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Abstract

The comb jelly Mnemiopsis leidyi is considered one of the world’s most invasive marine
species due to its broad ecological and physiological tolerances. The species originates from
western Atlantic Ocean, and was first recorded in Scandinavian waters in 2005, yet long-term
population trends and environmental drivers in this region remain insufficiently understood.
This study examined seasonal and long-term patterns in abundance of M. leidyi on the
Swedish Skagerrak coast from 2007 to 2023, and assessed how key environmental variables -
i.e. sea surface temperature, salinity, dissolved oxygen, and chlorophyll-a relate to its
population dynamics. Abundance and environmental data were obtained from the SHARK
database of the Swedish Meteorological and Hydrological Institute (SMHI), and generalised
additive models (GAMs) were used to estimate trends and environmental responses. The
results showed pronounced interannual variability with alternating periods of high and low
abundance of M. leidyi, while the seasonal cycle remained relatively consistent, characterised
by low abundance in winter and distinct peaks in late summer to early autumn. Temperature
had a strong positive effect on abundance, while salinity showed no significant influence.
Dissolved oxygen had a significant but non-linear effect, and chlorophyll-a displayed a weak
and uncertain relationship to abundance of M. leidyi. Overall, the findings indicate that M.
leidyi responds rapidly to warm conditions. Thus, ongoing ocean warming may facilitate its

future establishment and ecological impact in northern cold-temperate waters.

Keywords: Mnemiopsis leidyi, gelatinous predators, marine invasive species, climate change,

Skagerrak, generalised additive models
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1. Introduction

Marine ecosystems are undergoing rapid changes as climate change affects physical and
biological conditions, making the environment increasingly dynamic and unpredictable
(Hoegh-Guldberg & Bruno 2010). This can lead to an increase of gelatinous predators, which
often thrive under warmer temperatures and have higher tolerance to fluctuating
environmental conditions (Purcell & Arai 2001). Their ability to enforce strong top-down
control on zooplankton communities gives them the potential to reshape food-web dynamics
(Purcell & Arai 2001; Steinberg & Landry 2017). At the same time, climate change is
facilitating the spread and establishment of marine invasive species (Liiskow & Knudsen
2025). The ctenophore Mnemiopsis leidyi is regarded as one of the most invasive marine
species worldwide due to its broad ecological and physiological tolerances (Haraldsson et al.
2013; Liskow & Knudsen 2025). Its strong predation on zooplankton and ichthyoplankton
has led to documented ecosystem disruptions in several regions where it has established

(Haraldsson et al. 2013; Verwimp et al. 2019).

Mnemiopsis leidyi was first recorded in Scandinavian waters in 2005 (Oliveira 2007), and
previous studies have documented recurring population peaks in Skagerrak and Kattegat
(Hansson 2006; Haraldsson et al. 2013; Jaspers et al. 2018). Despite this, long-term trends
and environmental drivers of the species’ abundance in Scandinavian waters remain
insufficiently understood. Understanding such trends is essential for predicting future

ecosystem impacts, especially as climate change may intensify biological invasions.

1.1 Climate and environmental change in marine ecosystems

1.1.1 Global climate change in marine ecosystems

Climate change, driven by anthropogenic greenhouse gas emissions, is transforming marine
ecosystems at an unprecedented rate (Bindoff et al. 2019; Hoegh-Guldberg & Bruno 2010).
The rapid rise in atmospheric CO; is altering ocean conditions toward states not experienced
for millions of years (IPCC 2021), raising the risk of potentially irreversible ecological
changes. Warming oceans are already driving large-scale shifts in species distributions, as

many organisms track cooler or deeper waters to remain within their thermal tolerances



(Bindoff et al. 2019; Hoegh-Guldberg & Bruno 2010). At the same time, rising temperatures,
ocean acidification, deoxygenation, and changes in circulation and stratification patterns are
reshaping the physical and chemical environment in oceans (Alter et al. 2024). These changes
are occurring faster than many marine species and ecosystems can adapt to, resulting in
decreased ocean productivity, altered food-web dynamics, reduced abundance of habitat-
forming species like corals and kelp, and increased disease incidence in marine organisms
(Alter et al. 2024; Hoegh-Guldberg & Bruno 2010). Evidence also suggests that marine
invasions and bloom dynamics are likely to intensify under climate change (Fernandez-Alias
et al. 2023; Fernandez-Alias et al. 2024; Gomes et al. 2024). These climate-driven shifts
underscore the vulnerability of understanding how species and communities respond to
changing ocean conditions (Hoegh-Guldberg & Bruno 2010). While these global changes are
reshaping marine ecosystems worldwide, regional differences of climate change will lead to

differences in ecological impacts.

1.1.2 Climate change in Skagerrak

According to earlier scientific work, sea water temperatures in the Skagerrak region are
expected to rise, while salinity and pH levels are expected to decline (IVL Swedish
Environmental Research Institute 2025). For example, the annual average sea surface
temperature in Skagerrak is projected to increase by approximately 2.9°C by 2100. Rising sea
temperatures together with decreasing salinity are likely to intensify the stratification between
surface and deeper waters, which may increase the risk of hypoxic conditions. Enhanced
stratification may also reduce water column mixing, thereby lowering nutrients in surface
water and oxygen concentrations in bottom water. Warmer conditions will increase growth
rates of zooplankton, which can result in shorter phytoplankton blooms (Almén &
Tamelander 2020; IVL Swedish Environmental Research Institute 2025; Richardson 2008).
These projected environmental changes may have important implications for gelatinous
predators such as ctenophores, which interact with zooplankton communities and may
respond to shifting ocean conditions at a rapid pace, due to their highly responsive
physiology, rapid life cycle, high ecological adaptability, and low energy requirements
(Purcell 2005).



1.2 Zooplankton and gelatinous predators in marine food webs

Zooplankton plays a central role in marine food webs as they serve both as trophic links
between primary producers and higher consumers such as fish, and as recyclers that facilitate
the transformation of particulate organic matter into dissolved forms accessible to microbial
communities (Steinberg & Landry 2017). Many fish species depend on zooplankton,
particularly copepods, during their early life stages, and the changes in zooplankton
communities strongly influence fish recruitment (Kierboe 1997; Richardson 2008).
Zooplankton also serve as prey resources for gelatinous predators such as cnidarians and

ctenophores (Purcell & Arai 2001).

The enormous diversity of zooplankton taxa, life histories, body sizes, trophic ecology, and
physiology govern their roles in food-web dynamics and biogeochemical processes
(Steinberg & Landry 2017). Climate-driven shifts in zooplankton abundance and phenology
therefore have direct implications for the organisms that depend on them (Steinberg &
Landry 2017). Because gelatinous predators such as ctenophores feed extensively on
zooplankton, understanding zooplankton dynamics is important for interpreting how changes
may influence or become influenced by gelatinous predators (Purcell & Arai 2001).
Ctenophores in particular can enforce strong top-down control on zooplankton communities

(Purcell & Arai 2001).

Both fish larvae and gelatinous predators rely on similar zooplankton prey, particularly
copepods (Kierboe 1997; Purcell & Arai 2001). This trophic overlap can lead to fluctuations
in zooplankton abundance or composition that can affect both groups simultaneously due to
increased competition of food sources. When zooplankton declines, fish larvae may
experience food limitation while gelatinous predators may intensify their predation pressure
on other remaining zooplankton. These interactions can lead to cascading effects throughout
the marine ecosystem, influencing energy flow, recruitment success, and the stability of

pelagic food webs (Purcell & Arai 2001; Richardson 2008; Steinberg & Landry 2017).



1.3 Ctenophores

Ctenophores, known as comb jellies, are gelatinous zooplankton that consist of a diverse
group of organisms with jellylike tissues (Madinand & Harbison 2001; Pang & Martindale
2008). They contain a high percentage of water, and most ctenophores are transparent or
translucent (Fig. 1). There are about 150-200 described species in the world’s seas (Dunn et
al. 2015; Pang & Martindale 2008). Ctenophores can range in size from millimetres up to two
meters in length, although most of them belong in the few centimetres range (Madinand &

Harbison 2001; Pang & Martindale 2008).

Genomic studies have shown that ctenophores are an evolutionary unique group among
animals, and that they may be the earliest-branching animal lineage, meaning they could have
split from all other animals before sponges and other metazoans (Moroz et al. 2014; Schultz
et al. 2023; Whelan et al. 2017). For example, their nervous system is built in a very different
way compared to other animals, which has led to debate about whether ctenophores evolved
complex traits independently (Whelan et al. 2017). Some researchers suggest that the nervous
system may have evolved twice, once in ctenophores and once in the rest of the animals

(Moroz et al. 2014; Schultz et al. 2023; Whelan et al. 2017).

Ctenophores can be distinguished from all other animals by their comb rows, which are their
primary means of locomotion, as well as passively drifting via ocean currents (Madinand &
Harbison 2001; Pang & Martindale 2008). They are also characterized by a pair of tentacles
that they spread out to catch zooplankton prey. Ctenophores use their tentacles that are
equipped with adhesive cells (colloblasts) to capture prey, unlike stinging cells found in
cnidarians (Madinand & Harbison 2001; Pang & Martindale 2008). Most invasive
ctenophores die during cold winter conditions in European waters such as North and Baltic
Seas. They tend to spread again every summer or autumn (Liiskow & Knudsen 2025). Most
ctenophores are not very well studied because they are either difficult to sample or extremely

delicate (Madinand & Harbison 2001; Pang & Martindale 2008).



1.4 Mnemiopsis leidyi

Mnemiopsis leidyi A. Agassiz, 1865, commonly known as sea walnut, is a lobate ctenophore
that originates from the American coast of the Atlantic (Costello et al. 2012; Purcell et al.
2001). They have become a fundamental species in marine ecology due to their invasive
spread and strong ecological impacts. After being accidentally introduced with ship ballast
water into the Black Sea in the early 1980s, they continued to spread to the Seas of Azov,
Marmara, eastern Mediterranean Sea, and has appeared in the Caspian Sea (Purcell et al.
2001). In Scandinavian waters, M. leidyi was first observed in 2005 in the Oslo fjord
(Oliveira 2007). A year later it was observed in the Skagerrak, Kattegat, and the Baltic Proper
(Hansson 2006). In Scandinavian waters, average abundance of M. leidyi is up to 60-fold

higher in Skagerrak and Kattegat compared to the Baltic proper (Haraldsson et al. 2013).

Figure 1. Mnemiopsis leidyi, photographed in Oslofjorden, Norway. Photo: Hans Hillewaert, CC BY -SA 4.0.

Mnemiopsis leidyi is a hermaphrodite, capable of self-fertilisation and can tolerate a wide
salinity and temperature ranges (Oliveira 2007). Mnemiopsis sp. can occur in temperatures
from -0.7 to 35 °C and tolerate salinity levels from 3 to 39 PSU (Collingridge et al. 2014;

Hansson 2006). Their life span can range from several months to one year (Liiskow &



Knudsen 2025). They mainly feed on zooplankton and ichthyoplankton and can grow rapidly
in population size when food is abundant (Purcell et al. 2001). They tend to breed in
temperatures between 19-23 °C during darkness and when there is a high abundance of food
(Hansson 2016). Mnemiopsis leidyi is well adapted for rapid population growth due to high
rates of feeding, growth and reproduction. This species also exhibits a high tolerance to

hypoxic conditions (Haraldsson et al. 2013).

Temperature, prey availability, and predator abundance have been suggested as the main
factors controlling M. leidyi populations (Purcell et al. 2001). The typical seasonal abundance
pattern of M. leidyi in temperate regions suggests a positive relation with temperature, as
growth and egg production increase with warming (Haraldsson et al. 2013). Warmer periods
have shown peaks in M. leidyi populations, supporting faster growth and reproduction
(Haraldsson et al. 2013). Although M. leidyi tolerates wide environmental conditions, an
increasing sea water temperature due to climate change would likely enhance survival, winter
population size, and summer reproduction (Collingridge et al. 2014). At the same time,
higher temperatures can cause an increase in metabolic rates of M. leidyi, which will increase

its food requirements (Collingridge et al. 2014).

Seasonal population peaks are characteristic of M. leidyi in temperate regions, with highest
abundances typically occurring in late summer and autumn (Haraldsson et al. 2013). In
northern European waters, recurrent advection from overwintering populations in the
southern North Sea has been proposed as a key driver of periodic outbreaks in Skagerrak and
adjacent waters (Jaspers et al. 2018). These advected populations may contribute to the
formation of blooms that develop later in the season (Jaspers et al. 2018; Liiskow & Knudsen

2025).

Rapid population growth and a high tolerance to a wide range of environmental conditions
are characteristic traits of successful invasive organisms (Lee & Gelembiuk 2008), and M.
leidyi exemplifies this pattern, considered one of the most invasive species worldwide
(Haraldsson et al. 2013; Verwimp et al. 2019). The invasion throughout Eurasian coastal
waters has attracted considerable public, political, and scientific attention due to its potential
ecological impacts by disrupting ecosystems through intense predation (Haraldsson et al.
2013). Nonindigenous species can pose major threats to coastal and estuarine ecosystems,

and the introduction of M. leidyi has the potential to induce community trophic cascades



(Tiselius & Moller 2017). Such disruptions can be detrimental to fish populations, which
often decline in response to the species’ intense predation on zooplankton and

ichthyoplankton (Purcell et al. 2001).

1.5 Previous research on M. leidyi in Scandinavian waters

Skagerrak is considered a semi-enclosed sea, which tends to be more sensitive to impacts of
newly introduced species compared to open seas (Caddy 1993; Liiskow & Knudsen 2025).
Semi-enclosed seas are more sensitive to human activities and ecological changes than open
seas, due to hydrographic isolation, limited water turnover, and greater impact from nutrient
runoff, and ecosystem changes tend to occur earlier and more pronounced in enclosed

systems (Caddy 1993).

Mnemiopsis leidyi was first detected in Scandinavian waters in 2005, with initial observations
in the Oslofjord and shortly thereafter the species spread to Skagerrak, Kattegat, and the
Baltic Sea (Oliveira 2007). Several studies since have documented rapid population increases
during late summer and autumn that have shown a consistent pattern with observations from
other temperate regions where the species has established as well (Hansson 2006; Haraldsson
et al. 2013). Previous research has also shown that M. leidyi can reach higher abundances in
Skagerrak and Kattegat than in the Baltic Sea, likely due to more favourable salinity and

temperature conditions in these areas (Haraldsson et al. 2013).

While temperature, salinity, and prey availability have been suggested as key drivers of M.
leidyi population dynamics, the relative importance of different environmental variables in
Scandinavian waters is still not fully understood. Most existing studies have focused on
shorter time periods or limited spatial coverage, leaving long-term trends and environmental
drivers with limited explanation. This emphasizes the need for updated analysis using long-
term monitoring data to assess temporal patterns and environmental controls of M. leidyi in

Scandinavian waters.



1.6 Invasive species

1.6.1 Definition and ecological impacts

Invasion biology provides a framework for understanding how non-native species spread,
establish, and affect ecosystems (Richardson et al. 2000). In marine ecosystems, invasive
species are typically defined as organisms introduced outside their natural range that can
cause measurable ecological impacts, such as altered food-web dynamics, reduced
biodiversity, or changes in community structure (Convention on Biological Diversity 2002;
International Union for Conservation of Nature 2000; Occhipinti-Ambrogi & Savini 2003).
Marine invasions are increasing globally as a result of intensified human activities and
climate-driven environmental change, which enhance the transport, survival, and
establishment of non-native species (Occhipinti-Amborgi & Savini 2003; Liiskow &
Knudsen 2025). Invasive species can alter ecosystems through their trophic interactions,
which can sometimes lead to long-term ecological changes (Haraldsson et al. 2013; Tiselius

& Mpller 2017; Verwimp et al. 2019).

1.6.2 Controversies in defining invasive species

The concept of “invasive species” has been widely debated, as some scholars have argued
that concerns about non-native species are shaped by cultural or even xenophobic ideas rather
than ecological evidence (Simberloff 2003). Simberloff counters these critiques by showing
that modern invasion biology is based on documented ecological impacts rather than aesthetic
or nationalistic preferences. While early discourse of non-native species sometimes relied on
subjective or value-laden language, current research focuses on measurable effects such as
biodiversity loss, altered food-web dynamics, and disruption of ecosystems (Simberloff
2003). This perspective is important to mention and is relevant for M. leidyi, whose

introduction has repeatedly resulted in well-documented ecological change.



1.7 Aim of the study

The aim of this study was to investigate potential long-term and seasonal patterns in
abundance of Mnemiopsis leidyi on the Swedish Skagerrak coast, and to assess how key
environmental variables, including sea surface temperature, salinity, dissolved oxygen, and
chlorophyll-a, relate to its population dynamics. By examining how the abundance of M.
leidyi varies across years and months, and how it responds to environmental conditions, this
study contributes to a broader understanding of the species’ population dynamics, which is

important for anticipating future ecological responses under shifting climate conditions.

1.8 Research questions

- How has the abundance of Mnemiopsis leidyi changed over time on the Swedish
Skagerrak coast during the period 2007-2023?

- What seasonal patterns can be observed in the abundance of M. leidyi in the Swedish
Skagerrak region?

- How are variations in sea surface temperature, salinity, dissolved oxygen, and
chlorophyll-a associated with the abundance of M. leidyi in the Swedish Skagerrak

region?



2. Methods

2.1 Data sources and study area

Abundance data for M. leidyi (ind. m—) were obtained from the SHARK database, which is

the public data portal of the Swedish Meteorological and Hydrological Institute (SMHI

2026), for the period 2007-2023. Mnemiopsis leidyi samples were collected from 20-25 m

depth, depending on station and sampling year. All observations were collected at monitoring

stations in the Swedish Skagerrak region: Alsback (58.28°N, 11.47°E), Broa E (58.22°N,

10.98°E), Pricken (58.27°N, 11.43°E), and Sldaggo (58.26°N, 11.44°E). The locations of the

study area and sampling stations are shown in Figs. 2 and 3.

Environmental data for the same period were also collected from SHARK, including sea

surface temperature (°C), salinity (PSU), dissolved oxygen (mg/L), and chlorophyll-a (ug/L).

These variables were measured at several depths during each sampling event at the same

monitoring stations.
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Figure 3. Map over the monitoring stations in Skagerrak, including Alsbéck, Broa E, Pricken, and Slaggs. Map

created using Attps.//maps.co/gis/

2.2 Data processing

Dates were converted to year and month, and monthly mean abundances were calculated to

explore seasonal and interannual variability. Months without sampling data were kept as NA

(No Data). Seasonal and interannual patterns were analysed using logio-transformed monthly

mean abundances. All environmental variables were aggregated to monthly means across

stations and depths to match the M. leidyi abundance dataset.

2.3 Statistical analysis

Generalised Additive Models (GAMs) were used to estimate long-term trends and seasonal

patterns in M. leidyi abundance. GAMs use automatic smoothness selection methods to

determine the complexity of a fitted trend (Simpson 2018). As they allow for potentially

complex and non-linear trends, they are beneficial for ecological time series with nonlinear

patterns, seasonal cycles, and irregular sampling. GAMs estimate smooth curves and do not

assume a specific shape. Instead, they let the data determine how flexible the curve should be


https://maps.co/gis/

(Fewster et al. 2000; Simpson 2018). Therefore, GAMs were considered appropriate to use
for this dataset.

Models were fitted in R (version 4.5.2) using the “mgcv” package (Wood 2017). Ecological
count data are often overdispersed, meaning that the variance exceeds the mean. Therefore, a
Tweedie error distribution with a log link was applied in this case because it can handle many
zeros, allowing the variance to increase as the mean increases at the same time. In GAMs, the
basis dimension (k) controls how flexible the curve is allowed to be, meaning that it sets an
upper limit on how complex the smooth curve can be (Simpson 2018). If £ is large enough,
the model can capture ecological patterns without forcing the smoothness to be too simple

(Simpson 2018).

2.3.1 Long-term trend model

Seasonal and interannual dynamics were modelled separately to avoid confounding between
within-year patterns and long-term trends. For the long-term trend model, each month was
one observation and they were treated as sequential observations in the time series. Each
month contributes one data point to the interannual trend, providing 12 observations per year

when data were available. Both models were hence fitted to monthly mean abundances.

The long-term trend model estimated the smooth interannual trend from 2007 to 2023, using

the following structure:

Abundance~s(time, k=10)

In this model, abundance is the response variable and time is the predictor. The time variable
was defined as a continuous index (year+month/12), allowing each month to contribute as
sequential observations to the long-term trend. By modelling abundance as a smooth function
of time, the model captures non-linear long-term changes without enforcing a predefined

trend shape.



2.3.2 Seasonal model

The seasonal model used a cyclic cubic spline (“cc’), which enforces the smooth so that the
fitted value for December connects to January. This keeps the seasonal cycle without abruptly

breaking the start of a new year. The seasonal model used the following structure:

Abundance~s(Month, bs="cc”, k=8)

In this model, abundance is modelled as a smooth function of month, treated as a cyclic
predictor. The cyclic spline enforces continuity and the structure of the model captures

repeating seasonal patterns across years.

2.3.3 Environmental GAMs

To analyse how environmental conditions may influence M. leidyi abundance, separate
GAMs were fitted for each environmental variable, including sea surface temperature,
salinity, dissolved oxygen, and chlorophyll-a. Each model included a single smooth term
(k=12) and was fitted using a Tweedie distribution (p=1.5) with a log link used to model the
overdispersed abundance data. The single smooth term (k=12) was appropriate since there are
12 months in a year so it would allow for one full seasonal cycle, while limiting excessive
wiggliness of the smooth. A Tweedie power parameter of p=1.5 was used to control the mean
and variance relationships and is appropriate for data that include many zeros and positive

values, and where the variance increases faster than the mean.

A GAM including all environmental variables was also tested but not retained, as high shared
variance among predictors reduced interpretability of individual smooth terms. Although the
multivariate model explained 28% of the variance, overlapping explanatory power among
covariates made it difficult to isolate the effect of each environmental variable. Separate
models were therefore kept, providing clearer explanation of each variable’s relationship with

M. leidyi abundance.



2.4 Model diagnostics

Model diagnostics were evaluated using the k-index, effective degrees of freedom, QQ-plots,
and residual-fitted plots (Fig. 4). The k-index determines whether the chosen basis dimension
(k) was sufficiently large by testing whether the smooth term attempts to use more flexibility
than allowed. Effective degrees of freedom describe the complexity of the fitted smooth,
while QQ-plots and residual-fitted plots describe distributional assumptions and identify

potential patterns or deviations in residuals.
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Figure 4. Model diagnostics assessing the performance and assumptions of the GAM modelling of long-term
trend data using QQ-plots and residual-fitted plots. The QQ-plot showed that residuals were approximately
normally distributed, and the residual-fitted plot showed no clear pattern, indicating homoscedasticity and

appropriate model fit.

The diagnostics indicated that the seasonal component was well supported by the data, while
the long-term trend showed moderate uncertainty due to gaps in sampling (e.g. no
observations were carried out in 2015-2017) and years with no M. leidyi found (2011-2013).
The GAM framework handles these gaps by estimating smooth transitions across missing

years without imposing abrupt changes.



3. Results

The result section presents temporal patterns in M. leidyi abundance and evaluates how key
environmental variables relate to these dynamics. The observed interannual and seasonal
variations are presented using raw data summaries and visualisations. These descriptive
patterns are then presented and examined using GAMs to quantify long-term trends and
seasonal cycles. Finally, the influence of sea surface temperature, salinity, dissolved oxygen,
and chlorophyll-a on monthly abundance of M. leidyi is assessed through separate

environmental models.

3.1 Temporal patterns in M. leidyi abundance

3.1.1 Interannual variation

Over the study period (2007-2023), the observed abundances of M. leidyi ranged from 0 to
38.3 ind. m3, with the highest single observation recorded at Sldgg6 in late October 2009.
Monthly mean abundances ranged from 0 to approximately 18 ind. m3, with the highest
monthly mean value recorded at Slaggd in October 2014. The raw time-series plot shows
clear interannual variability, with peaks in 2009, 2014, and 2022 (Fig. 5). In contrast, M.
leidyi was entirely absent during 2011-2013 (Fig. 5). The abundance increased during the
early years of the observed period, reaching a peak around 2009, followed by a decline
toward 2013. A secondary peak occurred around 2014, after which the next available

observations indicated lower abundances (Fig. 5).
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Figure 5. Monthly mean abundance from 2007-2023, showing occasional peaks throughout the years.

3.1.2 Seasonal variation

Observed seasonal patterns in M. leidyi abundance during the period 2007-2023 showed
consistently low levels from January through May, with most observations close to zero (Fig.
6). The abundance began to increase in June and rose steadily throughout summer, reaching
its maximum in late summer/early autumn during August-October, before declining toward
winter. During the peak months, both median abundance and variability were elevated, with

several high-abundance outliers, indicating occasional strong bloom events (Fig. 6).
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Figure 6. Monthly mean abundances of M. leidyi from 2007 to 2023, showing low levels in winter and spring

and pronounced peaks in late summer to autumn.

3.1.3 Heatmap of M. leidyi abundance combining seasonal and interannual

patterns

The heatmap (Fig. 7) integrates both seasonal and interannual patterns, illustrating how M.
leidyi abundance varies across months and years. Higher abundances (warmer colours) were
concentrated in late summer and autumn, while winter and spring were characterized by low
abundances (cooler colours). Interannual differences were evident, with some years showing
noticeable autumn peaks and others showing more moderate levels. Notably, M. leidyi was
absent during 2011-2013. The later years in the time series displayed relatively higher
autumn abundances compared to earlier years. Overall, the heatmap highlights the strong
temporal variability in M. leidyi abundance and provides a visual complement to the raw data

observations (Fig. 7).



Seasonal and Interannual Variation in M. leidyi Abundance
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Figure 7. Heatmap showing seasonal and interannual variation in M. leidyi abundance based on monthly mean
values (logio scale). Warmer colours indicate higher abundance, while cooler colours indicate lower abundance.

Grey cells represent months with no data.

3.2 GAM analyses of temporal patterns in M. leidyi abundance

3.2.1 Predictions of long-term trends based on GAM

The GAM-based analysis of long-term trends showed a significant non-linear temporal
pattern in M. leidyi abundance (Table 1). Instead of capturing individual peaks, the model
describes a smooth multi-year fluctuation, with alternating periods of higher and lower
predicted abundances. The confidence intervals widened during years with sparse data or
zero observations, reflecting increased uncertainty in those periods. The GAM indicates that
M. leidyi abundance does not follow a consistent long-term increase or decrease. Instead, the

model captures a pattern of episodic cycles over the study period.

Table 1. Model statistics for long-term trends and seasonal patterns of M. leidyi based on Generalised Additive
Models (GAMs). n indicates the number of observations included in each model. edf (estimated degrees of
freedom) reflects the complexity of the smooth term, where higher values indicate more flexible, non-linear
relationships. F-value and p-value show the significance of the smooth term. Deviance explained represents the

proportion of variation in abundance, and R’(adj) is the adjusted coefficient, indicating overall model fit.

Model n edf F-value p-value Deviance R*(adj)
explained
(%)




Trend 114 8.73 19.87 <0.001 *** 63.3 -0.218

Season 114 4.04 14.92 <0.001 *** 39.8 0.228

3.2.2 Predictions of seasonal patterns based on GAM

The seasonal GAM showed a significant cyclic pattern in M. leidyi abundance over months
(Table 1). The smooth term indicated a gradual increase in predicted abundance from early
summer, with an evident peak in late summer to early autumn. Model uncertainty was higher
during winter to early summer months, reflecting greater variability in the data. This suggests
that while the overall seasonal pattern was clear and significant, there was variability among
years in both the timing and magnitude of seasonal peaks. Some years the seasonal peak

occurred in August, whereas in others it appeared later in September.

3.3 Environmental variables associated with M. leidyi abundance

Understanding which environmental conditions favour M. /eidyi abundance is essential for
interpreting the temporal patterns observed in the GAM trend analyses. To evaluate how key
environmental variables relate to monthly mean M. /eidyi abundance, separate GAMs were
fitted for sea surface temperature, salinity, dissolved oxygen, and chlorophyll-a. The overall
model statistics for these analyses are summarised in Table 2, providing an overview of the
strength, significance, and explanatory power of each variable before the effects are

examined in more detail.

Table 2. Model statistics for environmental GAMs explaining M. leidyi abundance. » indicates the number of
observations included in each model. edf (estimated degrees of freedom) reflects the complexity of the smooth
term, where higher values indicate more flexible, non-linear relationships. F-value and p-value show the
significance of the smooth term. Deviance explained represents the proportion of variation in abundance, and

R’(adj) is the adjusted coefficient, indicating overall model fit.

Variable n edf F-value p-value Deviance
explained (%)

Sea surface 79 2.03 12.25 <0.0071 *** 323

temperature

°C)

Salinity (PSU) | 79 2.04 1.43 0.19 6.9




Dissolved 79 2.37 9.08 <0.001 *** 30.8
oxygen (mg/L)

Chlorophyll-a 79 2.27 4.20 <0.05 * 14.5
(ng/L)

3.3.1 Influence of sea surface temperature and salinity

Sea surface temperature showed a significant positive effect on M. leidyi abundance, and the
model explained 32.3% of the deviance (Table 2). Observed temperatures ranged from 2 to
16°C (Fig. 8; Fig. 9A), with a clear seasonal cycle characterized by cold winter temperatures
and warm summer peaks. This seasonal pattern aligns with the observed phenology of M.
leidyi, which consistently reached its highest abundance during the warmer months of the
year. The partial effect plot also showed a clear increasing response across this interval (Fig.
10A), indicating that M. leidyi tended to occur in higher abundances under warmer conditions

within the temperature range observed in the Skagerrak region.

Salinity did not show a significant effect on M. leidyi abundance, and the model explained
only 6.9% of the deviance (Table 2). Measured salinity levels ranged from 26 to 33 PSU (Fig.
9B) and the model showed a weak, non-linear relationship with abundance. The partial effect
plot (Fig. 10B) showed slightly reduced abundances at salinity levels around ~30-31 PSU, but
confidence intervals were wide and overlapped with zero across most of the range. This
suggests that salinity is a weak and statistically non-significant predictor of M. leidyi

abundance in this dataset.
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Figure 8. Monthly mean sea surface temperature in the Swedish Skagerrak region from 2007 to 2023, showing

recurring seasonal cycles with warm summers and cold winters.
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Figure 9. Monthly mean values from 2007 to 2023 on the Swedish Skagerrak coast showing (A) seasonal sea

surface temperature and (B) seasonal salinity.
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Figure 10. Partial effect plots showing the relationship between (A) mean sea surface temperature, and (B) mean
salinity and monthly M. leidyi abundance. Lines represent estimated smooth functions on a log-link scale, while

shaded areas represent 95% confidence intervals.

3.3.2 Influence of dissolved oxygen and chlorophyll-a

Dissolved oxygen had a significant effect on M. leidyi abundance, and the model explained
30.8% of the deviance (Table 2). Observed oxygen concentrations ranged from
approximately 4 to 8 mg/L (Fig. 11A), with higher values generally occurring in winter and
lower values in summer. The partial effect plot (Fig. 12A) showed a non-linear relationship,
with the highest predicted abundances at intermediate oxygen levels at ~5 mg/L. Both lower
and higher oxygen concentrations were associated with lower predicted abundances, although

uncertainty increased at the extremes of the observed range.

Chlorophyll-a had a significant but relatively weak effect on M. leidyi abundance, and the
model explained 14.5% of the deviance (Table 2). Observed chlorophyll-a concentrations
ranged from 0.3 to 12 pg/L (Fig. 11B), with higher values in late winter and early spring and
low concentrations throughout most of the year. The seasonal pattern did not align with
periods of high M. leidyi abundance. The partial effect plot (Fig. 12B) showed a weak and
non-linear pattern with broad confidence intervals across the entire range, indicating high
uncertainty. Although the figure shows a slightly elevated predicted abundance at lower

chlorophyll-a concentrations, the wide confidence intervals and low explanatory power



indicate that chlorophyll-a is not a strong predictor of M. leidyi abundance in this dataset

(Fig. 12B).
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Figure 11. Monthly mean values from 2007 to 2023 showing (A) seasonal dissolved oxygen, and (B) seasonal
chlorophyll-a.
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4. Discussion

4.1 Long-term trends

The long-term trend analysis revealed a clear interannual variability in M. leidyi abundance,
showing a noticeable peak in 2009, 2014, and 2022. According to Costello et al. (2012),
interannual variation for Mnemiopsis populations are expected and a natural phenomenon. A
recurrent event for the species is that it has a source-sink dynamic. According to Costello et
al. (2012), Mnemiopsis populations can overwinter and persist in low-advection regions,
termed source regions. These regions have sufficiently favourable conditions for the
population to survive the winter and serve as a source of new individuals during the spring
and summer. In contrast, there are sink regions where water turnover is higher and where
Mnemiopsis populations cannot overwinter. These regions are characterized by annual
elimination and require re-inoculation from source regions each year (Costello et al. 2012).
This provides a possible explanation for the absence of M. leidyi in 2011-2013, as these years
may have represented sink years when no individuals were transported in or when
environmental conditions did not allow establishment. If the transport is weak, few
individuals might have reached the area and may explain why there were no M. leidyi found

in some years.

However, once favourable conditions arise, especially high temperatures, M. leidyi
populations can grow rapidly (Costello et al. 2012). Slesinger et al. (2020) confirms that
peaks in populations are normal and can be driven by environmental conditions, primarily by
temperature. Mnemiopsis populations have an extremely high reproductive capacity and
respond immediately to warm periods through rapid growth and short generation times
(Costello et al. 2012). This may explain why the populations in my data showed strong peaks
in some years, even though abundances were low in previous seasons. A warm year could

therefore act as a trigger that enables a rapid and strong increase in abundance.

According to Hansson (2006), M. leidyi must have been introduced to Northern Europe
before 2006, as indicated by its already large population at that time, although it was not
recorded in the region until autumn 2006. Hansson also mentioned that thousands of lobed

ctenophores were found in the warm surface water, which shows boom-and-bust dynamics in



early establishment phases, an occurring pattern shown in invasive species (2006). Sporadic
appearances are a common phenomenon, later transitioning into a more stable pattern of
occurrence (Haraldsson et al. 2013; Shiganova et al. 2019). This may be an explanation for

the boom-and-busts and gaps in my time-series.

4.2 Seasonal patterns

The seasonal GAM showed a cyclic pattern in M. leidyi abundance in Skagerrak,
characterised by low abundances during winter and early spring, followed by an increase in
summer, and a peak in late summer to early autumn. Previous research also found this
pattern, as late summer/autumn population explosions are repeatedly documented in similar
areas (Liiskow & Knudsen 2025). Once the conditions become less favourable for M. leidyi,
such as during a decrease in temperature, their numbers can rapidly drop and usually cease by
mid-winter. Cold winters usually lead to lower survival and will result in no or small
populations, which can be seen in the results of this study. Some individuals may, however,
survive the winter in the Skagerrak area, and overwintering populations are important in
maintaining biomass that will ultimately contribute to the bloom formation during the
following summer (Liiskow & Knudsen 2025). Warmer winter and spring temperatures have
been documented to support higher abundances and earlier, longer bloom durations

(Shiganova et al. 2019; Slesinger et al. 2020).

The seasonal pattern observed in this study suggests a positive relation with sea surface
temperature since the abundance was higher during warmer months, which has been shown in
previous research as well (Haraldsson et al. 2013). In the study by Haraldsson et al. (2013),
they are arguing that growth and egg production increase with temperature, which will lead to
higher abundance of M. leidyi (Haraldsson et al. 2013). Slesinger et al. (2020) also argues
that sea temperature is an important environmental covariate that has a correlation with

interannual variability in abundance of M. leidyi.

The seasonal GAM explained a considerable proportion of the deviance (39.8%), implying
that a large share of the variation in M. /eidyi abundance follows a recurring annual cycle.
This statistical result aligns well with the ecological patterns described above, where

temperature-driven growth, overwintering dynamics, and favourable summer conditions



combined can shape the seasonal development of M. leidyi populations. This suggests that

seasonal patterns represent a stable component of the population dynamics in the Skagerrak.

4.3 Relationship between environmental variables and abundance of

M.leidyi

4.3.1 Sea surface temperature

The positive temperature effect observed in this study aligns with researched reproductive
thresholds for M. leidyi, where successful egg production usually begins around 10-12°C
(Costello et al. 2012; Purcell et al. 2001). The temperatures recorded in Skagerrak (4-16°C)
fall within the lower but still favourable part of the species’ thermal preference, enabling
population growth during summer and early autumn. Because temperature accelerates
metabolic rates, growth and generation time for M. leidyi, even small increases in summer
temperatures can lead to disproportionately large increases in abundance (Haraldsson et al.
2013). In this study, sea surface temperature showed a strong and significant effect on
abundance, indicating that thermal conditions play a central role in shaping seasonal and
interannual M. leidyi dynamics. However, as this species is also influenced by hydrographic
transport (Costello et al. 2012), temperature likely acts as an enabling factor that promotes

population expansion, rather than a sole driver of occurrence.

4.3.2 Salinity

Salinity is not usually a constraint on survival for M. leidyi, as most seas fall within the range
that the species tolerate (Collingridge et al. 2014). In this study, sea surface temperature
showed a strong and significant positive effect on abundance, whereas salinity did not have a
significant effect. The salinity smooth showed a weak, non-linear pattern, with slightly
reduced predicted abundance around 30-31 PSU and higher predictions towards both lower
and higher values. However, the broad confidence intervals across the salinity range suggest
that this pattern should be interpreted with caution. Given the species’ advection-driven
occurrence in Scandinavian waters, these results likely reflect hydrographic transport

processes rather than physiological salinity preferences (Costello et al. 2012).



4.3.3 Dissolved oxygen

Dissolved oxygen showed a significant non-linear effect on M. /eidyi abundance. The
abundance seemed to decrease with increasing oxygen concentrations, although uncertainty
increased at the end of the observed range. This pattern is unlikely to reflect a physiological
preference for specific oxygen levels, as M. leidyi tolerates a wide range of oxygen
conditions, including hypoxia. Mnemiopsis leidyi’s tolerance toward low oxygen conditions
can provide a competitive advantage when competitors and predators are reduced
(Haraldsson et al. 2013). The decline in predicted abundance at higher oxygen levels may
therefore reflect ecological differences between water masses rather than physiological

constraints (Collingridge et al. 2014).

4.3.4 Chlorophyll-a

Chlorophyll-a showed a significant but weak non-linear effect on M. leidyi abundance. The
predicted abundance increased slightly at low chlorophyll-a concentrations but declined at
higher levels, although the confidence intervals were broad across the entire range. This
pattern is unlikely to reflect a direct relationship and is a poor proxy for food availability, as
M. leidyi primarily feeds on zooplankton rather than phytoplankton. Previous research from
the Skagerrak region supports this as chlorophyll-a rarely serves as an explanatory predictor
for gelatinous predators (Haraldsson et al. 2013). Other studies have found a positive
relationship between M. leidyi abundance and chlorophyll during summer (Slesinger et al.
2020; Tiselius & Magller 2017). They suggest that high ctenophore abundance leads to low
zooplankton abundance, thus high chlorophyll abundance (a common proxy of high
phytoplankton abundance) since released from grazing pressure (Slesinger et al. 2020;
Tiselius & Mgller 2017). The weak and uncertain pattern observed in my study may instead
reflect the complexity of the pelagic food web and the indirect relationship between

phytoplankton, zooplankton, and ctenophores, rather than a direct ecological mechanism.



4.4 Future conditions and climate change

Although environmental conditions are already suitable for M. leidyi in the North Sea,
including the semi-enclosed Skagerrak, warmer temperatures due to climate change would
likely enhance survival, extend the reproductive season, and accelerate population growth
rates (Collingridge et al. 2014). Mnemiopsis leidyi in both native and introduced ranges may
benefit from continued ocean warming since phenology can shift due to climate change,
resulting in earlier appearances and longer periods of abundance (Slesinger et al. 2020).
Warmer winters in Northern Europe are also likely to favour the invasive ctenophore or
permit introductions on cooler waters than it previously inhabited, promoting the invasion

further (Slesinger et al. 2020).

Besides temperature, climate change may favour M. leidyi through altered ecosystem
structure (Purcell 2005). Changes in phytoplankton dynamics, nutrient inputs, and water
stratification can alter prey availability, potentially creating more favourable feeding
conditions for M. leidyi, considering their ability to tolerate fluctuating environmental
conditions, with high feeding efficiency at low prey concentrations, a broad diet, and rapid
growth rates (Purcell 2005; Richardson 2008). These traits allow the species to thrive under
conditions where native gelatinous predators and fish larvae are more constrained
(Collingridge et al. 2014; Purcell 2005; Purcell et al. 2001). At the same time, ocean warming
may negatively affect native ctenophores and competitors that are sensitive to changing
environmental conditions, thereby reducing biotic resistance and further promoting the
dominance of M. leidyi (Collingridge et al. 2014). These predicted future changes combined
suggest that climate-driven environmental changes are likely to promote the species’

ecological existence in Skagerrak and may increase the frequency of future blooms as well.

Several of the climate-driven changes projected for the Skagerrak region may further promote
M. leidyi establishment and bloom formation (IVL Swedish Environmental Research Institute
2025). Future warming, declined salinity and intensified water stratification are expected to
reduce vertical mixing and increase the likelithood of hypoxic conditions in deeper water
(IVL Swedish Environmental Research Institute 2025). Such conditions typically constrain
native gelatinous predators and fish larvae, whereas M. leidyi tolerates low oxygen levels and
fluctuating environments, allowing the species to maintain feeding and growth where

competitors decline (Purcell & Arai 2001).



4.5 Limitations

There were some limitations when interpreting these results. Important ecological drivers
such as zooplankton availability for M. leidyi and predator presence were not included,
despite their known influence on population dynamics (Purcell et al. 2001). The absence of
zooplankton data also restricted the ability to evaluate trophic interactions directly, and
chlorophyll-a only provided an indirect proxy for food availability. Gaps in the time series
further reduced the temporal resolution of the dataset. In addition, the GAMs used in this
study were not designed to test differences between individual years, which made interannual
comparisons more challenging and restricted them to hypothetical interpretations. Although
statistical tests such as ANOVA and Kruskal-Wallis can be used to compare differences
between years, they were not considered appropriate for this dataset since they require evenly
sampled and independent observations and cannot include the strong seasonal structure
present in this dataset (Zuur et al. 2009). Since the GAM approach captures broad temporal
patterns rather than year-to-year differences, it limits the ability to statistically compare

individual years, especially given the irregular sampling and gaps in the time series.

5. Conclusions

This study showed that M. leidyi abundance on the Swedish Skagerrak coast had a significant
temporal variability, with clear seasonal peaks in late summer and autumn and alternating
periods of high and low abundances across years. Sea surface temperature appeared to be an
important driver of the observed seasonal patterns, showing a significant positive effect that
is consistent with the species’ preference for warmer conditions. Salinity showed a non-
significant relationship with abundance, consistent with the species’ broad tolerance range.
Dissolved oxygen and chlorophyll-a displayed weaker and less consistent relationships,
indicating that these variables are unlikely to play a major role in shaping population

dynamics under the conditions examined in this study.

Overall, the findings support previous research showing that M. leidyi populations are
strongly driven by ocean temperature and respond quickly to warm periods. Looking ahead,
climate change is likely to enhance the species’ survival and expansion in northern, cold-

temperate waters as sea temperatures continue to rise. Understanding long-term trends in the



abundance of this invasive species is essential for predicting future ecological impacts in a

marine system, especially as climate change may intensify biological invasions.
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