in these waters for more than ten years before this discovery but had been misidentified

as Bolinopsis infundibulum. This cold water lobate ctenophore had recorded unusually

high numbers in the summer months in warm waters since 1992 (Holsteijn, 2002) and

it is now thought these blooms may have been M. leidyi. These large populations in

the southern North Sea are possibly the source for the M. leidyi discoveries in the

Skagerrak (Hansson, 2006). The first record of M. leidyi in French waters (Le Harve

Harbour, 2005) coincided with the initial discovery in the northern part of the North

Sea (Antajan et al., 2014), however it wasn’t until September 2009 that the species was

actually recorded in French North Sea water.

By the end of 2006, M. leidyi had spread to the coastal waters north and south of

Denmark (Tendal et al., 2007). It was first observed in Limfjorden (Denmark) in 2007

and is believed to have been transported there by ballast water from the North Sea

via the Thybøron Kanal. The mass occurrence recorded in the late summer of 2007

(Riisg̊ard et al., 2007) showed densities reaching more than 800 individuals m−3 in the

innermost parts of Limfjorden (Riisg̊ard et al., 2011) – greater than the peak abundances

recorded in the Black Sea at the time of the anchovy collapse.

In 2009, weekly measurements were taken in the western Dutch Wadden Sea and it was

discovered that M. leidyi was present all year round in these waters (van Walraven et al.,
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2013). In contrast to the single peak in abundance usually recorded around September

in its native range, M. leidyi saw several peaks throughout the year in the Wadden Sea

– all of which were dominated by small (<20mm) ctenophores – suggesting the Wadden

Sea may be a sink region (Costello et al., 2012) which is continually re-inoculated by

waters along the Dutch coast.

In a study of the Belgian part of the North Sea M. leidyi was recorded continuously

between June 2010 and March 2011 despite water temperatures becoming as low as

2◦C (Van Ginderdeuren et al., 2012). M. leidyi was also found in high numbers in

some of the Zeeland estuaries as part of the Interreg MEMO (Mnemiopsis Ecology and

Modelling: Observation of an invasive comb jelly in the North Sea) project, in October

2012 (L. van Walraven, pers.com.). It is thought the presence of M. leidyi could have

a substantial negative effect on the abundance of sole which spawns from April to

September (Munk and Nielsen, 2005) due to the overlap between the M. leidyi blooms

and the sole larvae in the water column. There are also concerns that the species could

have a detrimental effect on the economically important oyster farm in the Sluice Dock

at Ostend as it competes with oysters for planktonic food resources.

Since 2009, blooms of M. leidyi have also been identified in the waters of Israel (Galil

et al., 2009), Italy (Boero et al., 2009), Spain (Fuentes et al., 2010) and Sweden (Hosia

and Titelman, 2010) and is now a great cause for concern for most European countries.

2.6 Mathematical models of Mnemiopsis leidyi popula-

tions

A first attempt at developing a predictive spatial model was undertaken by Siapatis

et al. (2008) to identify areas in the Greek seas and the entire Mediterranean basin

that could serve as a potential habitat for the species. General additive models (GAM)

with a binary presence/absence response variable were applied to M. leidyi presence

data and satellite environmental data from the Aegean Sea. The results showed a high

degree of interannual variability in the northern Aegean Sea – similar to the earlier

findings from the Black Sea (Purcell et al., 2001). The results also showed that river

outflows influenced by human impact resulted in increased nutrients and a subsequent

increase in zooplankton populations which benefited M. leidyi population expansion.
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There was a higher probability of M. leidyi in warmer more stratified waters and a

contrasting spatial occupation of M. leidyi and anchovy eggs. The potential of similar

predator-prey overlapping in northern European waters is what makes M. leidyi such

a concern in these regions.

The population abundance of M. leidyi recorded at the beginning of the year is highly

dependent on the environmental conditions of the preceding winter and not on the

numbers recorded the previous year (Knowler, 2005). To fully appreciate the impor-

tance of these environmental factors and attempt to disentangle the interplay between

them it is necessary to construct a suitable population model. A good illustration of

how each factor in isolation can not possibly tell the full story is provided by Costello

et al. (2012). In the summer at Chesapeake Bay, the low and high saline waters serve

as a refuge to M. leidyi from predation by C. quinquecirrha, which prefers salinities of

10-25 PSU. In this case the ctenophore benefits from its wide tolerance to salinity and

can be abundant in lower salinities than what are regarded as optimal conditions.

At the time of writing it is believed there is currently only one available individual

based population dynamics model of M. leidyi available for review (Salihoglu et al.,

2011). This deterministic simulation model was designed with a view to analyze the

influence of temperature and food availability on M. leidyi reproduction and blooms

in the Black Sea. The stage resolving model considers detailed mass and population

growth dynamics of four stages of model-ctenophore. The model is stage-dependent –

incorporating the different growth characteristics of egg, juvenile, transitional and adult

stages – as a consequence of research by Sullivan and Gifford (2004) who highlight three

distinct life stages in the development of larvae. Given the vastly differing feeding habits

of cydippid and lobate forms discussed in Section 2.1.2, the stage resolving aspect of

this model is a necessity. A detailed overview of the parameterisation of this stage

resolving life cycle model is provided in Salihoglu et al. (2011). The results imply a

strong temperature control on the biomass of all life stages and also the strong capability

of mesozooplankton abundance to control the adult ctenophore biomass.

Following research from Kremer (1976) and Kremer and Reeve (1989), the feeding rate

of adult M. leidyi – unlike many plankton-feeding animals – is independent of prey

concentration and is instead modelled as a function of temperature and organism size.

The feeding rate equation contains a negative exponential coefficient to incorporate the
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trend of decreasing weight-specific clearance rate (amount of water cleared per individ-

ual per unit time) with size and another coefficient to convey the increased feeding rates

at higher temperatures. Kremer and Reeve (1989) highlighted a considerable effect of

prey concentration on the clearance rate of smaller ctenophores (<1 mg C) so for tran-

sitional stage ctenophores that are less than 1 mg C in biomass, the adult clearance rate

is adjusted empirically to reflect this effect. The juvenile clearance rate is estimated

by a linear relationship developed by Sullivan and Gifford (2004) that incorporates the

length of the ctenophore. Grazing rates define the amount of ingested food per day

in relation to the biomass of an individual ctenophore of any stage. Grazing rates

are stage-dependent and related to food concentration and the time taken for transfer

to the next stage is then linked to this grazing rate. Egg production increases with

ctenophore size (Purcell et al., 2001) and for this reason adult reproduction rates are

dependent on ctenophore mass together with temperature and food concentrations.

The assimilation efficiency rate of 72% used in the grazing rate equations was origi-

nally determined for adult M. mccradyi – subsequently defined to be the same species

as M. leidyi – at “ecologically reasonable food levels” (Kremer, 1976). Kremer and

Reeve (1989) found that if the ctenophores continue to feed at high prey concentra-

tions, incoming food is only partially digested and the assimilation efficiency decreases

substantially. For this reason the adult assimilation efficiency is assumed to vary with

food concentration. The assimilation efficiency of juvenile ctenophores is not known

and could be the source of some empirical research in the future. In this model it is set

to a constant rate of 75%. Sensitivity analysis later finds that a small change (±10%)

in the assimilation efficiency can have a dramatic effect on the biomass levels that are

produced by the model – suggesting this parameter requires future targeted research.

The model assumes that all adults can reproduce and that immediately after transfer

from the transitional stage only 1% of unmetabolised assimilation is designated to re-

production. As the ctenophore grows, this fraction increases exponentially, reaching

100% when the maximum size attainable in the growth model is achieved. This rela-

tionship is questionable as there is a known M. leidyi population in the Sea of Azov

with no ctenophores large enough to be considered adults. More targeted research into

the allocation of resources between growth and reproduction may shed some light on

this issue.
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Augustine et al. (2014) found that physiological rates start to deviate from the Arrhe-

nius relationship around 12◦C. This agreed with previous research which showed the

rate of change in clearance rate as a consequence of increasing the temperature (Q10

coefficient) in the range from 12-20◦C was higher than that between 20-27◦C, suggest-

ing the relationship across the scale is not strictly linear (Rowshantabari et al., 2012).

Thus using a constant Q10 coefficient is not the best method to use when comparing

growth rates spanning large temperature ranges.

Observations on mortality of different life stages of M. leidyi are very limited and as

a result the model of Salihoglu et al. (2011) assumes constant mortality rates for eggs

(99% per day), juveniles (95% per day), transitional stage ctenophores (30% per day)

and adults (2% per day). It is questionable, however, that these mortalities are reported

correctly in the paper, as an attempt to reproduce the results of the reference run in

Salihoglu et al. (2011) with a simplified version of the model required mortality settings

of 70% per day for eggs, and 22% per day for juveniles (van der Molen et al., 2015).

Mortality is a key aspect of population modelling and can be broken down into three

main components: starvation induced mortality, advection based mortality and preda-

tion based mortality. As the model is zero-dimensional, any potential lack of habitat

connectivity and losses as a result of drifting to unfavourable regions are unaccounted

for. Predator-based mortality will vary depending on the region being investigated

and also the time of year. More empirical research is required on known predators of

M. leidyi to facilitate the development of novel approaches to estimate predator-prey

overlaps and the threats posed to M. leidyi.

In the North Sea, temperature and salinity are not usually considered constraints

on survival due to the high tolerance of M. leidyi to environmental factors however

(Collingridge et al., 2014) found that its distribution is limited by winter temperatures

in some places. That being said, the results showed that food availability was the

key factor which limited winter survival and restricted the overwintering population.

Finenko et al. (2014) found that water temperature and individual body weight have a

minor effect on feeding intensity in the Black Sea and that the abundance of prey is the

limiting factor affecting the quantity of consumed food. M. leidyi has only been found

where mesozooplankton concentrations exceed 3mg Cm−3 (Fuentes et al., 2010), so

this value was used when modelling the suitability of conditions for M. leidyi survival.

Given that there is evidence of M. leidyi withstanding starvation (Purcell et al., 2001;



Chapter 2. Mnemiopsis leidyi in a Nutshell 23

Oliveira et al., 2007), it may well be the case that the ctenophore can survive at food

levels below this threshold. To date, no experiments have investigated the survival of

M. leidyi at very low food concentrations but slowed metabolism at lower winter tem-

peratures means food requirements are likely to be lower (Purcell et al., 2001). If M.

leidyi could survive at lower food concentrations for longer periods then the sensitivity

analysis carried out by Collingridge et al. (2014) suggests the suitable overwintering

area of the North Sea would be increased.

Knowler (2005) claims that M. leidyi ingests its prey in an approximately linear pro-

portion to prey abundance over a wide range of population densities. Observations

regarding density dependence are very limited and this may also be an area for future

research. No previous research to date explores the possibility of population density

being a limiting factor but it may well be worth confirming that this condition can

be excluded from any future models. There has been some very recent research us-

ing Dynamic Energy Budget (DEB) theory showing that, because M. leidyi has a low

reserve capacity, one day of starvation will affect different sizes of ctenophore very dif-

ferently. The belief is the impact of one day of starvation on a large individual is much

greater than the comparable effect on a small individual (Augustine et al., 2014). This

hypothesis suggests that smaller individuals may be more likely to overwinter.

A cohort experiment by Jaspers (2012) found that in the early stages of development

energy is primarily allocated towards growth. This trend continues until the larvae

enter the transitional phase and begin to form lobes. At this point the growth rate

is significantly reduced and energy allocation is focused more towards egg production.

These findings suggest the transfer of allocation happens earlier than what is suggested

by the Salihoglu et al. (2011) model. According to Augustine et al. (2014), M. leidyi

appears to undergo a so-called metabolic acceleration after hatching. In some cases the

onset of this acceleration appeared to be delayed but there is no evidence yet as to why

this might be the case. One hypothesis is that the onset of metabolic acceleration might

be triggered by an environmental factor and that delaying it until food and temperature

conditions are more favourable could help surviving periods without much food. This

would be a highly ecologically relevant feature as the results appear to show that small

larvae can last a very long time at low food levels and more effort should be dedicated

to understanding energy allocation.
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In order to monitor and predict the invasion success of M. leidyi it is important to have

an individual behaviour model that simulates the life-cycle of M. leidyi as accurately as

possible. This model can then be coupled with ecosystem and hydrodynamical models

to effectively assess potential impacts on the marine environment. It is therefore vital

that hydrodynamics of the area in which this model will be run – in this case the

North Sea – are fully understood in order to make sense of the results obtained from

the individual behaviour model. For this reason Chapter 3 provides an overview of the

North Sea hydrography and then describes the biogeochemical model which is used to

simulate the hydrography and plankton dynamics of the study area.



Chapter 3

How The North Sea and

Mnemiopsis leidyi are Modelled

In order to effectively simulate M. leidyi populations in the North Sea it is important to

understand both the hydrography of the subject area and the underlying processes of the

physical and individual behaviour models used. Section 3.1 of this chapter provides an

brief summary of the North Sea hydrography and an overview of the hydrodynamical

model used in this study. Section 3.2 provides a detailed description of the particle

tracking individual behaviour model (GITM) that was implemented for this research

with particular focus on the biological extension and how it enables populations of M.

leidyi to be simulated over time and space.

3.1 Hydrographic processes of the North Sea

3.1.1 Overview of the North Sea hydrography

The North Sea is a shallow shelf sea adjacent to the North Atlantic that borders Norway,

Denmark, Sweden, Germany, Netherlands, Belgium, France, England and Scotland. It

is one of the most intensely investigated sea areas in the world largely due to its impor-

tance for marine shipping, fishing, oil and gas extraction and tourism (Paramor et al.,

2009). More recently it has also become an important area for renewable installations

such as wind farms.

25
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The North Sea is more than 970km from north to south and 580km from east to

west, with a surface area of roughly 750,000km2. The majority of the North Sea is

shallower than 200m – the mean depth is around 80m (Sündermann and Pohlmann,

2011) – although it also contains the Norwegian Trench and the Skagerrak Strait at

the southern end of Norway which have depths of up to 400m and 700m respectively

(Rodhe, 1987). One of the most prominent features of the North Sea is the Dogger

Bank, which has a water depth of 30m and is separated from the Norfolk Banks to the

southwest by the Silver Pit (van der Molen et al., 2015). The Oyster Grounds, with

depths of 40-50m, are situated southeast of the Dogger Bank. The Southern Bight is

situated further south, and consists of a deep channel in the west (around 50m) and a

shallow area (typically less than 30m) in the east (Figure 3.1).

Brown et al. (1999) provides a synopsis of the surface currents of the North Sea and

concludes that a large anti-clockwise gyre rotates around the basin and influences the

entire region. There are three northerly oceanic inflows to the North Sea: the Fair

Isle Current, the East Shetland Atlantic Inflow (ESAI) and the North Atlantic Current

which flows down the western slope of the Norwegian Trench and provides the main

inflow into the North Sea (Turrell et al., 1996). There is also a smaller, warmer and

more saline inflow in the southwest via the Strait of Dover which originates from the

Atlantic Ocean and passes through the English Channel (Paramor et al., 2009). Water

primarily leaves the North Sea northwards via the Norwegian Coastal Current. The

source and volume of water entering the North Sea is highly variable between seasons

and years (Paramor et al., 2009). Precipitation influences the salinity of the North Sea

and its seasonal variability both directly and via continental discharge (Sündermann

and Pohlmann, 2011).
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Figure 3.1: Map of the North Sea region. [Obtained from Halava (2010)]
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Temperature and salinity determine the density of the sea water and the structure of

the water masses. The dominant physical division of the North Sea is conveyed by

classifying three key regions:

1. Southern Bight (51-54◦N) with water depths of less than 40m;

2. Central North Sea (54-57◦N) with water depths of 40-100m – except for the

shallow areas on the Dogger Bank and along the western coast of Denmark;

3. Northern North Sea (north of 57◦N) including an area of shelf water 100-

200m deep, and the Norwegian Channel with water depths from 200-700m in the

Skagerrak between Denmark and Norway.

A thermal stratification occurs in the deeper northern and central parts of the North

Sea during the calmer, warmer months of summer (from May until October) when the

heating of surface water causes a two-layer system with a sharp interface, the thermo-

cline, which remains until early autumn (Brown et al., 1999). In autumn and winter

this stratification breaks down as a consequence of reduced surface heating and tidal,

wind and wave induced mixing. The two-layer system then reduces to a vertically well

mixed water column of uniform temperature. Under stratified conditions, a subsur-

face jet induced by density differences transports water around the north, east and

southeast slopes of the Dogger Bank into the Oyster Grounds (Brown et al., 1999; Hill

et al., 2008). Conversely, with the exception of coastal regions of fresh water influence,

the shallow southern North Sea is permanently vertically mixed as a result of strong

tidal currents flowing through the relatively shallow water (Sündermann and Pohlmann,

2011).

Salinity ranges from approximately 29 PSU in the southeastern North Sea, where a

large volume of fresh water runs off the continental land mass, to more than 35 PSU

in the north-west, where oceanic Atlantic water enters the North Sea (Mackinson and

Daskalov, 2007). The average temperature range for waters in the North Sea in winter

is 3-8◦C. In the summer the average temperature range for the northern and central

North Sea is 6-10◦C for bottom waters and 12-14◦C for surface waters. In the well mixed

southern North Sea both surface and bottom summer water temperatures are 16-19◦C.

The sea surface temperatures in the North Sea follow a strong annual cycle. They

are primarily affected by heating by the sun and heating/cooling through contact with
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the air, which is accentuated during high wind conditions. They are also influenced

by the mixing of surface water with deep water caused by wind or tidal currents in

shallow areas; by the inflow of freshwater, in particular cold water following the spring

melting of ice and snow; and by the temperature of water entering from the Atlantic

and Channel (Paramor et al., 2009).

The temperature of bottom waters (those near or on the sea bed) tends to be more

stable than that on the surface. It is largely affected by the water bodies entering the

North Sea from the Atlantic Ocean. Cold water flows into the northern North Sea and

remains below the surface mixed layer. In the southern North Sea warmer water enters

the southern basin via the English Channel. The shallow nature of the southern basin

and the English Channel and the strong tidal flows mean that this region is well mixed

and bottom water temperatures follow those of the surface waters. The temperature of

surface waters varies more than the temperature of deeper waters as they are exposed

to atmospheric forcing. This means that there is more ‘disturbance’ in these areas and

the organisms need to be tolerant of a wide range of temperatures.

One of the most spatially complete surveys of North Sea temperature undertaken in

1976 found evidence of a pool of cold, dense bottom water north of the Dogger Bank

in summer, with August surface to bottom temperature differences of 12◦C (Harding

and Nichols, 1987). A later survey reported by Gmitrowicz and Brown (1993) revealed

surface to bottom temperature differences of 7◦C which correspond more closely to

the long term average in the area. Interestingly, salinity varied at most by 0.62 PSU

across the entire Dogger Bank region indicating that variations in the density field in

the North Sea are controlled almost exclusively by temperature (Brown et al., 1999).

A similar baroclinic feature, the Dooley Current, is found in the northern North Sea

where a geostrophic jet driven by density differences follows a 100m contour around the

Fladen Ground (Turrell et al., 1992; Brown et al., 1999).

These baroclinic features are critical to the understanding of North Sea hydrography

and must therefore be represented by a hydrodynamic model in order to allow us to

simulate the transport, connectivity and population dynamics of M. leidyi at the scale

of the North Sea.



Chapter 3. How The North Sea and Mnemiopsis leidyi are Modelled 30

3.1.2 Coupled hydro-biogeochemical model (GETM-ERSEM-BFM)

The General Estuarine Transport Model (GETM, see www.getm.eu) is coupled with

the European Regional Seas Ecosystem Model - Biogeochemical Flux Model (ERSEM-

BFM, see www.nioz.nl/northsea_model) to produce hydrodynamics and food fields

which are used to drive an offline particle tracking model. This hydro-biogeochemical

model generates fields which are saved every hour, recording physical parameters (such

as temperature and salinity), currents data, sea surface elevations and plankton dy-

namics which allow the creation of food fields.

GETM is a public domain, three-dimensional finite difference hydrodynamical model

which solves three-dimensional partial differential equations for conservation of mass,

momentum, salt and heat. GETM incorporates the General Ocean Turbulence Model

(GOTM, see www.gotm.net) which is a one-dimensional model that provides vertical

turbulence structure. The geographical domain of the model extends between 48.5◦-

60.0◦N latitude and 5.15◦W-16.2◦E longitude. Spherical coordinates are used in the

horizontal plane, while general coordinates are used in the vertical (equidistant in shal-

low water and contracted near the surface and the seabed in deep water). The model

grid is 6 nautical miles (approximately 10km) in the horizontal and 25 sigma layers are

used in the vertical.

The model can implement the inflow of fresh water and describes the development

of stratification in the domain both as a result of salinity and temperature gradients.

Regions of Freshwater Influence (ROFI) are noticeable along the Dutch, German and

Danish coasts due to riverine inflow. Some freshwater outflow out of the Skagerrak and

along the Norwegian coast is also visible. Open model boundaries are located to the

north (between the North Sea and North Atlantic), the south (at the English Channel),

and to the east (where the Kattegat meets the Baltic Sea). The shallow water equations

are solved on an Arakawa C-grid whilst lateral boundary conditions are represented by

a land mask on the horizontal numerical grid. Elevations and currents, derived from

a shelf-wide barotropic model driven by Topex-Poseidon satellite altimetry data, are

prescribed at the open boundaries using a Flather boundary condition.

The ERSEM-BFM version used in this thesis is a development of the model ERSEM III

and describes the dynamics of the biogeochemical fluxes within the pelagic and benthic

environment. The ERSEM-BFM model simulates the cycles of nitrogen, phosphorus,

www.getm.eu
www.nioz.nl/northsea_model
www.gotm.net


Chapter 3. How The North Sea and Mnemiopsis leidyi are Modelled 31

silica, carbon, and oxygen and allows for variable internal nutrient ratios inside organ-

isms, based on external availability and physiological status. Plankton dynamics are

parameterized by considering a number of plankton functional groups, each represent-

ing a class of taxa. These plankton functional groups are sub-divided into producers

(phytoplankton), consumers (zooplankton), and decomposers (bacteria). These broad

functional classifications are further partitioned into functional subgroups to create a

planktonic food web (e.g. diatoms, picophytoplankton, microzooplankton, etc.). From

a mathematical point of view, the BFM is a set of ordinary differential equations de-

scribing the time rate of change of a number of biogeochemically active tracers. The

BFM structure is flexible and modular, so that the number, type and properties of the

functional groups can be easily modified and different model configurations can be used

to focus on different aspects.

For more information on GETM see Burchard and Bolding (2002) and www.getmeu. For

details on ERSEM-BFM see Vichi et al. (2007) and www.nioz.nl/northsea_model and

for recent applications see Lenhart et al. (2010), van Leeuwen et al. (2013) and van der

Molen et al. (2013). This coupled model produces flow fields and food fields which

facilitate the use of a particle tracking model to monitor populations of M. leidyi in

the North Sea.

3.2 Particle tracking individual behaviour model (GITM)

3.2.1 Model overview

In physical oceanography, a tracer is a substance such as a dye or radioactive isotope

that can be used to track movement in a mean flow field. Since the 1970s, tracer meth-

ods have made significant contributions to the understanding of the ocean circulation

and internal water mass structures. Furthermore, numerical simulations of tracer trans-

port are a valuable tool to estimate the dispersion of pollutants, such as oil or sewage

disposals, in the ocean for the research of long-term effects and the development of

effective counter-active measures.

The General Individuals Tracking Model (GITM) is a three-dimensional off-line particle

tracking model designed as an extension of the hydrodynamic model GETM to include

www.getmeu
www.nioz.nl/northsea_model
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the advective and diffusive transport of passive Lagrangian tracers. The original code of

GITM was developed as an on-line version by Frank Wolk (Wolk, 2003) and re-written

off-line by Hide Yamazaki. Cefas obtained a version of this code from Karsten Bolding in

2005 and developed it further to include modules which allow for biological development

and migration behaviour. GITM describes the motion of a number of discrete particles

through a three-dimensional velocity field. It is important to model a sufficient number

of particles to ensure the transport patterns observed are representative of all particle

movement from the sources.

3.2.2 Eulerian vs. Lagrangian perspective

There are two frames of reference from which to describe the motion of a fluid and

its associated properties (temperature, salinity, concentration of a substance, etc.) –

Eulerian and Lagrangian. The Eulerian approach identifies a certain fixed location in

the flow field and follows the change in its properties as different materials pass through

that location. This perspective can be visualized as sitting on the bank of a river and

watching the water pass your fixed location. With the Lagrangian approach, spatial

position is not a fixed reference but another variable of the particle. The Lagrangian

approach identifies a material of the fluid, follows it, and monitors the changes in its

properties. The flow variables are written with respect to time t and a single initial

reference point e.g. a particle’s position x(x0, t) and it’s velocity v(x0, t) with x0 the

initial particle position at t = 0 (see Wolk, 2003, Section 2.2.4). This approach can be

visualized as sitting in a boat and drifting down a river.

A Lagrangian method was chosen for this model because it is extremely beneficial to the

task of modelling the far-field fate of passive biological particles, giving both qualitative

and quantitative information about the position of the particles in a timely, accurate

manner. Within the Lagrangian framework, particle pathways (trajectories) are readily

identified. Also, in Lagrangian models the computational effort is concentrated on

regions where most particles are located, while in Eulerian models all regions of the

domain are treated equally in terms of computational effort.
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3.2.3 Modelling the physical processes

The transport of particles is described in the model as a combination of advection and

diffusion. Advection is the transport associated with the mean flow of a fluid while

diffusion is associated with random motions of molecules, turbulence and eddies within

a fluid that are not resolved by the computational mesh. Molecular diffusion – the net

flux of molecules from a region of higher concentration to one of lower concentration

– alone is entirely insufficient to produce the rate of mixing observed in natural wa-

ters. The difference between the observed rate of diffusion and the rate expected from

molecular diffusion is the result of turbulent diffusion caused by random and chaotic

time dependent motions (e.g. wave induced mixing).

The advection-diffusion elements of GITM are based on a re-coded version of the semi-

analytical advection-diffusion method developed by Wolk (2003) which employs the

Runge-Kutta 4th order advection algorithm and takes into account both molecular and

turbulent diffusion. First, the analytical solution of the Lagrangian advection equation

(Duwe, 1988) ensures the that particles follow stream lines exactly. Secondly, a random

walk method with advective correction (Visser, 1997) is included to simulate diffusion

(Hunter et al., 1993). This method uses a constant diffusion coefficient in the horizontal

direction and temporally and spatially varying diffusion coefficients – obtained from

the turbulence closure model in GETM – to compute the vertical motion (see Wolk,

2003, section 2.2.2). Finally, the principle of superposition allows these processes to

be added together because advection and diffusion are linearly independent. For all

simulations a time step of 10 seconds is chosen to ensure the accuracy of the tracer

model. More detailed information about GITM can be found in Wolk (2003). The

combined hydrodynamics model (GETM) and particle tracking model (GITM) were

applied recently to simulate the transport of plaice larvae in the North Sea (Tiessen

et al., 2014).

3.2.4 Biological extension

This model was recently expanded upon at Cefas with modules to allow for biological

development and behaviour methods based on earlier work presented in van der Molen

et al. (2007). The model can be used to study the fate of marine fish, eggs and larvae and



Chapter 3. How The North Sea and Mnemiopsis leidyi are Modelled 34

in particular the influence of development and larvae behaviour on dispersal routes. It is

coded in a general way with an extensive set of switches which can be to be used to define

species-specific behavioural and development features. Each particle can have an egg

phase and a larval phase, each of which can be subdivided into any number of stages with

different characteristics such as growth rate and vertical migration behaviour. These

features can result in changes in a particle’s position in addition to passive advection

and diffusion by the hydrodynamics. As this migration behaviour can change over time

as particles develop and grow, development can indirectly affect the particle’s trajectory.

However, some of these mechanisms were not used for this research. Instead the model

was modified to include a simplified version of the reproduction mechanism suggested

by Salihoglu et al. (2011), elements of which originate from the model of Kremer (1976)

(see van der Molen et al., 2015, for more detail).

At this point it is useful to define two concepts that are used throughout the de-

scription of this model and the subsequent results. For the purposes of this work, a

‘super-individual’ is defined as a particle which represents a prescribed number of adult

individuals of average mass. Due to the underlying structure of the particle tracking

model, the total number of particles in the run must be prescribed beforehand and

this number cannot change throughout the simulation. To get around this, the fluctu-

ation in individual numbers – either by mortality or reproduction – is expressed by the

change in the weighting provided to each super-individual. By using this method, a

run becomes much more efficient as one particle in the model can be used to represent

an arbitrary number of M. leidyi individuals which significantly reduces computational

time. This method of course has its limitations as the entire super-individual will follow

exactly the same trajectory as one real particle would instead of each of the represented

particles possibly being dispersed in different directions by advection and diffusion.

The second phrase that requires explanation is ‘instantaneous adulthood’. In order

to allow the super-individual to represent a number of adults of average mass, but at

the same time include reproduction, the egg and juvenile stages need to be infinitely

short in ‘model time’. This means that the number of surviving young adults produced

by reproduction is added instantaneously to the overall number associated with any

particular super-individual. However, in terms of the mortality applied to the egg and

juvenile stages, the model does take into account the entire ‘real time’ duration. This

means that the actual number of surviving young adults from reproduction does reflect
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the time taken to mature and the associated daily mortality rates of eggs and juveniles

along the way. The downside of this simplification is that any offspring that reach

adulthood are immediately reproductive on the day they are spawned and not after the

time taken to mature which could have serious implications for the population dynamics

(see Section 5.2). Food stocks in the model are also assumed not to be impacted upon

by the feeding of M. leidyi. As a result, the resulting survival and reproductive success

of individuals simulated by the present model implementation should be considered an

over-estimate.

This simplified reproduction mechanism was developed by van der Molen et al. (2015)

and is described as follows.

Although genetic evidence suggests there are differences between northern and southern

European populations (Reusch et al., 2010), there has been no corresponding evidence

found in the literature for differences in physiological response to temperature. It is

therefore assumed, unless specified otherwise, that the parameter values suggested by

Salihoglu et al. (2011) are a reasonable first approximation for populations in the North

Sea. See Appendix A for a complete table of the parameter estimates used for the model

simulations.

Eggs are only produced if temperature and salinity are above the thresholds of 12◦C and

10 PSU, respectively (Lehtiniemi et al., 2012, however, see Section 5.3). The number

of eggs produced per time step (ne) depends on food availability:

ne =
fFa

we
(3.1)

where Fa is the food assimilation of the adult population represented by the super-

individual [mg C timestep−1], we is the average mass of an egg [µg C], and f the

proportion of food turned into eggs. The adult food assimilation is calculated as:

Fa = na
fa

1000
ccdwaGaAa

dt

24 × 3600
(3.2)

where na is the number of adults represented by the super-individual, fa is the adult

food concentration [mg C m−3] (taken here as mesozooplankton from the GETM-

ERSEM-BFM model, see Section 3.1.2), wa is the average mass of an adult [mgC], dt is
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the time step(s), ccd is a factor to convert carbon weight to dry weight [mgmg−1C] and

Aa is the adult assimilation efficiency. Following previous research by Kremer (1976)

and Kremer and Reeve (1989), Ga, the adult clearance rate [Lmg−1 dry weight day−1]

is estimated by:

Ga = a0

[(
wa

cw2c

)−b
]
ekT (3.3)

where a0 is an empirical constant [Lmg−1 d−1], b is a power, k is a decay coefficient

[◦C−1], cw2c is a conversion factor of wet weight to carbon weight [mg C mg−1] and T

is the temperature [◦C].

In equation (3.1) the proportion of food turned into eggs (f) is calculated as:

f = 0.01 Tf e
cf(wa/cw2c) (3.4)

where cf is an empirical constant and Tf is a temperature function given by:

Tf = max(Tf, min, aT e
bTT ) (3.5)

where Tf, min is a minimum function introduced here to prevent negative values, and

aT and bT are empirical constants. Of the three functions suggested by Salihoglu

et al. (2011) this one is chosen over the linear function preferred by the authors, which

has a cut-off at a rather high temperature of approximately 14◦C. In the reference

run example of Salihoglu et al. (2011), the order of magnitude of the number of eggs

(several hundreds) produced using these equations corresponded with the observations

for small individuals presented by Kremer (1976) and Reeve et al. (1989). Note that

a direct comparison is impossible because the conditions of the observations, as far as

reported, cannot be fully represented with the current model.
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Subsequently, the number of eggs calculated in equation (3.1) is subject to egg and ju-

venile mortality. The number of surviving eggs (nes) is calculated by applying constant

fractional mortality per day (me) and assuming an egg phase duration of 1 day:

nes = (1 −me)ne (3.6)

Juvenile mortality is calculated as a combination of daily background mortality (mj)

and food availability. The fractional egg and juvenile daily mortalities used here were

calibrated by van der Molen et al. (2015) in an attempt to reproduce the results of the

reference run example by Salihoglu et al. (2011). The surviving juveniles (njs) after

application of the background mortality is given by:

njs = (1 −mj)
Dj nes (3.7)

where Dj is a temperature-driven duration of the juvenile stage in days given by:

Dj = ad + bd T (3.8)

with ad and bd empirical constants based on the graphs presented by Salihoglu et al.

(2011).

Juvenile starvation is implemented by comparing the daily food intake (Fj) with the

average daily weight gain (wg) required to reach waj – the mass at the end of the

transitional stage. This is given by:

wg =
waj − wj

Dj
(3.9)

where wj is the average mass of a juvenile. The daily juvenile food intake is calculated

as:

Fj =
fj

1000
ccdwjGjAj (1 − Lj) (3.10)
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where fj is the juvenile food concentration [mgCm−3] (taken here as microzooplankton

from the GETM-ERSEM-BFM model, see Section 3.1.2), Aj is the juvenile assimila-

tion rate and Lj is a metabolic loss fraction. Empirical evidence by Kremer (1976)

and Sullivan and Gifford (2004) is combined to develop Gj, the juvenile ingestion rate

[Lmg−1 day−1] calculated as:

Gj = c1 × c2 ×
(
wj

cw2c

)c3

+ c4 (3.11)

where c1, c2, c3 and c4 are empirical constants.

Then finally, by combining the results of equations (3.7), (3.9) and (3.10), the number

of new adults recruited to the existing population (nar) in the time step under consid-

eration (i.e. assuming infinitely short egg and juvenile duration in ‘model time’, but

including mortality calculated over their ‘real time’ duration) is calculated as:

nar = min

(
1,
Fj

wg

)
njs (3.12)

Adults are assumed not to survive temperatures less than 2◦C and thus for tempera-

tures this low there is no reproduction in the model. As the maturation in the model

is artificially compacted into a single time step, strictly speaking there are no juveniles

in the model and so a similar rule for juvenile mortality is not required. For tempera-

tures above 2◦C, a background mortality of 2% is imposed for completeness, following

Salihoglu et al. (2011). There is evidence to suggest M. leidyi can survive at temper-

atures below this threshold (Costello et al., 2006) so this element of the model may

be refined. However, as offshore water temperatures in the southwestern North Sea

only very rarely fall to such low levels, the results presented here are not expected to

change if such a refinement was implemented. There is also a daily starvation mortality

rate of 13% for food concentrations less than 3 mg C m−3 – the lowest concentration

of zooplankton at which M. leidyi has been found in the field (Kremer, 1994) – based

on the observation that M. leidyi can survive for up to 17 days without food (Oliveira

et al., 2007). This daily starvation mortality rate results in approximately 10% of the

population surviving after 17 days.
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3.2.5 Model structure and visualisation

3.2.5.1 Initial requirements and model setup

The model setup centres around the experiment definition file. This file contains a series

of information including the run identification, the prescribed start and stop times for

the run, input and output file directories and some general settings for the particle

tracking model. The model is forced by pre-simulated velocity fields provided by the

hydrodynamic model and so the reliability of this process is guaranteed via the GETM

validation. For the simulations done here, the forcing files also need to contain food

fields for juvenile and adult M. leidyi. These were obtained from the biogeochemical

model ERSEM-BFM coupled to GETM (see Section 3.1.2 for more detail). As well

as the simulated flow field, the associated topography and grid information, the model

also requires two other key input files in order to run – a species-definition file and a

spawning file. The species-definition file contains all the settings that define biological

particle development and movement (some of which are not used in this model due to the

simplifications explained in Section 3.2.4). This file contains a matrix of general settings

where each column defines the development and behaviour of a single egg or larval stage.

The rows contain the list of general settings which allow the choice of mortality rate

(constant daily vs. temperature dependent), growth rate, development type (no growth

vs. continuous vs. temperature dependent), etc. The spawning definition file prescribes

the number of particles to be included in the run and also where and when they are to

be released on the model grid. Each particle is provided with a unique particle number,

a release date and time, a release longitude, a release latitude and a vertical position of

release with respect to the mean sea level. If particles are specified at a depth greater

than the sea depth at a particular location they will be released just above the sea

bed. The particles are also each provided with a super-individual weighting that is

reduced/increased during the simulation to reflect mortality/reproduction.

3.2.5.2 General internal procedure

First initial particle positions are determined for a time step. This is accomplished

either by using the spawning file or (after the first time step) through output from

the previous time step. Flow calculations interpolate the local flow spatially at the
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particles location. The trajectory integration determines the position of the particle

at the end of the time step using the advection-diffusion routine discussed previously.

Each particle position is checked for violation of boundary conditions before finally

the update particle positions are produced. These newly calculated positions are the

input for the next iteration and the process is repeated. The particle position and the

associated conditions from each time step are used by the biological module to update

the particle weighting depending on the reproductive capability and mortality at that

location.

3.2.5.3 Output and visualisation

The output of GITM is the trajectories (tracks), i.e. the positions of the particles – in

this case passive M. leidyi individuals – over time. The model stores the results from

each of the iterations in a NetCDF file. This file records a time series of each particle’s

position. The time series also documents the temperature, salinity and food concentra-

tions experienced by each particle along its trajectory and includes the variable weight

factor which reflects the mortality and reproductive capability of the super-individual

at each time step.

Python scripts are used to post-process these NetCDF files in order to visualise and

interpret the trajectories of the particles over time. This graphical output can be in

the form of particle tracks over time, particle positions or particle densities at pre-

scribed moments in time. There is also the possibility of plotting the time series of the

temperature or salinity experienced by a particular particle.
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Modelling Overwintering

Populations of Mnemiopsis leidyi

in the North Sea

4.1 Data gathered from offshore North Sea monitoring

The North Sea and English Channel are sampled annually in the first quarter by the

International Bottom Trawl Survey Research Programme (IBTS) (ICES, 2009). This

European programme – coordinated by the International Council for the Exploration of

the Sea (ICES) – is fundamentally dedicated to gathering data which helps to produce

abundance indices for the main fish species of commercial interest in the North Sea

region. The survey also includes station observations of hydrochemical measurements

which has resulted in a very comprehensive dataset of the area being formed.

More recently the French Research Institute for Exploration of the Sea (Ifremer) have

worked in collaboration with this survey to extend their winter sampling of plankton

with a particular focus on gelatinous species. This scientific campaign is conducted on

board the R/V Thalassa simultaneously with the IBTS programme and as such records

are taken only at the designated IBTS sampling stations.

The data used in this study were collected by Ifremer in January and February 2009

using a Midwater Ring Net with a 2m ring diameter, 1.6mm mesh size and a flowmeter

41
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attached (ICES, 2013). The trawls were conducted using an oblique tow and all gelati-

nous species sampled were sorted, identified and measured live on board to avoid any

potential issues which may arise due to preservation. Temperature and salinity profiles

were recorded at each station using a SBE-19plus CTD recorder and Niskin bottles.

Temperature ranged from 1.6◦C to 6.8◦C and salinity between 27.5 and 35.5 PSU at

stations where M. leidyi was present.

Figure 4.1: Mnemiopsis leidyi discoveries in the North Sea 2009-2011. The data was
collected by Ifremer whilst on board the IBTS cruise in January and February of each

year. [Obtained from David et al. (2014, in Revision)]

Since 2009, the IBTS surveys have recorded M. leidyi each winter in open waters. Be-

tween 2009-2011, recurrent patches of M.leidyi were recorded off the coasts of Denmark,

Germany and the Netherlands. This study focuses on the 2009 discoveries – in particu-

lar the clusters of findings (1) off the Danish coast; (2) in the German Bight; and (3) in

the Dogger Bank region (Figure 4.1). Three polygons are generated by the Lagrangian

particle tracking individual behaviour model to schematically represent the three main

areas where M. leidyi individuals were discovered during the 2009 IBTS cruise – i.e.

the three clusters of red circles which can be observed in Figure 4.1. The first polygon
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represents the findings around 50 miles off the coast of Denmark (blue), the second

represents the cluster of findings in the German Bight (green) and the third represents

the findings in the Dogger Bank region (red).

Figure 4.2: A schematic representation of the three main regions where M. leidyi
was found to be overwintering in the North Sea in 2009 following the IBTS cruise in

January and February of that year.
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4.2 Locating possible source regions of observed offshore

populations

4.2.1 Set-up of model run

For the first part of this research, the particle tracking model was run for 208 days from

21 July 2008 until 14 February 2009, with 6,000 particles released between 21 July 2008

and 10 August 2008. These particles were spread uniformly across the entire model grid

(Figure 4.3) with each being released from the centre of a model grid cell. The particles

were introduced daily at 01:00 – the approximate time M. leidyi is believed to spawn

(Purcell et al., 2001) – at a depth of 0.5m below the sea surface. The three week period

chosen to release the particles corresponds with peak North Sea water temperatures

and the expected M. leidyi bloom times (e.g. Collingridge et al., 2014). The end of the

run corresponds with the date of the IBTS cruise on which the data were collected. The

particles being released uniformly over latitude and longitude allows for more flexibility

in the interpretation of the results as no prior information on spawning grounds is

included. The particles were assumed to be passive tracers and, upon release, each was

assumed to represent 1,000 adult M. leidyi individuals.

4.2.2 Results

At the end of the particle tracking simulations on 14 February 2009 the trajectories

of the particles present in each of the 3 previously defined polygons (Figure 4.2) were

analysed in an attempt to shed some light on potential spawning regions for M. leidyi

in the North Sea area. It is important to note that a M. leidyi individual could have

originated (spawned) at any point along a particle trajectory depicted in the plots

and not necessarily on the same date that the particle was spawned for this model

simulation.

The trajectories of those particles located in the first polygon of interest (Figure 4.4) –

around 50 miles east of the Danish coast and northwards of the North Frisian Islands –

encompass much of the Southern Bight and Central North Sea and thus do not provide

much meaningful insight regarding particular areas of interest within this region. The

model suggests that the M. leidyi individuals found off the Danish coast in January
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Figure 4.3: Spawning map showing how particles were released uniformly across the
entire model grid.

and February 2009 could have originated from almost anywhere from the Straight of

Dover northwards along the continental coast. There is also the possibility that these

individuals originated from the Thames Estuary and on the East Anglian coast of

England. The simulations do not highlight any possible source regions from Scottish

waters or indeed any UK waters at all northwards of East Anglia in England. The same

can be said for any regions north of the Danish coastal discoveries, most notably the

Norwegian trench and Skagerrak.
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Figure 4.4: Particle trajectories of all particles found in the Danish coast region
(Polygon 1) at the end of the model simulation (14 February 2009).

The trajectories of those particles found in the German Bight region (Figure 4.5) show

that a proportion of the particles found here may have originated from the German

Bight or the nearby East Frisian Islands region, despite being spawned over 6 months

previously in the model run. This is indicative of a hydrographic retention area that

could perhaps be capable of retaining a sustained year round population if conditions

were favourable. The trajectories also suggest it is possible that these particles origi-

nated along the continental coast from as far south as the English Chanel and the coast

of France near Calais and Dunkirk. Interestingly, the particle tracks from the German

Bight region appear to follow the coastline more tightly than those in Figure 4.4 which
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cross through the Oyster Grounds in the central North Sea. As with Figure 4.4, the

strong anti-clockwise gyre in the North Sea is conveyed by the particle trajectories as

there is no indication of particles drifting southwards to the German Bight from the

coast of Denmark, the Skagerrak or the Norwegian trench.

Figure 4.5: Particle trajectories of all particles found in the German Bight region
(Polygon 2) at the end of the model simulation (14 February 2009).

The trajectories of those particles which finished up in the third polygon of interest

(Dogger Bank region) tell quite a different story (Figure 4.6). The model suggests

that it is unlikely that the individuals discovered in the Dogger Bank region in the

winter of 2009 originated from anywhere along the continental coast of Europe. Indeed

the particle tracks in question all originate from UK waters. As was the case with
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Figure 4.4, some of the particles originate from the English Chanel, Thames Estuary

and the East Anglian coast of England. In addition, there are also trajectories from

particles spawned in The Wash, the Inner Silver Pit and even as far northwards as the

coast of Middlesbrough and the River Tees. This result suggests there is very limited

connectivity between the continental coast and UK waters and that the 2009 winter

discoveries in the Dogger Bank region must have originated from somewhere along the

eastern coast of England.

Figure 4.6: Particle trajectories of all particles found in the Dogger Bank region
(Polygon 3) at the end of the model simulation (14 February 2009).
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4.3 Modelling the potential fate of observed offshore pop-

ulations

4.3.1 Set-up of model run

For the second part of this research, the particle tracking model was run for 393 days

from 1 February 2009 until 28 February 2010. A total of 20,000 particles were released

between 1 February 2009 and 17 February 2009, corresponding to the dates the data

were gathered on the IBTS cruise. As before, the particles were assumed to be passive

tracers and, upon release, each was assumed to represent 1,000 M. leidyi individuals.

The particles were released daily at 01:00 from the grid points within three prescribed

‘polygons’ (depicted in Figure 4.2). The 20,000 particles in the model run were divided

into the three polygons proportionally depending on the the number of grid points

within each polygon. Approximately 6,000 particles were introduced via the first poly-

gon (Danish coastal region), 7,500 from the second polygon (German Bight region) and

5,500 introduced via the third polygon (Dogger Bank region). The average depth of the

discoveries included in the polygons ranged from 22.5m in the German Bight to 45m

in the Dogger Bank region however in each case the findings were close to the seabed.

Because the model corrects for particles spawned below the seabed – instead spawn-

ing them at a depth just above the seabed at that particular location – the decision

was taken to spawn all particles at 45m to produce the most realistic initial conditions

possible for the run.

4.3.2 Results

Whilst the first portion of model simulations shed light on the potential origins of

the winter discoveries of 2009, it is also useful to understand their movements going

forward and assess their potential to contribute blooms the following summer. To do

this, particles were released from each of the 3 previously defined polygons (Figure 4.2)

on 1 February 2009 – the approximate date the discoveries were made – and simulations

were carried out until the 28 February 2010, 13 months later. Initially this section looks

solely at particle numbers (i.e. excluding the effects of reproduction/mortality) and then

later interprets the affect the biological extension has on these results by modelling the

weighted density of M. leidyi individuals.
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The particles released from the first polygon (Danish coast) in February 2009 drifted

northwards, with the majority of particles found in the Norwegian Trench as early as

May 2009 (Figure 4.7b). There is however a high density of particles found in the

Jutland Bank region, and near the Thybøron Kanal and Limfjorden in northern Den-

mark. By the middle of August (Figure 4.7c) the particles had been further dispersed

throughout the Norwegian Trench with particles drifting northwesterly around the coast

of Sweden. Particles had also drifted east as far as the the coast of Aalborg in the north-

ernmost Kattegat. Interestingly, by the middle of August the previous high density of

particles near Limfjorden had completely separated from the Danish coast. The varying

particle density in the Norwegian Trench over the course of the simulations is perhaps

a model artifact related to the coarse model resolution in this area combined with the

proximity of the open boundary. In reality particles should stay fairly close to the coast

and be transported along the coast to the north. That being said, some particles do

leak northwesterly towards the Fladen Ground and the Orkney and Shetland islands.

As the model simulation continues, particles are also found drifting southwards deep

into the Kattegat and can be found in low densities as far south as Odense (Figure 4.7e)

– at a similar latitude as the particles were originally released 13 months previously –

on the other side of the Jutland Peninsula .

The particles released from German Bight region in February 2009 (Figure 4.8) drifted

northwards as a plume tight to the German and Danish coasts. By May 2009 the

vast majority of particles were found to be in and around the North Frisian Islands

just off the coast of northern Germany and the southeastern Danish coast (Figure

4.8b). No particles had yet reached the Norwegian Trench and only low densities were

recorded near the Thybøron Kanal. By August 2009 there was still a significant number

of particles retained in the Helgoland region at the mouth of the River Elbe. Many

particles had also spread up the entire east coast of Denmark and into the Skagerrak.

Over 6 months since the model simulation began, only a very low number of particles

had made their way to the Norwegian Trench (Figure 4.8c). By November 2009 this

was no longer the case. Despite a band of particles remaining along the entire German

and Danish coasts, a substantial proportion of particles had now made their way to

the Norwegian Trench and Skagerrak regions (Figure 4.8d). By February 2010, some

particles had continued in low densities southwards from the Skagerrak and deep into

the Kattegat. There was also a very limited spread of particles southwards down the

continental coast towards the West Frisian Islands and into Dutch waters. The vast

majority of particles however were either in the Norwegian Trench/Skagerrak region or

had drifted northwards off the model grid (Figure 4.8e).
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Figure 4.7: Density of the simulated particles on the model grid [number of particles

per grid cell] on (a) day 1 of the simulation (1 February 2009); (b) day 97 of the

simulation (9 May 2009); (c) day 194 of the simulation (14 August 2009); (d) day

291 of the simulation (19 November 2009); (e) day 391 of the simulation (28 February

2010).
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Figure 4.8: Density of the simulated particles on the model grid [number of particles

per grid cell] on (a) day 1 of the simulation (1 February 2009); (b) day 97 of the

simulation (9 May 2009); (c) day 194 of the simulation (14 August 2009); (d) day

291 of the simulation (19 November 2009); (e) day 391 of the simulation (28 February

2010).
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Figure 4.9: Density of the simulated particles on the model grid [number of particles

per grid cell] on (a) day 1 of the simulation (1 February 2009); (b) day 97 of the

simulation (9 May 2009); (c) day 194 of the simulation (14 August 2009); (d) day

291 of the simulation (19 November 2009); (e) day 391 of the simulation (28 February

2010).
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The particles released in the Dogger Bank region in February 2009 (Figure 4.9) showed

no sign of reaching the coasts of the Netherlands, Belgium or Germany. By May 2009

the particles had all drifted northeasterly but remained in the North Sea proper to the

west of the Jutland Bank. By August 2009 these particles had drifted mainly to the

Norwegian Trench although some particles were recorded in the Skagerrak and at the

very north of the Jutland Peninsula (Figure 4.9c). By November 2009 these particles

were now almost entirely in the Norwegian Trench, the Skagerrak or the Fladen Grounds

between Scotland and Sweden. By February 2010 the low densities remaining solely in

the Northern North Sea suggested that many of the particles had drifted northwards

off the model grid and thus out of the North Sea entirely (Figure 4.9e).

Figure 4.10 introduces the use of the biological extension to the particle tracking model

used thus far. As was explained in detail in Section 3.2.4, this extension explores the

introduction of a simplified reproduction mechanism to the previous particle tracking

results. Notice that in the consequent density plots the scale is now in weighted M. leidyi

numbers and not simply particle numbers. The total number of M. leidyi individuals

increased rapidly throughout February as particles were released into the model run

and then declined sharply in March as the introduction of new particles ceased and

starvation set in (Figure 4.10a). Food abundance began at low winter values for both

juveniles and adults until April when food levels for both juveniles and adults increased

and remained high before falling again at the beginning of October (Figures 4.10b

and 4.10c). The average temperature experienced by particles in the North Sea rose

steadily from March 2009 and peaked at 15◦C in August before declining back to winter

values between 4-6◦C (Figure 4.10h). Average salinity increased slightly over the course

of the model run but ranged less than 2 PSU throughout the entire 13 months of

model simulation (Figure 4.10i). The reason for the distribution of population numbers

provided by the model is two-fold. First, the food levels at the beginning of the run

(i.e. in the winter months of February and March) are too low to sustain the number of

M. leidyi individuals represented in the model so numbers fall dramatically to a much

reduced level. Second, despite producing over 175 eggs per hour for a continuous three

month period (July-September, Figure 4.10d), the reduced population failed to add

many new adults to the population (Figure 4.10g) which is primarily due to juvenile

mortality (Figure 4.10f). Previous sensitivity analysis (van der Molen et al., 2015) found

that, given the way juvenile mortality is implemented in this model, lower temperatures

– like those experienced in much of the North Sea proper even in the height of summer

– lead to a prolonging of the juvenile stage duration which ultimately results in strongly

reduced overall survival when daily mortality is taken into account.
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In order to assess how the inclusion of the biological extension to the particle tracking

model affects the results the surviving weighted density of M. leidyi individuals released

into the model was plotted. Each of the 20,000 particles released in the model simulation

was given an initial weighting of 1,000 M. leidyi individuals and therefore there was a

total of 20,000,000 M. leidyi individuals represented when the model simulation was

initiated. With numbers such as these it may be anticipated that the scale on the

associated density plots would be significantly higher than what was required for particle

density, however the substantial reduction in surviving adults by March (as a result of

starvation) meant that a scale half of that used for the particle density (25 vs 50) was

required to convey any meaningful results at all on the plots.

Looking at Figure 4.7 the model suggests that the simulated M. leidyi individuals

released from the first polygon (Danish coast) in February 2009 drifted northwards

towards the Norwegian Trench and the top of the Jutland Peninsula on the coast

of northern Denmark. It can be seen from the model simulations which take into

account the biological extension that by May 2009 (Figure 4.11b) the surviving M.

leidyi individuals have greatly reduced in numbers. There is a patchy distribution of

surviving M. leidyi individuals in the Norwegian Trench, around the Jutland Bank

region and near the Thybøron Kanal. The highest density of M. leidyi individuals is

found off the coast of Lokken and Hirtshals at the northernmost point of Denmark.

By August 2009, virtually no simulated M. leidyi individuals had survived with only a

few individuals found in the Norwegian Trench and Skagerrak regions (Figure 4.11c).

This suggests that although some individuals released off the Danish coast (Polygon 1)

may survive the winter, they will not survive long enough until temperatures rise and

conditions become favourable for reproduction.

From Figure 4.8 it has been shown the simulated M. leidyi individuals released from

the second polygon (German Bight) in February 2009 drifted northwards as a plume

tight to the German and Danish coasts. By August 2009, with the biology taken into

account, there remained a high weighted density of M. leidyi in and around the North

Frisian Islands just off the coast of northern Germany and the southeastern Danish

coast (Figure 4.12c). A high density of M. leidyi individuals were also present in the

Helgoland region at the mouth of the River Elbe – not far from where the simulated

M. leidyi individuals were spawned 6 months previously. Some M. leidyi individuals

had also made their way to the Thybøron Kanal and as far north as the top of the
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Figure 4.11: Density of the simulated M. leidyi individuals on the model grid [num-
ber of individuals per grid cell] on (a) day 1 of the simulation (1 February 2009); (b)
day 97 of the simulation (9 May 2009); (c) day 194 of the simulation (14 August 2009);
(d) day 291 of the simulation (19 November 2009); (e) day 391 of the simulation (28

February 2010).
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Jutland Peninsula. This result suggests that those overwintering M. leidyi individuals

discovered in the German Bight region can survive long enough to be the source for

reproductive blooms further northwards along the continental coasts of Germany and

Denmark. By November 2009 the density of surviving M. leidyi individuals had greatly

reduced (Figure 4.12d) and by February 2010 no M. leidyi individuals remained. This

suggests that whilst the individuals discovered in the German Bight region in February

2009 had the ability to survive the winter of 2009 and contribute to reproductive blooms

further up the continental coast when conditions become favourable, it is unlikely that

the discoveries from February 2010 off the Danish coast or in the German Bight (see

Figure 4.1, blue circles) were from the same sustained population as those individuals

recorded in these regions the previous year.

From Figure 4.9 it can be seen the simulated M. leidyi individuals released from the

Dogger Bank region in February 2009 drifted northeasterly but but remained in the

North Sea proper to the west of the Jutland Bank By May 2009. By August 2009,

with biological mortality taken into account, a significant weighted density of M. leidyi

had survived and reached the Norwegian Trench and the Jutland Bank region(Figure

4.13c). This result suggests that the M. leidyi individuals discovered in the Dogger

Bank region cans survive long enough to be the potential source of a possible bloom

recorded in the Jutland Bank region the following summer although it is important to

note the model does not convey much reproductive power from the surviving population

as a whole. By November 2009 a patchy distribution of surviving M. leidyi individuals

was all that remained (Figure 4.13d) and by February 2010 all individuals had died off

or drifted northwards off the model grid and thus out of the North Sea entirely (Figure

4.13e). It is therefore unlikely that any of the findings from February 2010 (see Figure

4.1, blue circles) were from the same sustained population as those found in the Dogger

Bank region the previous year.
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Figure 4.12: Density of the simulated M. leidyi individuals on the model grid [num-
ber of individuals per grid cell] on (a) day 1 of the simulation (1 February 2009); (b)
day 97 of the simulation (9 May 2009); (c) day 194 of the simulation (14 August 2009);
(d) day 291 of the simulation (19 November 2009); (e) day 391 of the simulation (28

February 2010).
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Figure 4.13: Density of the simulated M. leidyi individuals on the model grid [num-
ber of individuals per grid cell] on (a) day 1 of the simulation (1 February 2009); (b)
day 97 of the simulation (9 May 2009); (c) day 194 of the simulation (14 August 2009);
(d) day 291 of the simulation (19 November 2009); (e) day 391 of the simulation (28

February 2010).
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Discussion

5.1 Locating possible source regions of observed offshore

populations

Ever since M. leidyi was first recorded in North Sea waters in 2005 (Faasse and Bayha,

2006), large blooms have been frequently observed in estuaries along the coastal regions

of the eastern and southern North Sea. Most of these observations have occurred in

coastal areas during the months of summer and autumn when water temperatures

average between 10-23◦C and reproduction potential is maximised, leading to some

researchers claiming that winter conditions in the North Sea proper may not favour

M. leidyi survival (Boersma et al., 2007) even in the shallow waters of the southern

North Sea (Riisg̊ard et al., 2011). In truth M. leidyi has often been described as a

coastal and estuarine species, both in native and invasive waters and thus it was a huge

surprise when in January 2009, the IBTS cruise unexpectedly found surviving M. leidyi

individuals in open water. This winter presence of M. leidyi in the North Sea proper

raised questions regarding the spatial and temporal limits of the species and also its

ability to overwinter in the North Sea.

The model results in Section 4.2 suggest that individuals follow a general south to north

transport along the continental coast. The M. leidyi individuals recorded in January

off the coast of Denmark (Polygon 1) and in the German Bight (Polygon 2) may have

originated anywhere southwards along the continental coastline from as far south as

61
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the Straight of Dover. This pathway encompasses many regions where M. leidyi has

been found – France, Antajan et al. (2014); the Netherlands, Faasse and Bayha (2006);

Belgium, Van Ginderdeuren et al. (2012); Germany, Boersma et al. (2007) – and it is

possible that all of these regions may have contributed to the populations of overwinter-

ing M. leidyi individuals discovered in 2009. Most interestingly, the individuals found

in the Dogger Bank region (Polygon 3) appear to have originated from UK waters.

The particles were released uniformly over latitude and longitude to ensure there was

no bias to specific regions in the model simulations when locating possible spawning

grounds for the M. leidyi individuals. That being said, the model suggests it is very

unlikely that the individuals discovered in the Dogger Bank region in the winter of

2009 originated from anywhere along the continental coast of Europe – in fact all of the

associated particle trajectories for this region originated from UK waters. Of course it

is important to note the model simulations do not take into account the potential effect

vertical migration may have on the distribution of M. leidyi in North Sea waters.

To date there have been no M. leidyi discoveries on the English coast. However this may

be down to a lack of continued sampling in the region. There is a monitoring programme

carried out by EDF Energy near Sizewell (Suffolk, England) where monthly plankton

samples are analysed but as yet no M. leidyi has been identified and other than this

only a few sporadic plankton surveys off the East Anglian coast have actively searched

for the ctenophore (S. Pitois, pers.com.). The model suggests the individuals found in

the Dogger Bank region may have originated from as far south as English Chanel and

as far north as the River Tees. Included in this range are two key areas of interest,

the East Anglian coast and the Thames Estuary. In a recent study by Collingridge

et al. (2014), the entire North Sea was modelled to discover which areas of the North

Sea may have conditions suitable for overwintering M. leidyi populations. Despite M.

leidyi being close to the limits of its occurrence in the North Sea (considering the winter

water temperatures) the research indicated that together with the Norwegian Trench

and the Skagerrak, the East Anglian coast was one of the most suitable regions for

year-round survival. Furthermore, the Thames Estuary was found to be suitable for

M. leidyi reproduction for a large portion of the year (Collingridge et al., 2014). The

results indicate that both of these regions are potential areas of invasion for M. leidyi

and if the model is to believed and the individuals discovered in the Dogger Bank region

could not have originated from continental populations, it may well be the case that this

species is already present in UK waters and has simply not been discovered yet either
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due to inadequate sampling or poor conservation techniques. Given that M. leidyi has

been known to cause major ecological regime shifts from a pelagic system dominated

by planktivorous fish to one dominated by gelatinous plankton (Reusch et al., 2010) –

not least the total collapse of pelagic fisheries in the Black Sea in the late 1980s – the

potential to impact plankton and fisheries in these regions is considerable and a close

monitoring of UK waters – in particular the Thames Estuary and East Anglian Coast

– is strongly advisable.

5.2 Modelling the potential fate of observed offshore pop-

ulations

The unexpected discovery of M. leidyi individuals in the North Sea proper in Jan-

uary and February of 2009 led to researchers seeking answers to many new questions.

Could these individuals survive an entire winter and reproduce when conditions became

favourable for egg production? If so, where would these individuals be transported to

by the summer and autumn months when reproduction is most favourable? Could these

individuals perhaps even form a sustainable offshore population in the North Sea? The

model results in Section 4.3 are an attempt to understand the mechanisms involved

and are presented here to help answer these questions. According to the individual

behaviour particle tracking model (GITM) it is abundantly clear that the average food

levels in winter months are much too low to sustain a large population of M. leidyi in-

dividuals in the North Sea proper. The vastly reduced populations that were modelled,

however, do show signs of successful survival and even limited reproductive capabilities.

Importantly, this research couples a version of the Salihoglu et al. (2011) model with

a particle tracking model which can account for any losses to advective flows – a key

aspect of mortality that is overlooked by the zero-dimensional Salihoglu et al. (2011)

model.

By August 2009 – when temperatures are highest and the potential to reproduce is

believed to be maximised (Kremer, 1994; Purcell et al., 2001) – virtually none of the

individuals released off the coast of Denmark the previous February had survived. In

contrast, many of the individuals released in the German Bight region in February

2009 did survive until August with some drifting northwards as plume near to the

German and Danish coasts and the rest remaining in the German Bight/Helgoland
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region. Some simulated M. leidyi individuals traveled as far North as the Thybøron

Kanal in Denmark which leads to Limfjorden – an important refuge hosting year-round

populations of M. leidyi that act as a source for the Baltic Sea (Riisg̊ard et al., 2011).

It is possible that these individuals propagate into Limfjorden and add to the sustained

population that already exists in this area.

Despite a significant number of individuals surviving until conditions became favourable

for reproduction, by November 2009 the number of simulated M. leidyi individuals in

the model had actually fallen significantly, suggesting that the mortality rate for M.

leidyi outweighed the reproductive rate of the ctenophore. The model predicts that

even at peak North Sea temperatures the juvenile stage duration remains very long and

because the daily juvenile mortality rate removes a certain amount of individuals per

day, the extended application of this rate ultimately results in almost all young M. leidyi

individuals dying before they are able to develop and be added to the simulated adult

population. M. leidyi is a holoplanktonic species and the survival rate of larvae and

juveniles directly influences the population dynamics of adult M. leidyi blooms (Costello

et al., 2006). These results agree with previous research which also found temperature to

be of overriding importance in determining conditions suitable for populations to bloom

and expand (Huwer et al., 2008). By instantaneously adding surviving juveniles to the

adult population, any surviving offspring become reproductive on the day they are

spawned in the model. This makes the model oversensitive to producing blooms which

could have potentially significant implications for the population dynamics. Despite

this, the fact that the model does not show any such blooms in the North Sea adds

confidence to the conclusion that a self-sustaining offshore population is unlikely to

occur.

The model simulations show that there is potential for passive particles to remain in the

Helgoland region for up to a year but the biological extension indicates that survival

for a M. leidyi individual for this length of time may prove more difficult. Marine

species can only exist in geographic locations within which there can be continuity in

the life cycle (Tiessen et al., 2014); i.e. in a geographical setting within which retention

of the population (including reproduction) balances losses (either to advective flows or

mortality) in some integrated sense for the life cycle as a whole. Therefore, despite the

retentive characteristics of the German Bight/Helgoland region, the model suggests it

remains unlikely a sustained population life cycle can form in the North Sea proper due
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to a lack of new M. leidyi individuals being added to the population via reproduction

to replace those lost to advective flows or mortality.

A sensitivity analysis by van der Molen et al. (2015) increased the temperature of

the North Sea artificially by a factor of 1.3 so that a temperature of 20◦C became

26◦C. This change made the temperature more similar to Black Sea conditions and

consequently many more eggs were produced. Additionally there was a much increased

juvenile survival due to the shortening of the juvenile stage duration (which is driven by

temperature) and so blooms were replicated by the model similar to what is expected

in the Black Sea. This gives confidence to the hypothesis that the North Sea provides

M. leidyi with only limited reproductive capability.

Despite this apparent inability to sustain a year long population, the IBTS surveys

in subsequent years recorded M. leidyi individuals in similar areas of the North Sea.

Costello et al. (2006) describes how in Narragansett Bay M. leidyi is found year round

but only at inshore locations that have long hydrographic retention periods. These low

advection areas (source regions) serve as a refuge for overwintering populations until

temperature and prey conditions become favourable for reproduction (Beaulieu et al.,

2013) at which point local circulation currents provide the delivery method and M.

leidyi is able to re-establish itself throughout the entire bay.

It is believed that source-sink dynamics are just as vital to the persistence of M. leidyi

in its invaded habitats (Purcell et al., 2001; Costello et al., 2006). According to van der

Molen et al. (2015) an estuary or harbour in the North Sea containing an established

M. leidyi population can, within one year, act as a source area for other estuaries and

harbours along the coast to the north up to hundreds of kilometres away. This added

to the fact there are very limited reproductive capabilities in the North Sea proper

suggests that the overwintering M. leidyi being discovered year on year by the IBTS

cruise may be the result of individuals from harbours and estuaries along the European

coast being annually flushed out into open waters by advective flows.



Chapter 5. Discussion 66

5.3 Research limitations and recommendations for further

work

It should first be noted that subsequent research has found that the temperature thresh-

old of 12◦C applied in this research as a baseline for reproduction was artificially es-

tablished by Lehtiniemi et al. (2012) and should not be used in future modelling. That

being said, this oversight should not have any meaningful influence on the model results

presented here, as a previous sensitivity analysis by van der Molen et al. (2015) found

that egg production in this model falls to very low levels (in response to reductions

in food-availability and temperature-driven reductions in feeding and egg-production

efficiency) before the average temperature experienced by the super-individual drops

to 12◦C. Given that the increase in population numbers due to reproduction is negligi-

ble even in the height of summer, it would not make any meaningful difference to the

findings if egg production commenced earlier in the year.

There is a balance in this model between temperature and juvenile mortality that deter-

mines whether or not adults are added to the overall population. The problem with this

is that, particularly at low temperatures, very little is known about M. leidyi mortality

and so the results are subject to considerable uncertainty. Also there is a fixed sum-

mer metabolism assumed in the model which may overstate the mortality experienced

in winter months when food concentrations are low. It seems contrary to Darwinian

evolution theory that M. leidyi would continue to produce eggs when temperatures are

too low for juvenile survival. It is believed as a result of the research of Jaspers (2012)

that energy is primarily allocated by M. leidyi to growth until development occurs and

the lobate form is reached. At this point M. leidyi switches its energy allocation to egg

production. One hypothesis may be that the ctenophore is able to switch its energy al-

location back towards growth when conditions are unsuitable for reproduction. Recent

dynamic energy budget (DEB) research has found that M. leidyi appears to undergo

a so called metabolic acceleration after hatching which can be delayed under certain

circumstances (Augustine et al., 2014). There is no evidence to suggest why this delay

occurs but it could be that the ctenophore is able to delay it until food and tempera-

ture conditions are more favourable. In order to substantiate any of these hypotheses

more effort should be dedicated to understanding energy allocation which will in turn

enable researchers to better formulate and parameterise the model going forward. It is
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possible the current model simulations are understating the potential for survival and

connectivity in the North Sea due to the lack of understanding surrounding metabolic

energy allocation.

Given that juvenile ctenophores can seasonally dominate overall abundances during

peak bloom times (Shiganova et al., 2001) it may also be useful in the future to incor-

porate stage structure into the model where juveniles and adults can co-exist. Due to

the current model structure all individuals in the model are assumed to be adults of

average size. Augustine et al. (2014) provides evidence that larger individuals are more

sensitive to a drop in food availability. The results appear to show that small larvae

can last a very long time at low food levels which may undermine the survival threshold

of 3mg Cm−3. To date no other experiments have investigated the survival of M. leidyi

at very low food concentrations but a slowed metabolism at lower winter temperatures

would mean food requirements are likely to be lower (Purcell et al., 2001) and smaller

M. leidyi individuals may be able to overwinter until conditions became favourable for

growth and reproduction. Again this may mean the current results are understating

the true potential for M. leidyi to overwinter in the North Sea.

Because of the euryhalinic nature of M. leidyi – observed by its phenotypic plasticity

in a wide range of conditions – more effort should be made to understand and report

on the influence of salinity on this ctenophore and its population dynamics. Purcell

et al. (2001) highlight a potential positive relationship between increasing salinity and

ctenophore survival. This hypothesis stems from the fact that M. leidyi has been

found in high saline native waters at temperature around 0◦C but cannot survive in

the less saline Sea of Azov below 4◦C. This conclusion relates only to the low end of

the temperature range, however, and in future the whole two-dimensional temperature-

salinity parameter space should be investigated.

Given the diffusive (random walk) aspect of the particle tracking model and the rel-

atively small number of particles used in the model runs presented in this thesis, the

results may be influenced by stochastic variability. Consequently, in the future it would

be a good idea to substantiate these conclusions by using either a much larger num-

ber of particles released across the entire grid or similar numbers concentrated in the

suspected source areas as indicated by the initial model runs.
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Overall there is a need for continued research on this species – particularly its early

life stages – as there is still much that is not yet fully understood. Going forward

research must be dedicated to investigating the hypothesis that M. leidyi has a reduced

metabolism at lower temperatures. It would also be hugely beneficial to gain more

of an understanding on mortality rates and if they are proportional to the size of the

ctenophore. By increasing the knowledge on the growth physiology of M. leidyi and

the factors influencing the rate of transfer between life stages, model parameterisation

will be improved and more confidence can be placed on the results presented from this

model.



Chapter 6

Conclusions

Recent observations have shown than M. leidyi can survive in the North Sea proper

for extended periods of time – even during winter when temperatures are as low as

2◦C. These winter offshore discoveries of M. leidyi have raised many new questions

throughout the scientific community. The results presented in this thesis provide a

new insight into M. leidyi population dynamics in the North Sea and highlight the

necessity for further dedicated research in this area of study. The results suggest a

population of M. leidyi may exist in UK waters which has thus far gone undetected.

Indeed the model highlights the Thames Estuary and the East Anglian coast as two

key areas of interest where close monitoring for M. leidyi is strongly advised. Taking

into account the notorious history of M. leidyi in its native and invaded waters, it is

vital the future spread and bloom events of this invasive species are carefully examined.

The most recent findings from the 2015 IBTS survey show M. leidyi is being identified

in waters much closer to the UK than ever before (S. Pitois, pers.com.). The question

remains whether M. leidyi is spreading east from established populations in the North

Sea proper or if in fact there does exist an undiscovered population of M. leidyi in UK

waters; only with increased monitoring of UK waters will the answer to this question

become clearer.

The results also imply that individuals discovered in the North Sea proper can survive

the entire winter and spring period until the month of August when water temperatures

are at their peak and conditions are most favourable for reproduction. The reproduc-

tive capability of these individuals, however, is minimal because of the relatively low

69
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summer temperatures in the North Sea and the consequent high (juvenile) mortality

rate. There is of course substantial uncertainty surrounding the mortality of this ve-

racious ctenophore and it is vital that more time is spent researching the metabolism

and mortality rates of M. leidyi, particularly at lower temperatures. At present the

model indicates that the individuals found overwintering offshore each year since 2009

in the North Sea proper are most likely being annually flushed out into open waters by

advective flows from populations which are present in the surrounding harbours and

estuaries, and not as a result of a self-sustaining offshore population.

Overall there is a need for continued research on this species – particularly its early life

stages – as there is still much that is not yet fully understood. Going forward research

must be dedicated to investigating the hypothesis that M. leidyi has a greatly reduced

metabolism at lower temperatures. It would also be hugely beneficial to determine

whether or not mortality rates are proportional the size of the ctenophore. By increasing

the knowledge on the growth physiology of M. leidyi and the factors influencing the

rate of transfer between life stages, model parameterisation will be improved and more

confidence can be placed on the results presented from such a model.

Evidence suggests that due to the link between climate change and biological invasions

the trend of increasing gelatinous blooms is likely to continue (Butchart et al., 2010).

Climate change has already led to the earlier warming of inshore waters during spring

months which in turn has reduced the annual duration of the overwintering period

in temperate waters (Costello et al., 2012). The result of this trend is that M. leidyi

population growth can begin earlier and persist longer in temperate coastal regions than

it could in the past. As well as an increase in the number of days per year available

for growth and reproduction, species have also been shown to expand their current

distribution range (Condon and Steinberg, 2008). Even if the magnitude of blooms

does not change over time, the synergistic effects of eutrophication, overfishing, climate

change and decreased biodiversity could result in gelatinous zooplanktivores having a

greater influence on ecosystem functioning than ever before (Condon et al., 2012). If

climate warming can increase the average water temperatures in the North Sea then

the reproductive capability of M. leidyi in this region could increase significantly. This

spatiotemporal expansion and the potential ecological impacts associated with M. leidyi

highlight the importance of the continuing monitoring of this species.
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Model parameterisation

Table A.1: Definitions and and units of variables and parameters used in the equa-

tions that describe the dynamics of the M. leidyi life cycle

Symbol Definition Value Origin

we Average mass of an egg [µg C] 0.1 Salihoglu et al. (2011)

wj Average mass of an juvenile [mg C] 0.13 Salihoglu et al. (2011)

waj Mass at the end of the transitional stage [mg C] 1.5 Salihoglu et al. (2011)

wa Average mass of an adult [mg C] 2.8 Salihoglu et al. (2011)

ccd Conversion factor of carbon weight to dry weight

[mgmg−1 C]

73 Kremer (1976)

cw2c Conversion factor of wet weight to carbon weight

[mg C mg−1]

0.574 Salihoglu et al. (2011)

Aj Juvenile assimilation efficiency 0.75 Salihoglu et al. (2011)

Aa Adult assimilation efficiency 0.72 Salihoglu et al. (2011)

me Egg mortality rate [d−1] 0.70 van der Molen et al. (2015)

mj Juvenile mortality rate [d−1] 0.27 van der Molen et al. (2015)

b Exponential term that represents the decrease of

clearing rate with size

0.5 Kremer (1976)

a0 Adult stage basal increase of clearing rate with

temperature [Lmg−1 d−1]

0.09 Salihoglu et al. (2011)

k Exponential term that represents the increase of

clearing rate with temperature [◦C−1]

0.05 Salihoglu et al. (2011)

cf Coefficient of exponential increase of transfer

[mg−1]

0.115 Salihoglu et al. (2011)

Tf, min Minimum introduced to prevent negative values 0.01 van der Molen et al. (2015)
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aT Constant of a non-linear empirical temperature

function

0.03 Salihoglu et al. (2011)

bT Exponential term of a non-linear empirical tem-

perature function

0.14 Salihoglu et al. (2011)

ad Constant term that represents the juvenile stage

duration when temperature is zero

76.0 van der Molen et al. (2015)

bd Constant term that represents the decrease of ju-

venile stage duration with temperature

-2.4 van der Molen et al. (2015)

Lj Constant metabolic loss function 0.06 van der Molen et al. (2015)

c1 Coefficient of a linear clearance rate function

[Lmg−1 d−1mm−1]

0.4 Sullivan and Gifford (2004)

c2 Coefficient of a weight function [Lmg−1 d−1] 12.3 Kremer (1976)

c3 Exponential term of a weight relationship 0.574 Kremer (1976)

c4 Constant of a linear clearance rate function

[mmmg−1]

0.1 Sullivan and Gifford (2004)
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