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Early developmental stages of native populations of
Ciona intestinalis under increased temperature are affected
by local habitat history
Elizabeth A. Clutton1,*, Gaston Alurralde2,3 and Tiago Repolho4

ABSTRACT
Temperature modulates marine ectotherm physiology, influencing
survival, abundance and species distribution. While native species
could be susceptible to ocean warming, thermal tolerancemight favour
the spread of non-native species. Determining the success of invasive
species in response toclimatechange is confoundedby the cumulative,
synergistic or antagonistic effects of environmental drivers, which vary
at a geographical and temporal scale. Thus, an organism’s acclimation
or adaptive potential could play an important evolutionary role by
enabling or conditioning species tolerance to stressful environmental
conditions. We investigated developmental performance of early life
stages of the ascidian Ciona intestinalis (derived from populations of
anthropogenically impacted and control sites) to an extreme weather
event (i.e. marine heatwave). Fertilization rate, embryo and larval
development, settlement, metamorphosis success and juvenile heart
rate were assessed as experimental endpoints. With the exception of
fertilization and heart rates, temperature influenced all analysed
endpoints. C. intestinalis derived from control sites were the most
negativelyaffectedby increased temperatureconditions.Bycontrast,C.
intestinalis from anthropogenically impacted sites showed a positive
response to thermal stress, with a higher proportion of larvae
development, settlement and metamorphosis success being
observed under increased temperature conditions. No differences
were observed for heart rates between sampled populations and
experimental temperature conditions. Moreover, interaction between
temperature and populationswas statistically significant for embryo and
larvae development, and metamorphosis. We hypothesize that
selection resulting from anthropogenic forcing could shape stress
resilience of species in their native range and subsequently confer
advantageous traits underlying their invasive potential.
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INTRODUCTION
Extreme weather events are becoming more frequent and prolonged
over time, pushing Earth’s climate beyond its natural variability
(Meehl and Tebaldi, 2004; Herring et al., 2016; Scannell et al.,
2016; Mann et al., 2017; Oliver et al., 2018). Within the extreme
weather events category, marine heatwaves, defined as an elevation
above mean sea surface temperature of 3–5°C for at least 3 days
(Sorte et al., 2010), have been identified as major climate change
stressors (Hobday et al., 2018; Smale et al., 2019; Holbrook et al.,
2019). Over the past 126 years, shorter lived but more intense
heatwaves have doubled in length (Della-Marta et al., 2007).
Moreover, by the late 21st century, the persistence of long-lived
heatwaves (i.e. lasting approximately 1.5 weeks) in central western
Europe is estimated to be around 50% longer in comparison with the
1961–1990 timescale (Meehl and Tebaldi, 2004). Nearly 38% of the
world’s coastline has experienced an increase of anomalously high
seawater temperature events (Lima and Wethey, 2012), with
documented negative impacts on species survival and community/
population structure (Schiel et al., 2004; Garrabou et al., 2009; Grilo
et al., 2011; Wernberg et al., 2013; Pansch et al., 2018; Seuront et al.,
2019; Saha et al., 2020). Marine heatwaves and the resulting ocean
warming pose deleterious effects over species physiology (Diez et al.,
2012; Rius et al., 2014; Stillman, 2019), besides affecting processes
towhich species growth and reproduction depend upon (Vilchis et al.,
2005; Le Bohec et al., 2008; DeCarlo et al., 2017). Temperature is
one of the most important abiotic factors influencing marine species
survival, abundance and distribution, and on which species
physiology is highly dependent (Pörtner and Knust, 2007; Somero,
2010; Aurélio et al., 2013; Repolho et al., 2014, 2017; Rosa et al.,
2016; Kenworthy et al., 2018).

Physiological performance of a species reflects adaptation to a
particular environment (Magozzi and Calosi, 2015), local
adaptation or acclimation to environmental related pressures, and
could play an important evolutionary role to confer tolerance to
varying environmental conditions (Renborg et al., 2014). A high
physiological tolerance to ambient conditions might enable a greater
potential to survive, migrate and subsequently colonize new sites
(Rius et al., 2010; Gröner et al., 2011; Rocha et al., 2017; Gewing
et al., 2019; Kenworthy et al., 2018). This is particularly crucial at
early life stages of development (Hamdoun and Epel, 2007) with
regard to sessile species that are unable to escape from harsh
conditions, beyond metamorphosis (Ng and Keough, 2003; Bellas
et al., 2004; Gewing et al., 2019). In this sense, phenotypic plasticity
may allow organisms to persist in the face of environmental change
and give populations the time to adapt to climate change (Chevin
et al., 2010). However, plasticity depends not only on the conditions
experienced by organisms during their lifetime, but can also depend
on the conditions experienced by previous generations (Marshall and
Uller, 2007; Burgess andMarshall, 2011; Lange andMarshall, 2017).
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by its parents will determine an offspring’s performance, either
positively (Marshall and Morgan, 2011) or negatively (Salinas and
Munch, 2012). It is therefore probable that not all populations spread
through different climatic regimes will respond in the same way to
environmental pressure (Calosi et al., 2017; Peck, 2018). This may
create spatial patterns of variable susceptibility of marine communities
to future environmental conditions (Burgess and Marshall, 2011;
Donelson et al., 2012; Miller et al., 2012). From this perspective,
population-specific tolerance originating from harsh and fluctuating
environments (Lenz et al., 2011), together with the interaction
between environmental conditions and parental experience, could
determine offspring fitness (Bernardo, 1996; Marshall and Uller,
2007; Lange and Marshall, 2017). Thus the reciprocal exchange
between species-specific adaptations and site-specific environmental
characteristics and the ability to withstand a broad and fluctuating
range of environmental conditions would be key for some organisms
to become successful invaders (Facon et al., 2006; Richards et al.,
2006; Lenz et al., 2011; Marie et al., 2017; Rocha et al., 2017).
The combination of adaptive capacity and history of exposure

may enable selection for greater plasticity in novel environments,
with resulting tolerance towards different environmental stressors
enhancing the invasive potential of certain species. Therefore,
evolutionary histories of different populations of a given species
may result in a differential invasive potential challenging our
understanding of invasion processes (Bock et al., 2012; Gewing
et al., 2019; Chen et al., 2018). Empirical evidence of how extreme
weather events (i.e. heatwaves) can affect early life stages of
development remains poorly understood (Diez et al., 2012). Thus,
considering the consequences of marine heatwaves and the potential
selection occurring as a result of exposure to anthropogenically
impacted environments, one could hypothesize that populations of
the same species, developed under different environmental
conditions, may demonstrate varied resilience during early life
stage development.
The biology and ecology – including population ecology – of the

solitary ascidian Ciona intestinalis (Linnaeus 1767) is well
described within Scandinavian coastal areas (Dybern, 1965;
Svane and Havenhand, 1993). In this region, this species occurs
in its putative native range, both in anthropogenic-impacted and
undisturbed environments (Brunetti et al., 2015). As a native species
within the west coast of Sweden, C. intestinalis is a suitable
biological system to explore the impact of marine heatwaves on
early life stage development of populations subjected to different
habitat history. Although, connectivity among C. intestinalis
populations can modulate the flux of adaptive genetic variation
from numerous areas and habitats (Ghabooli et al., 2013), the ability
of C. intestinalis to disperse is crucially dependent on larval
competence and capability to settle (Rius et al., 2014). At the local
scale, short-distance dispersal occurring by means of drifting
C. intestinalis eggs, egg-strings and swimming larvae (Svane and
Havenhand, 1993) limit the dispersion of this species, once the eggs
and developing larvae are maintained in mucus strings (Petersen
and Svane, 1995) and local oceanographic patterns constrain
C. intestinalis populations connectivity (Johannesson et al., 2018).
Early life stages of C. intestinalis are sensitive to heat stress,
exhibiting a thermal response within a temperature range of 8–22°C
(Dybern, 1965). During embryogenesis heat-inducible gene
expression, like the heat shock protein Ci-HSPA1/6/7-like, is
negligible under normal conditions, while it is highly expressed
when cells are exposed to higher temperatures (from 23 to 28°C),
which represents a protective mechanism for the organism under
heat stress (Kawaguchi et al., 2015). How environmental

background affects species resilience towards heat stress, should
be further investigated, considering the notable recruitment ability
ofC. intestinalis, its adaptability towards environmental variation as
well as its global success as an invasive species (Therriault and
Herborg, 2008; Zhan et al., 2010; Rocha et al., 2017; Kenworthy
et al., 2018). In the sister species Ciona robusta, a rapid
microevolutionary process has been shown to be responsible for
the harsh environmental adaptation and therefore contributes to
invasion success in different aquatic ecosystems with largely varied
environmental factors (Chen et al., 2020). Thus, understanding the
tolerance of species to environmental conditions is the key to
understanding their potential spread and the ability to escape from
their native range and become invasive. Thus, determining the
ecological effects of anthropogenic stressors and the potential for
resistance or resilience enables more informed environmental
management decisions.

Anthropogenic and environmental stressors often occur in
combination, thus in modified coastal systems, organisms will
experience both water contamination/pollution and environmental
stress. Anthropogenically impacted environments can contain
contaminants/pollutants such as metals and chemicals associated
with antifouling paints, as reported for small harbours in west
Sweden (Eklund et al., 2016; Gustavsson et al., 2017). Such
chemical and heavy metal exposure is known to have detrimental
impacts on C. intestinalis (Gallo et al., 2011; Gallo and Tosti, 2013;
Gallo and Tosti, 2015) and its sister speciesC. robusta (Caputi et al.,
2019). The impact of environmental contamination can lead to
significant differences in species and community composition
between marinas and that of undisturbed sites (Kenworthy et al.,
2018). Whilst the present study does not set out to quantify
environmental contaminants, the sample sites have been described
as either anthropogenically impacted or undisturbed depending on
the proximity to a marina.

The present study aimed to understand if the local habitat history of
different C. intestinalis populations could shape stress resilience
of their early life stages to an extreme temperature increase
(i.e. simulating a marine heatwave). Heatwaves are expected to rise
in frequency and intensity (Meehl and Tebaldi, 2004) and in some
regions the increase can bemuch higher, in particular in the North Sea
(Belkin, 2009). We selected five different site locations that we
consider to be isolated populations, owing to limited larvae dispersal.
The locations selected represent a broad range of environments, from
relatively undisturbed sites located along the shores of the fjord, and
also selected organisms from within three marinas. Developmental
performance of C. intestinalis, derived from populations with
different life histories (i.e. anthropogenically impacted versus
control sites) was assessed under two temperature conditions, i.e.
control (17°C, monthly average sea-surface temperature recorded for
the studied area) and increased temperature conditions (22°C, marine
heatwave scenario). Six response-related endpoints were analysed: (i)
fertilization success; (ii) embryo development; (iii) larva development
(i.e. competent larvae); (iv) settlement success; (v) metamorphosis
success and (vi) juvenile heart rate.

MATERIALS AND METHODS
Sampling site
Ciona intestinalis were collected by SCUBA diving at 3–10 m
depth in the Swedish coastal shore, at five sites located in the
Gullmarsfjörden (Fig. 1, 58°15′27.6″N, 11°26′13.2″E). The five
geographically distinct sites included two control (Gåseklåvan
North, 58°19′15.09″N, 11°32′01.10″E; and Gåseklåvan South,
58°18′19.09″N, 11°32′12.29″E) and three anthropogenically
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impacted locations, inhabiting marinas (Fisckëbaksil, 58°24′43.25″N,
11°46′13.26″E; Grundsund, 58°21′47″N, 11°41′67″E; and Lysekil
SödraHamnen 58°27′06.21″N, 11°43′64.70″E). Small boat harbors on
thewest coast of Sweden, have been shown to be heavily contaminated/
polluted by copper, zinc, butyltins, polycyclic aromatic hydrocarbons
(PAHs), and to a lesser extent by lead (Eklund et al., 2016). Marina
sites near Fisckëbaksil were chosen as anthropogenically impacted
areas since chemical-derived contamination/pollution associated with
boat traffic and maintenance activities have been reported here in
concentrations above their natural levels (Schiff et al., 2004;
Gustavsson et al., 2017). Besides metals and PAHs, contaminants in
the area include anionic surfactants, phthalate esters, chlorinated
volatile organic compounds and petroleum residues (Gustavsson et al.,
2017). Even though the boating pressure todaymight be high enough to
produce toxic effects even in natural harbours in pristine areas,
natural harbours are predicted to have fewer contaminants/pollutants
and be less toxic than the small boat harbours (Eklund et al., 2016).
It is therefore predicted that,C. intestinalis inhabiting anthropogenically
impacted areas, are exposed to anthropogenically derived
contaminants/pollutants and therefore under a high selective pressure.

Laboratory acclimation
Ciona intestinalis were collected by divers on 1–2 June 2016. The
sea temperature was 17±1°C and upon collection, specimens were
immediately transported under immersion and temperature-
controlled conditions (17±1°C), to the aquatic facilities of the
Sven Lovén Centre for Marine Infrastructure (Kristineberg,
University of Gothenburg, Sweden). Upon arrival, specimens
were taxonomically identified (i.e. at a species level) by
diagnosing morphological traits under stereomicroscope
observations (Brunetti et al., 2015). Subsequently, each sampled
population was individually placed in rectangular shaped tanks
(30 l total volume each, ∼1 adult specimen l−1) and flow-through
supplied and fed with unfiltered natural seawater (NSW, flow rate

∼1 litre min−1). Specimens were laboratory acclimated for
15 days, under prevailing natural conditions [i.e. seawater
temperature (16.93±0.61°C), salinity (26.54±2.18)]. Overhead artificial
illumination was provided on a 12 h:12 h light:dark photoperiod, during
the entire experimental period (Lambert and Brandt, 1967). Abiotic
NSW parameters were monitored constantly (https://www.weather.mi.
gu.se/kristineberg/en/data.shtml).

Strip spawning and in vitro fertilization
In order to collect gametes directly from adult individuals, strip
spawning of C. intestinalis was performed, under stereomicroscope
observation (LeicaM2 16A, Germany). For each population (n=5), a
total of 12 adult individuals were dissected (Fig. 2). To avoid
autologous contamination, oocytes were collected from 6 individuals
used as functional females, and sperm from 6 functional males.
Gametes were collected one at a time and separately from each
individual using clean glassware apparatus. Oocytes were collected
into Petri dishes (9 cm diameter, 1.3 cm high), filled with filtered
(0.20 µm) and autoclaved NSW. Sperm was ‘dry’ collected (i.e.
avoiding contact with seawater to prevent cell activation) into
Eppendorf vials and kept on ice (−4°C). Afterwards, sperm was
diluted (1:1000) and in vitro fertilization performed adding
10 µl ml−1 of oocyte suspension (Lambert, 2014). The
morphology of the eggs was checked after 10 min, when the
egg’s shape changed transiently from spherical to elongated owing
to second polar body formation. The resulting mixture was washed
after ∼15 min with filtered and autoclaved NSW, in order to
remove excess sperm. A detailed description of gametes collection
and in vitro fertilization is described elsewhere (Lambert, 2014).

Experimental exposure
After in vitro fertilization (∼15 min), offspring from the same cross
was divided into 6 replicates across the two temperature treatments/
conditions (Fig. 2), comprising 60 in total (i.e. 5 populations under 2
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Fig. 1. Ciona intestinalis sampling sites
(inset map) (n=5) located in the
Gullmarsfjörden (Sweden). Control sites:
Gåseklåvan North and Gåseklåvan South.
Anthropogenically impacted sites:
Fisckëbaksil, Grundsund and Lysekil Södra
Hamnen. Map adapted from Ocean Data
View (http://odv.awi.de).
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experimental temperature conditions). Each replicate consisted of a
Petri dish [filled with 0.20 µm filtered, temperature pre-conditioned
and autoclaved NSW (∼8 ml)] containing ∼300 fertilised eggs
each, that were immediately allocated under experimental
temperature conditions. Experimental exposure was performed
under a controlled temperature environment (EVO Incubators,
Friocell, USA) and consisted of control (17°C) and an increased
temperature (22°C) condition mimicking a heatwave event,
following Landis et al. (2012). This is equivalent to the category
II extreme heatwave recorded in the sampling location in the
summer of 2018 (please see discussion below). The partial pressure
of O2 tension was measured in the filling jug, before the water was
changed, to ensure adequate oxygenation was maintained within the
Petri dishes (E5047, Radiometer, Copenhagen, Denmark).

Early life stage development
Within each replicate, the number of fertilized eggs was recorded at
2 h post fertilization, against which the performance of the
remaining analysed endpoints was scored. During the incubation
period, Petri dishes were gently and frequently shaken, in order to
minimize the risk of water stratification. To maintain water quality
during C. intestinalis early life stage development, approximately
two-thirds of the treatment water was changed every 24 h (NSW
abiotic parameters were monitored throughout to ensure
consistency). For each population, experimental condition and
replicate, C. intestinalis development was verified and followed
according to Hotta et al. (2007) (Fig. 2). Number of normally
developed embryos was assessed after 5 h post fertilization (embryo
development), as a proxy for population resilience towards
experimental conditions (i.e. temperature, Kawaguchi et al.,
2015). Number of actively swimming larvae (i.e. competent) was
assessed at 18 h post fertilization (larvae development). At 24 h post
fertilization (settlement success), the number of settled larvae (i.e.
attached by the papillae to the substrate) was recorded (Chiba et al.,
2004). Settled larvae that went through metamorphosis were
checked after 60 h postfertilization (metamorphosis success),
considering only those where heartbeat was evident (Chiba et al.,
2004). Finally, heart rate of 4 viable post settled juveniles (per
replicate) was assessed ( juvenile heart rate), within 3 out of 6
randomly selected replicates (per population and experimental
condition). All endpoints (exception for heart rate) were defined as
ratios and calculated against the number of initial fertilized eggs.
Heart rate was defined as the number of beats min−1; a single
peristaltic wave (undulation) was considered one heartbeat and

recorded at 30 s intervals. The pumping action of the ascidian heart
is produced by a peristaltic wave and the direction of peristalsis
reverses periodically (Chiba et al., 2004). All observations were
performed under a binocular stereo microscope (model M2 16 A,
Leica, Germany).

Heatwave analysis
Marine heatwave occurrence and frequency were evaluated using a
30 year dataset [https://coastwatch.pfeg.noaa.gov/erddap/griddap/
NOAA_DHW.html?CRW_SST%5B(2020-12-21T12:00:00Z)%5D%
5B(58.375):(58.225)%5D%5B(11.575):(11.625)%5D&.draw=surface
&.vars=longitude%7Clatitude%7CCRW_SST&.colorBar=%7C%7C
%7C%7C%7C&.bgColor=0xffccccff; December 1990 to December
2020; US National Oceanic and Atmospheric Administration (NOAA)
2020; accessed 22 December 2020] for seawater surface temperature
the study area. The data set was acquired from NOAA (daily optimum
interpolation SST, v.2), at 5 km resolution produced daily in near real-
time. The R package heatwaveR (https://cran.r-project.org/web/
packages/heatwaveR) was used to detect and categorize marine
heatwaves in the region applying the marine heatwave definition by
Hobday et al. (2018).

Statistical analysis
In order to assess if the overall response of each population significantly
differed with treatments, we first performed a multivariate analysis of
variance (MANOVA), using all quantified endpoints. Subsequently,
each endpoint was modelled as a function of interaction between site
conditions (anthropogenically impacted versus control) and
temperature. Site condition was nested in the population level and
subsequently modelled as random nested effects allowing for different
intercepts at each site condition level (anthropogenically impacted
versus control), within populations. We fitted generalised linear mixed
effects models to test our hypothesis, using the nlme package (https://
cran.r-project.org/web/packages/nlme), in the R environment (https://
www.r-project.org/). The lme function allowed the modelling of
heteroscedasticity of the within-error group via the ‘weights’ argument
(Pinheiro and Bates, 2000; Zuur et al., 2009), accounting also for the
lack of independence among endpoints for each sample (i.e. Petri dish)
(Field et al., 2012). By applying this variance function structure, we
allowed the model to adjust for standard errors and fit the
heteroscedastic variance of the different populations. The success rate
of each endpoint was scored against the initial number of fertilised eggs
(obviously cleaved). Selection from saturated to reduced model was
ranked according to Akaike information criteria and anova.lme function

5 Populations of Ciona intestinalis
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Fig. 2. Experimental design showing the cross design of gametes obtained from wild adult C. intestinalis collected at each studied location.
Twelve adults (6 males and 6 females) were collected from each of 5 locations. Fertilised eggs from each crossing per each site, were divided into 6 replicates
per each temperature condition (control: 17°C and treatment: 22°C) and raised to juveniles. Five endpoints were scored from embryos to juvenile.
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(https://cran.r-project.org/web/packages/nlme). Figures were created
using ggplot2 package (https://cran.r-project.org/web/packages/ggplot).

RESULTS
Temperature had a significant overall effect over the analysed
endpoints, between sampled populations (MANOVA, λWilks=0.04;
P=0.0003, Fig. 3). The first axis accounted for 88.99% of the
observed variation, while the second axis just explained 7.36%.
Under the controlled temperature condition, the overall response

within anthropogenically impacted populations was less variable, in
comparison to results obtained in the increased temperature group
(Fig. 3). Control populations showed less variation, under both
temperature conditions (Fig. 3).

The individual analysis of each endpoint (by mixed-effect
models) showed that the interaction between site (anthropogenically
impacted versus control) and experimental temperature conditions
(17°C versus 22°C), was statistically significant for three of the
analysed endpoints (Table 1): embryo development (t=5.399;

Table 1. Summaryof linearmixed effectsmodel outputs for each analysed endpoint (embryo development, larva development, settlement success,
metamorphosis success, juvenile heart rate)

Response factor Coefficient s.e. d.f. t-value P-value

Embryo development
Intercept 1.858 0.074 53 25.191 <0.001
Site condition −0.560 0.117 3 −4.801 0.0172
Temperature −0.051 0.004 53 −13.747 <0.001
Site condition×Temperature 0.031 0.006 53 5.399 <0.001

Larva development
Intercept −0.858 0.073 53 −11.634 <0.001
Site condition 0.560 0.116 3 4.801 0.017
Temperature 0.050 0.003 53 13.747 <0.001
Site condition×Temperature −0.031 0.005 53 −5.398 <0.001

Settlement success
Intercept −0.096 0.036 53 −2.642 0.011
Site condition 0.044 0.045 3 0.980 0.399
Temperature 0.008 0.001 53 4.623 0.000
Site condition×Temperature −0.004 0.002 53 −1.734 0.089

Metamorphosis success
Intercept −0.125 0.033 53 −3.769 0.0004
Site condition 0.199 0.052 3 3.783 0.0324
Temperature 0.010 0.001 53 6.496 <0.001
Site condition×Temperature −0.012 0.002 53 −4.574 <0.001

Juvenile heart rate
Intercept 68.524 14.546 22 4.711 0.0001
Site condition −14.914 15.214 3 −0.980 0.3992
Temperature 0.209 0.744 22 0.281 0.7806
Site condition×Temperature 0.943 0.774 22 1.218 0.2361

Values in bold indicate significant predictors in the model (P<0.05). N=6 replicates per condition and per site.
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P≤0.001), larva development (t=−5.398; P≤0.001) and
metamorphosis success (t=−4.574; P≤0.001).
Embryo development varied significantly among temperature

conditions, with response being site dependent (Table 1). The
interaction between site and temperature conditions was statistically
significant (t=5.399; P≤0.011, Table 1). Anthropogenically
impacted populations presented a lower ratio of normally
developed embryos at 22°C, in comparison to control populations
(Fig. 4A). Similarly, larva development response to temperaturewas
dependent on site condition (t=−5.398; P≤0.001, Table 1).
Although developed larvae increased at 22°C in all analysed
populations, for anthropogenically impacted populations the ratio
doubled in comparison to control populations (Fig. 4B). In addition,
development of larvae from anthropogenically impacted
populations was arrested under control temperature conditions
(Fig. 4B).
Settlement success was significantly affected by temperature

(t=4.623; P=0.0003, Table 1). Although site condition did not show
a significant effect, a higher number of settled individuals was
observed for anthropogenically impacted sites at 22°C (Fig. 4C). In
addition, temperature did not have a significant effect on settlement
success for Gåseklåvan South (a control site) (Fig. 4C). Site and
temperature conditions had a significant combined effect
(t=−4.574; P≤0.001, Table 1) on metamorphosis success of
populations derived from anthropogenically impacted sites,
showing a higher ratio at 22°C (Fig. 4D). In contrast, temperature
condition did not affect metamorphosis success of C. intestinalis
populations, derived from control sites (Fig. 4D). Heart rates did not
show a significant overall response to the effect of temperature
(t=−0.28; P=0.78, Table 1) and site condition factors (t=1.37;
P=0.26, Table 1).

DISCUSSION
Our results support the hypothesis that local habitat history of
C. intestinalis populations can confer an advantage towards larval
development during a marine heatwave event, assuming a selective
pressure upon parental populations. We found a higher variability in
development at early life stages in populations from anthropogenically
impacted sites, which could offer an advantage for C. intestinalis as
this implies a greater potential to adapt to environmental stressors
(Beaman et al., 2016).
The high viability of embryos observed in our study is consistent

with normal embryogenesis progression (Bellas et al., 2003; Hotta
et al., 2007; Aguirre et al., 2014; Malfant et al., 2017). This
empirically based result provides strong evidence that the observed
effects in the later stages of development are due to the effects of the
experimental treatments (site and temperature) and not to other
factors related to gamete viability or the fertilization process.
However, our data show that the development of embryos, larvae
and metamorphosis success are the main early life stages whose
response to thermal stress would be conditioned by the
environmental history of the parental population, and is supported
by the mixed model. Embryo development observed from control
sites, outperformed anthropogenically impacted sites under thermal
stress and additionally showed a more consistent overall response in
comparison to anthropogenically impacted populations. This would
be expected since embryonic development of C. intestinalis
typically occurs, between 18°C and 23°C (Bellas et al., 2003;
Rius et al., 2014). However, it is not uncommon that the exposure of
a single stressor leads to immediate effects as we observed in
fertilization after heat treatment in control animals (Lange and
Marshall, 2017). Furthermore, the reduced development of embryos

from anthropogenically disturbed sites, would be indicative of an
additive effect of parental experience and heat treatment (Lange and
Marshall, 2017). An abrupt temperature increase in an undisturbed
population could interfere with C. intestinalis homeostasis and
subsequent later stages of development as we observed in our study
and coinciding also with previous reports (Dybern, 1965; Bellas
et al., 2003; Kawaguchi et al., 2015; Malfant et al., 2017).

Larval development showed a positive response to the simulated
heatwave but was highly conditioned by the environmental
background of the population. Under control temperature
conditions (17°C), the rate of competent larvae (that hatched and
were actively swimming) was lower for anthropogenically impacted
populations in comparison to control ones. Despite the higher
performance of embryos in control populations, larvae development
did not equally perform well. Our results coincide with other studies
addressing thermal-, salinity- and pollution-induced stress in two
invasive ascidians (Styela plicata and Microcosmus squamiger),
that found fertilization and larval development to be highly
sensitive, which in turn subsequently affected the early
development of these species (Pineda et al., 2012). Additionally,
the findings of Pineda et al. (2012) support our assumption that
environmental exposure conditions of parental populations
(anthropogenic pressure) most likely augmented and subsequently
shaped their offspring’s physiological response to induced stress,
which supports previous observations related to the osmotic
tolerance response (Renborg et al., 2014). However, our results
suggest that the combined effect of environmental background and
temperature could affect larval development, delaying the time from
fertilization to hatching and thus affecting the progression of
embryogenesis under controlled temperature conditions. Time from
fertilization to hatching of C. intestinalis wild populations can take
up to 18 h at 20°C, while at 16°C it could last 22 h (Kroiher et al.,
1992; Matsunobu and Sasakura, 2015), which is congruent with our
results regarding the control populations at the control temperature
(17°C). Genetic association among fitness components of C.
intestinalis early life stage demonstrated that offspring derived from
ascidians with higher levels of larval viability had increased
mortality during embryogenesis (Aguirre et al., 2014), which
further supports our hypothesis, given the lower ratio of embryos
that we observed.

In our study, larval settlement was examined 24 h post
fertilization, i.e. 4 h post-hatching. Matsunobu and Sasakura
(2015) estimated that settlement would start at approximately 3 h
after hatching, regardless of temperature. We observed that larvae
derived from anthropogenically impacted populations hatched
within a short time period and settled, which explains why we
observed settled larvae from anthropogenically influenced
populations, in spite of the lower ratio of developed larvae. Some
authors suggest a correlation between the induction ofC. intestinalis
metamorphosis (settlement and tail regression) and heat shock
protein synthesis, after heat treatment above 20°C (Kroiher et al.,
1992). Considering the heat treatment applied in our study (22°C),
settlement could have been promoted by heat shock with different
impact among populations: anthropogenically impacted sites had
the same pattern of response but the same was not observed among
control sites. Although mixed model analysis failed to find a site
effect (anthropogenically impacted versus control), a site-specific
variability among sampled control populations should not be
disregarded. Furthermore, metamorphosis varied significantly
with the interaction of temperature and the parental origin
(anthropogenically impacted versus control). Although previous
studies on ascidians have demonstrated that metamorphosis is not
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affected by temperature (Thiyagarajan and Qian, 2003; Matsunobu
and Sasakura, 2015), our data show that the observed higher
metamorphosis ratio (populations from anthropogenically impacted
sites) and the interaction term of mixed effect models could be
indicative of co-occurrence of extrinsic (e.g. temperature) and
intrinsic (e.g. parental experience) factors which may have a
significant overall effect on C. intestinalis metamorphosis (Svane
and Young, 1989). Although for the majority of the analysed
endpoints, C. intestinalis was revealed to be more responsive to
heatwave treatment conditions, heart rate analysis did not provide
evidence to explain the observed results related to either a
population component or increased temperature. Moreover, the
available literature suggests that heart rate of several ascidian species
is mainly affected by osmotic stress (i.e. reduction in salinity), with a
stronger effect being observed when combined with higher
temperatures (Shumway, 1978; Dijkstra et al., 2008; Pineda et al.,
2012; Malfant et al., 2017).
Ascidians (Tunicata, Ascidiacea) are widely distributed around

the globe (e.g. Lambert, 2007; Shenkar and Swalla, 2011; Simkanin
et al., 2016), and are able to adapt to specific local conditions. Our
findings are particularly pertinent in two ways. Firstly, a sudden
temperature increase can have an unpredicted outcome on invasion
potential/dynamics of C. intestinalis. Current evidence indicates
that non-native species perform better than native under extreme
conditions (Stachowicz et al., 2002; Smale et al., 2011; Sorte et al.,
2013; Rius et al., 2014; Gewing et al., 2019; Kenworthy et al.,
2018). The greater tolerance to heat stress displayed by
anthropogenically disturbed compared with control populations,
shows that spreading of species reared in stressful habitat conditions
could aggravate competitive asymmetries between species under
extreme conditions such as heatwaves and climate change. Under
harsh conditions ascidians are thought to not successfully complete
early life stages of development because larvae may be capable of
detecting the prevailing environment, withholding attachment to
substrates in unfavourable conditions, and therefore delaying
recruitment until more tolerable conditions (Bellas et al., 2004;
Pineda et al., 2012). However, larva development, metamorphosis
and settlement are enhanced under high temperatures (Gewing et al.,
2019). Our study indicates that settlement and recruitment are
significantly enhanced after being subjected to stressful conditions.
This could be linked to the low levels of embryo development under
heat treatment, suggesting that the stressor has an additive effect on
anthropogenically impacted populations, selecting against the least
viable individuals. By contrast, in populations that were not under
environmental stress, the embryos would experience an apparent
benefit with later detrimental consequences (Dybern, 1965; Bellas
et al., 2003; Kawaguchi et al., 2015; Malfant et al., 2017).
Secondly, the fact that such responses are observed in native
populations, strengthens our conclusion regarding the influence of
parental experience and the selective anthropogenically derived

pressure of contamination/pollution over invasive potential success.
Consequently, after overcoming such critical environmental
conditions, resulting offspring are likely to shape variations or
even differences in population-specific physiological traits
(Magozzi and Calosi, 2015) and subsequently confer tolerance to
different environmental conditions (Vercaemer et al., 2011;
Renborg et al., 2014).

In our study, heat stress consistently induced a stronger development
response in C. intestinalis derived from anthropogenically impacted
populations in comparison to control populations. Such repeatable and
directional change that favoured early life stages performance as a
response to a specific environmental signal (i.e. temperature) could be,
to some extent, indicative of adaptive phenotypic plasticity (Travis,
1994; Doughty and Reznick, 2004). In this sense, it has been observed
that during C. intestinalis larval metamorphosis, a plastic response
towards osmotic tolerance is driven by parental experience (Renborg
et al., 2014). Conversely, the increased variability observed in
C. intestinalis early life stages from control sites towards heat shock
exposure, could suggest a lower plasticity and subsequently inherent
ability to adapt to the imposed environmental stress. As such, this
further supports our hypothesis that native species occurring in
anthropogenically impacted sites are likely to become more
successful invaders in comparison to those inhabiting sites which are
not under anthropogenic influence. To the best of our knowledge, only
one report indicates that temperature alone influences the developmental
performance of juvenile C. intestinalis (Malfant et al., 2017).

Other environmental or unrelated factors that may be influencing
early life stage development need to be considered as contributing
components. Connectivity among C. intestinalis populations can
modulate the flux of adaptive genetic variation from numerous areas
and habitats (Ghabooli et al., 2013). The ability of C. intestinalis to
disperse is crucially dependent on the larval competence and
capability to settle (Rius et al., 2014). However, at the local scale,
short-distance dispersal occurring by means of drifting
C. intestinalis eggs, egg-strings and swimming larvae (Svane and
Havenhand, 1993) limit the dispersion of this species, once the eggs
and developing larvae are maintained in mucus strings (Petersen
and Svane, 1995) and local oceanographic patterns constrain
C. intestinalis populations connectivity (Johannesson et al., 2018).
The expansion of global trade and maritime traffic will be a main
contributor to the increasing rate of introduction of marine species
worldwide (Shenkar and Rosen, 2018). Anthropogenically
impacted sites, such as harbours and marinas, are some of the
most vulnerable environments as they are directly exposed to the
introduction of non-native species (Lambert and Lambert, 1998;
Airoldi et al., 2015). Additionally, they can act as donor
environments (Keller et al., 2011), creating pivotal breeding
grounds for non-native species and subsequently sustain the
biological spreading of non-native species to new areas (Simkanin
et al., 2012; López-Legentil et al., 2015). These sites concentrate
propagules of multiple origins and therefore increase the
invasiveness potential of non-native species by introducing
adaptive genetic variation from numerous areas and habitats
(Ghabooli et al., 2013). However, these same anthropogenically
impacted sites are subjected to high levels of anthropogenic
disturbance (e.g. pollutants), which constitute well known
stressors in the marine environment and powerful agents of
selection, exerting high pressure on maximum physiological
responses of organisms (Piola and Johnston, 2007; Levinton
et al., 2003; Galletly et al., 2007). The occurrence of site-specific
environmental conditions can expose populations to intense
multiple generation selection (Medina et al., 2007), resulting in

Fig. 4. Development performance of C. intestinalis early life stages,
derived from populations of anthropogenically impacted and control
sites, subjected to control (17°C) and simulated heatwave (22°C)
temperatures. Mean±s.e.m. are shown for each endpoint: (A) Embryo
development; (B) larva development; (C) settlement success;
(D) metamorphosis; (E) juvenile heart rate. Statistically significant differences
from mixed effect models are indicated with asterisks when they are due
only to the temperature condition; the asterisk accompanied by a dotted line,
indicates observed differences due to the interaction of the two analyzed
conditions (site and temperature). With the exception for juvenile heart rate,
remaining analysed endpoints are expressed as ratios, scored against the
initial number of fertilised eggs. SH, Södra Hamnen; G, Grundsund; F,
Fiskebackskil; GN, Gåseklåvan North; GS, Gåseklåvan South.
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the evolution of subtle variations or even differences in
physiological traits (Magozzi and Calosi, 2015) and subsequently
giving rise to population-specific intransigence (Klerks and Weis,
1987). In fact, populations from different Scandinavian sites can
exhibit different ranges of salinity tolerance for the development of
fertilized eggs and larvae (Dybern, 1967).
In the near future, not only are global trade and maritime traffic

predicted to increase, but so is the frequency and magnitude of
extreme warming events (Mann et al., 2017). Using data available
from NOAA , we determined that during the 12 months prior to the
sampling, only two moderate marine heatwaves took place in the
area: on 18–22 December 2015 and 11–14 April 2016 (Fig. 5A,B).
Moreover, wewere able to demonstrate a 5°C increase in surface sea
temperature, corresponding to category II and category III
heatwaves. In fact, in 2018, a category II summer heatwave led to
sea water temperature rising to 22.2°C (Fig. 5A). Furthermore,
compiling data from marine heatwave detection NOAA dataset of
sea surface temperatures for the last 30 years indicates that there
have been numerous heatwaves occurring annually (Fig. 5B).
The relevance of our proposed research question is therefore

evident within marine invasion ecology, but also in a broader
context of global environmental change. Not only the studied area
but other places along Central Europe would be experiencing
similar scenarios, affecting many species. The brown seaweed
Fucus vesiculosus and the seagrass Zostera marina seem to be fairly
tolerant to short-term marine heatwaves (up to 5°C above mean
temperature) in the Baltic Sea (Saha et al., 2020). Similarly, in a
mesocosm study on the heatwave effect over temperate
macrobenthic community of the western Baltic Sea, Pansch et al.
(2018) observed that half of the species did not respond to
heatwaves, and concluded that these are tolerant to short-term
heatwaves. Furthermore, and in line with our results, heatwaves in
general favoured suspension feeders that showed enhanced
reproduction, suggesting that the subsequent survival of the more
robust offspring (i.e. selection) could enhance thermal robustness
over time (Pansch et al., 2018). Early development in other aquatic
species, however, has been demonstrated to be negatively affected.

For example, Seuront et al. (2019) showed decreased thermal
tolerance under recurrent heat stress conditions resulting in mass
mortality in the blue mussel Mytilus edulis along the northern
French coast. Also, diminished reproductive rates of male and
female pipefish have been linked in a rise in Swedish coastal waters
from 10 to 15°C (Ahnesjo, 1995). Thus, although the extent of
heatwave threat is large since it can drive different species-level
responses that translate to the community level (Pansch et al., 2018),
when combined with enhanced thermal tolerance linked to
contamination/pollution, it can aggravate competitive asymmetries
between species, triggering important shifts in community structure
with further consequences for ecosystem functioning.

The present investigation demonstrates that C. intestinalis not
only inhabits highly disturbed environments (i.e. contaminated/
polluted sites), but early life stages can thrive under the additive
pressure of heat shock exposure. Pollution is known to affect
embryogenesis and lead to carry-over effects over species
settlement and metamorphosis related processes in marine
invertebrates (e.g. bryozoan Watersipora subtorquata, Ng and
Keough, 2003; bryozoan Bugula neritina, Lange and Marshall,
2017; sea squirtC. intestinalis, Bellas et al., 2004). These are critical
stages in species with complex life cycles, but as not all exposed
animals are equally affected, the environmental pressure can act by
selecting stronger phenotypes, shapingmore resistant populations in
subsequent generations (Foo and Byrne, 2016; Vihtakari et al.,
2016). This is further supported by studies highlighting that
tolerance to pollution and environmental stress are key determinants
of invasion success (e.g. Kolar and Lodge, 2001; Braby and
Somero, 2006; Olden et al., 2006). Nevertheless, empirical
evidence showing that invasive species successfully cope under
unfavourable condition is limited and still not conclusive (Prenter
et al., 2004; Lenz et al., 2011; Faria et al., 2010; Bielen et al., 2016;
Kenworthy et al., 2018), probably due to biases linked to the
comparison between native versus alien species that are
taxonomically close. Therefore, an intra-specific comparison
among native populations, as we proposed here, has the potential
to provide a more valuable insight regarding invasiveness success
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375):(58.225)%5D%5B(11.575):(11.625)%5D&.draw=surface&.vars=longitude%7Clatitude%7CCRW_SST&. colorBar=%7C%7C%7C%7C%7C&.
bgColor=0xffccccff; December 1990 to December 2020, NOAA, 2020) for seawater surface temperature for the sampling location.
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and abiotic tolerance. Moreover, in light of the overall higher
performance in anthropogenically impacted populations under heat
stress conditions, our study provides unquestionable empirical
evidence to sustain the hypothesis of species-specific pre-adaptation
in organisms that originate from harsh and/or fluctuating
environments and consequently, that anthropogenically shaped
populations would likely be more resilient to predicted future
heatwaves scenarios, in comparison to those not exposed and
derived from control sites.
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Repolho, T., Duarte, B., Dionıśio, G., Paula, J. R., Lopes, A. R., Rosa, I. C., Grilo,
T. F., Caçador, I., Calado, R. and Rosa, R. (2017). Seagrass ecophysiological
performance under ocean warming and acidification. Sci. Rep. 7, 41443. doi:10.
1038/srep41443

Richards, C. L., Bossdorf, O., Muth, N. Z., Gurevitch, J. and Pigliucci, M. (2006).
Jack of all trades, master of some? On the role of phenotypic plasticity in plant
invasions. Ecol. Lett. 9, 981-993. doi:10.1111/j.1461-0248.2006.00950.x

Rius, M., Branch, G. M., Griffiths, C. L. and Turon, X. (2010). Larval settlement
behaviour in six gregarious ascidians in relation to adult distribution. Mar. Ecol.
Prog. Ser. 418, 151-163. doi:10.3354/meps08810

Rius, M., Clusella-Trullas, S., McQuaid, C. D., Navarro, R. A., Griffiths, C. L.,
Matthee, C. A., van der Heyden, S. and Turon, X. (2014). Range expansions
across ecoregions: interactions of climate change, physiology and genetic
diversity. Glob. Ecol. Biogeogr. 23, 76-88. doi:10.1111/geb.12105

Rocha, R. M., Castellano, G. C. and Freire, C. A. (2017). Physiological tolerance
as a tool to support invasion risk assessment of tropical ascidians. Mar. Ecol.
Prog. Ser. 577, 105-119. doi:10.3354/meps12225

Rosa, R., Ricardo Paula, J., Sampaio, E., Pimentel, M., Lopes, A. R., Baptista,
M., Guerreiro, M., Santos, C., Campos, D., Almeida-Val, V. M. F. et al. (2016).
Neuro-oxidative damage and aerobic potential loss of sharks under elevated CO2

and warming. Mar. Biol. 163, 119. doi:10.1007/s00227-016-2898-7
Saha, M., Barboza, F. R., Somerfield, P. J., Al-Janabi, B., Beck, M., Brakel, J.,
Ito, M., Pansch, C., Nascimento-Schulze, J. C., Thor, S. J. et al. (2020).
Response of foundation macrophytes to near-natural simulated marine
heatwaves. Glob. Change Biol. 26, 417-430. doi:10.1111/gcb.14801

Salinas, S. andMunch, S. B. (2012). Thermal legacies: transgenerational effects of
temperature on growth in a vertebrate.Ecol. Lett. 15, 159-163. doi:10.1111/j.1461-
0248.2011.01721.x

Scannell, H. A., Pershing, A. J., Alexander, M. A., Thomas, A. C. and Mills, K. E.
(2016). Frequency of marine heatwaves in the North Atlantic and North Pacific
since 1950. Geophys. Res. Lett. 43, 2069-2076. doi:10.1002/2015GL067308

Schiel, D. R., Steinbeck, J. R. and Foster, M. S. (2004). Ten years of induced
ocean warming causes comprehensive changes in marine benthic communities.
Ecology 85, 1833-1839. doi:10.1890/03-3107

Schiff, K., Diehl, D. and Valkirs, A. (2004). Copper emissions from antifouling paint
on recreational vessels. Mar. Pollut. Bull. 48, 371-377. doi:10.1016/j.marpolbul.
2003.08.016

Seuront, L., Nicastro, K. R., Zardi, G. I. and Goberville, E. (2019). Decreased
thermal tolerance under recurrent heat stress conditions explains summer mass
mortality of the blue mussel Mytilus edulis. Sci. Rep. 9, 17498. doi:10.1038/
s41598-019-53580-w

Shenkar, N. and Rosen, D. (2018). How has the invention of the shipping container
influenced marine bioinvasion? Management Biol. Invasions 9, 187-194. doi:10.
3391/mbi.2018.9.3.02

Shenkar, N. and Swalla, B. J. (2011). Global diversity of Ascidiacea. PLoS ONE 6,
e20657. doi:10.1371/journal.pone.0020657

Shumway, S. E. (1978). Respiration, pumping activity and heart rate in Ciona
intestinalis exposed to fluctuating salinities. Mar. Biol. 48, 235-242. doi:10.1007/
BF00397150

Simkanin, C., Davidson, I. C., Dower, J. F., Jamieson, G. and Therriault, T. W.
(2012). Anthropogenic structures and the infiltration of natural benthos by invasive
ascidians. Mar. Ecol. 33, 499-511. doi:10.1111/j.1439-0485.2012.00516.x

Simkanin, C., Fofonoff, P. W., Larson, K., Lambert, G., Dijkstra, J. A. and Ruiz,
G. M. (2016). Spatial and temporal dynamics of ascidian invasions in the
continental United States and Alaska. Mar. Biol. 163, 163. doi:10.1007/s00227-
016-2924-9

Smale, D. A., Wernberg, T., Peck, L. S. and Barnes, D. K. A. (2011). Turning on
the heat: ecological response to simulated warming in the sea. PLoS ONE 6,
e16050. doi:10.1371/journal.pone.0016050

Smale, D. A., Wernberg, T., Oliver, E. C. J., Thomsen, M., Harvey, B. P., Straub,
S. C., Burrows, M. T., Alexander, L. V., Benthuysen, J. A., Donat, M. G. et al.
(2019). Marine heatwaves threaten global biodiversity and the provision of
ecosystem services. Nat. Clim. Change 9, 306-312. doi:10.1038/s41558-019-
0412-1

Somero, G. N. (2010). The physiology of climate change: how potentials for
acclimatization and genetic adaptation will determine “winners” and “losers”.
J. Exp. Biol. 213, 912-920. doi:10.1242/jeb.037473

Sorte, C. J. B., Williams, S. L. and Carlton, J. T. (2010). Marine range shifts and
species introductions: comparative spread rates and community impacts. Glob.
Ecol. Biogeogr. 19, 303-316. doi:10.1111/j.1466-8238.2009.00519.x
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