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ABSTRACT

Global projections predict significant increases in ocean temperature and changes in ocean chemistry, including
salinity variations by 2100. This has led to a substantial interest in the study of thermal ecophysiology, as
temperature is a major factor shaping marine ectotherm communities. However, responses to temperature may
be influenced by other factors such as salinity, highlighting the relevance of multiple stressor studies. In the
present work, we experimentally evaluated the thermal tolerance of the marine ragworm Hediste diversicolor
under predicted global change scenarios. Organisms were subjected to an experimental trial under control
(24 °C), and two temperature treatment scenarios (ocean warming +3 °C — (27 °C) and heat wave +6 °C —
(30 °Q)), combined with salinity variations (20 and 30) in a full factorial design for 29 days. Environmental data
from the field were collected during 2019 and 2020. At day 30 post exposure, upper thermal limits (Critical
Thermal Maximum - CTMax), thermal safety margins (TSM) and acclimation capacity were measured. Higher
acclimation temperatures led to higher thermal tolerance limits, confirming that H. diversicolor features some
physiological plasticity, acclimation capacity and a positive thermal safety margin. This margin was greater
considering in situ temperature data from 2019 than maximum temperatures for 2020 (CTMax > maximum
habitat temperature-MHT). Moreover, smaller organisms displayed higher upper thermal limits suggesting that
thermal tolerance is size dependent. Ragworms subjected to higher salinity also showed a higher CTMax than
those acclimated to lower salinity. However, temperature and salinity showed an additive effect on CTMax, as no
significant interaction was detected. We conclude that H. diversicolor can easily acclimate to increased water
temperature, independently of salinity variations. Given the key role of ragworms in food webs in estuaries and
coastal lagoons, substrate bioturbation and aquaculture, this information is relevant to support conservation
actions, optimize culture protocols and identify thermal resistant strains.

1. Introduction

deleterious effects promoted by global warming (Tewksbury et al., 2008;
Madeira et al., 2012; Vinagre et al., 2016). Nevertheless, a considerable

The thermal tolerance window is the favourable range of tempera-
ture or performance breadth of a given species (Madeira et al., 2012;
Velasco-Blanco et al., 2019). Climate change increased the scientific
community’s interest in understanding species’ thermal limits, enabling
to predict how species will react if this limit is overcome (Angilletta
et al., 2002; Peck et al., 2014; Vinagre et al., 2016; Sunday et al., 2019).

Species from intertidal or tropical environments live close to their
upper acute thermal tolerance limit, being more susceptible to
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lack of knowledge on thermal limits of marine organisms remains,
especially how multiple environmental factors (e.g. salinity, hypoxia,
pollution) modulate thermal tolerance limits of marine species. Under-
standing if organisms can tolerate new thermal variations in their
habitat and environment is only a small part of global change research,
being essential to understand the response of populations and commu-
nities to increasing temperatures and extreme weather events, such as
marine heatwaves. As oceans warm and marine heatwaves (MHW)
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expand (e.g., by affecting bigger areas at the same time) (Laufkotter
et al., 2020), become more frequent (Coleman and Wernberg 2020),
intense and long-lasting (IPCC, 2022), temperate organisms will most
likely face both chronic and acute thermal stress.

Organisms can have different responses to warmer temperatures:
diffuse towards more favourable habitats, cope with new conditions
through phenotypic and physiological plasticity (Fox et al., 2019), or
adapt through genetic changes (Hofmann 2005; Gibbin et al., 2017).
Regarding thermal acclimation, phenotypic plasticity can be any
phenotypic alteration (usually reversible) in physiology promoted by
environmental temperature that modifies organisms’ performance,
possibly improving their fitness (Chown et al., 2009; Massamba-N’"Siala
et al., 2014). On the opposite, some phenotypic plasticity responses are
non-reversible and remain throughout the organism’s life cycle, leading
to carry over effects that determine fitness outcomes (Slotsbo et al.,
2016; Moore and Martin 2019). However, since long-term acclimation
in a long-term imposes energy costs to an organism in terms of growth
and reproduction (Angilletta 2009), this aspect should be taken into
consideration in species vulnerability assessments, as it ultimately de-
termines the success and viability of populations enduring global
change. Moreover, smaller organisms are expected to have a reduced
mismatch between oxygen demand and tissue oxygenation capacity
when compared to larger organisms, showing greater whole-organism
thermal tolerance (Portner et al., 2017); consequently smaller speci-
mens may eventually benefit more quickly from natural selection. As
smaller organisms display faster acclimation, this could also result in a
greater thermal windows than that displayed by larger organisms, since
smaller organisms can sustain higher performances over wider tem-
perature ranges (Rohr et al., 2018). The potential effects on organismal
performance can escalate if additional stressors, (e.g., salinity varia-
tions), interact with temperature, potentially threatening the future of
marine communities. In addition, the interaction between two, or more,
stressors may lead to additive, antagonistic or synergistic responses by
organisms (Coté et al., 2016; Jackson et al., 2021). In marine species,
stress caused by sub or supra saline environments, interacting with
warmer waters which, by itself, already increase organisms’ metabolic
rate, may demand larger amounts of metabolic energy to be allocated to
re-establish the organism’s homeostasis than saline or thermal stress
acting individually (Spanopoulos-Hernandez et al., 2005; Jackson et al.,
2021).

To determine the thermal tolerance of a species, contrasting exper-
imental approaches are frequently used: 1) the determination of Lethal
Temperature, i.e. the temperature that causes a mortality of 50% of the
individuals in a given sample, (Somero 2011); and 2) the determination
of the Critical Thermal Maximum (CTMax), i.e. the temperature that
initiates the loss of motor function, with this feature being determined
by the constant increase of temperature to reach a critical point (Mora
and Ospina 2001; Madeira et al., 2012; Massamba-N’Siala et al., 2012;
Missionario et al., 2022). The second method is more commonly used in
thermal biology research on this topic, as it is easier to apply, faster and
requires smaller sample sizes (Morgan et al., 2018). Furthermore,
among ectothermic vertebrates and invertebrates, it is generally
accepted that CTMax is the most efficient index of upper thermal
tolerance (Lutterschmidt and Hutchison 1997).

Hediste diversicolor is a benthic polychaete species that belongs to the
Nereididae family (Miiller, 1776). It inhabits estuaries and coastal la-
goons, where it is influenced by the tides along the temperate North
Atlantic coast (Scaps 2002). This species is euryoecious and euryhaline,
adapting to a wide range of environmental conditions, (e.g., hypoxia and
low salinities). Hediste diversicolor is a gonochoristic species, with
maturation occurring between the ages of one and three years old.
However, since this species is ectothermic, warmer temperatures can
accelerate sexual maturation. As prey, this species is key in temperate
trophic webs, being predated upon by a large number of fish, crustacean
and bird species. (Scaps 2002; Gillet and Torresani 2003; Nesto et al.,
2012). In addition to its ecological relevance, the ragworms hold high
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commercial value as bait for sports fishing and effluent bioremediation
in integrated multi-trophic aquaculture (IMTA), due to their ability to
reuse organic matter available in the effluent waters of fish farm (Mar-
ques et al., 2018; Wang et al., 2019; Jerénimo et al., 2021).

The aim of the present study was to investigate the acclimation ca-
pacity of H. diversicolor under different global (temperature) and local
(salinity) change scenarios to infer on its capacity to withstand ocean
warming and MHW events. For that purpose, we maintained individuals
under experimental controlled conditions of temperature and salinity to
determine their upper thermal tolerance limits, thermal safety margins
and acclimation capacity ratio. To have a more realistic view of thermal
regimes in situ, we collected temperature data over two consecutive
years (2019 and 2020). To evaluate potential links between thermal
tolerance and weight, we tested the correlation between H. diversicolor
upper thermal limits and wet weight. We hypothesize that higher
acclimation temperatures promote higher thermal tolerance limits,
given the physiological plasticity of eurythermal intertidal species.
However, this response may be modulated by salinity variations.
Moreover, we hypothesize that smaller organisms have higher thermal
limits than bigger organisms, as they are less likely to spend energy on
energetically costly processes (such as reproduction) and should be less
susceptible to oxygen limitation due to their higher surface area to
volume ratio. We also hypothesize that intertidal temperatures vary
between the two years, showing relevant interannual variability,
affecting thermal safety margins (TSM) estimations. Finally, we high-
light the importance of this study, as this estuarine and coastal species
plays an important role on ecosystem processes and services, being an
important prey item in trophic webs and a major bioturbator in coastal
environments.

2. Materials and methods
2.1. Ethical statement

This study was conducted following all relevant EU legislation for
animal experiments (Directive, 2010/63/EU), mostly related to and
complied with the 3 Rs principles of animal welfare. Although the
Directive does not include most invertebrates, many of the principles
can be applied to any animal experiment (partial replacement: using
invertebrates instead of vertebrates; reduction: the experimental design
is robust to ensure reproducible results with the least amount of animals,
while maximizing the relevant information to be extracted and pro-
moting data sharing for re-use and analysis; refinement: ensuring the
quality and enrichment of the life support systems, promoting the well-
being and health of all experimental animals). The last author Diana
Madeira is licensed by the Portuguese National Authority for Food and
Animal Health to carry out animal experiments, holding a C level cer-
tification by the Federation of European Laboratory Animal Science
Association.

2.2. Field work and animal husbandry

Field temperature data was measured between July 2019 and
October 2020 at Ria de Aveiro, namely in Espinheiro channel
(40°38'2"N, 8°39'42"W, Fig. S1), to determine seasonal, within season
and daily (tide cycle) fluctuations in the ragworms’ habitat. Water
temperature was registered every 30 min using a data logger (HOBO®
Water Temp Pro v2 U22 — 001, Onset, USA). Moreover, salinity and pH
measurements were taken during 2019, at a frequency of once a week
amidst low tide. To assess tidal cycle variations, we also recorded
salinity and pH during a full tide cycle at a frequency of once per month
between sunrise and sunset, using a WTW® multiparameter probe
(Xylem Analytics, Germany).

Organisms (n = 1470, weight 0.22 g + 0.08 g, measured in a sub-
sample of 60 individuals) were collected from Espinheiro channel at
Ria de Aveiro (40°38'2"N, 8°39'42"W, Fig. S1) in 2018 (autumn season)
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amidst low tide. During specimen collection, the average water tem-
perature was 15 °C and the average salinity was 25 (measured with a
conductivity portable meter 3110 SET 1 WTW® probe). During the
transport to laboratory, organisms were placed in buckets containing
macroalgae.

Organisms were housed in 47L-plastic containers for two weeks
containing artificial seawater and a sediment layer made of sand from
WhiteMinerals® (0.5 — 0.7 mm) to simulate ragworms natural envi-
ronment. Containers were supplied with continuous aeration. Artificial
seawater was prepared by mixing reverse osmosis water and Red Sea®
salt crystals (25 salinity — mimicking the environmental conditions when
the organisms were sampled). The temperature of the water was kept at
15 + 0.5 °C and feed was provided to ragworms every 2 days (flaked
commercial fish food - containing 42% protein and 11% fat). The
photoperiod cycle was established at 12 h L: 12 h D cycle with white
fluorescent lamps placed above the containers.

2.3. Acclimation assay

Following the 2-week housing timeframe, organisms were gradually
adapted to the temperature treatments by increasing temperature at a
rate of (2 °C hfl) (Missionario et al., 2022) to reach the temperature
scenarios of control — (24 °C), +3 °C — (27 °C) and +6 °C (30 °C), pre-
dicted by the Intergovernmental Panel on Climate Change (IPCC) for
2100 (IPCC, 2019) and adapted to local environmental regimes. During
thermal ramps, salinity was maintained at 25. Thermal ramping was
performed as described in Madeira et al. (2021), using a water bath in
which temperature was controlled by a custom-made digital heater
device (Aqualgae Soc Lda, Portugal). Briefly, we used six buckets of 25 L,
each containing 81-82 specimens and thermal ramping was performed
until we reached the total sample size of 490 ragworms per warming
scenario (giving a total of 1470 in the experiment).

Subsequently, organisms were randomly allocated to 6.5-L plastic
tanks with different treatments (levels of water temperature - 24 °C,
27 °C and 30 °C- and salinity (20 and 30) in a full factorial design (six
treatments in total, n = 7 tanks treatment ', n = 35 specimens tank !,
Dyota] PEr treatment = 245) (Fig. S2.1 and S2.2). Salinity values were
based on the range of salinities reported for Ria de Aveiro, namely 20 to
35 (Abrantes et al., 1999). To simulate field conditions, each replicate
tank had 80 mm of sand and seawater (prepared as described above).
Each replicate was also wrapped in opaque black plastic, to avoid light
from entering the sediment column. Organisms were exposed to the six
treatments for a period of 29 days. Temperature was kept in each tank
using individual Eheim® thermocontrol heaters of 50 W. Oxygen levels
were kept using an aeration device (Hailea® vortex blower) with a
diffuser stone in each tank. In addition, one 47-L depuration tank per
treatment (was kept at the intended temperature with a 100-W heater.
Inside each depuration tank were seven 1-L glass flasks containing 40
mm of sand and sea water (aerated), corresponding to the 7 tanks for
each treatment (Fig. S2.1 and 52.2).

Ragworms were fed every 2-days with flaked feed (as described
above). Water chemistry in each tank (salinity, dissolved oxygen and
pH) were monitored using WTW probes for conductivity, oxygen and
pH; ammonia and nitrites’ levels in the water were monitored using
Salifert Profi colorimetric water tests. Approximately 50% of the water
in each tank was replaced every week.

2.4. Thermal tolerance limits

The critical upper thermal limit of ragworms was determined
following a dynamic method commonly employed in the determination
of thermal tolerance in ectothermic animals (Madeira et al., 2012;
Kaspari et al., 2015; Vinagre et al., 2016).

To determine the Critical Thermal Maximum (CTMax), after the
acclimation assay (at day 30 post exposure) and 24 h of depuration,
three different individuals per replicate tank (n = 21 per treatment)
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were moved to other 1-L glass flasks (with a 5 mm sand bottom, and
aerated seawater). These glass flasks were grouped by temperature
treatment and assigned to the correct salinity value and randomly
positioned inside a water bath (the same as described above)
(Figure S3.1 and Fig. $3.2). In summary, three CTMax assays were run,
each starting at the tested acclimation temperatures (24, 27 and 30 °C).

During the CTMax assay, individuals were subjected to an ecologi-
cally realistic thermal ramp of 2 °C h™!, (Missionario et al., 2022), until
they reached the behavioural end-point, defined as loss of equilibrium, i.
e. individuals were not in their gravitational position, showing loss of
righting response (previously tested in a pilot trial). The CTMax trial was
run under continuous observation and behaviour of individuals’, such as
digging activity (i.e., specimens attempting to burrow or emerged from
the substrate) and the response to prodding (i.e., specimens motionless
and moving only after being gently prodded with a tip) was also regis-
tered, as defined by Massamba-N’Siala et al. (2012). After reaching the
endpoint, the wet weight of the specimens was registered to the nearest
0.01 g (Kern EMB 200-3 Scale).

The total number of individuals sampled in the CTmax assay was
126, out of a total of 1470 used in the full experiment. This discrepancy
relates to the fact that several other sampling activities were carried out
during the experiment to answer different research questions, resulting
in other publications (Fernandes et al., 2021; Madeira et al., 2021b;
2021a)).

2.5. Data analyses

Descriptive statistics for temperature data (means and SD, minimum
and maximum values) were computed and data were plotted using the
software GraphPad Prism v9.0.0.

Data of wet weight was tested for normality (D’Agostino-Pearson
normality test) and homoscedasticity (Bartlett’s test). A Two-way
ANOVA, using temperature and salinity as fixed factors, was per-
formed to test significant differences between wet weight data of the six
different treatments after the 29 days of chronic exposure and post-
CTMax assay (acute exposure). Tukey’s post-hocs were used to test for
differences between treatments.

CTMax was calculated as the mean of all end points reached by the
individuals (Mora and Ospina 2001; Madeira et al., 2012; Massam-
ba-N’Siala et al., 2012), following the equation:

CTMax (treatment) = > _(Tendpoint ) / 71,

where Tendpoint is the temperature at which the endpoint was observed
for any given specimen and n the number of individuals that were in the
treatment.

Coefficients of variation (% CV) were used to calculate intraspecific
variation in CTMax, following the equation:

% CV = (SD/Mean) x 100,

where SD is the standard deviation of all CTMax individual values and
Mean is the respective average of CTMax.
Acclimation capacity was also calculated as:

Acclimation capacity (°C) = CTMax treatment - CTMax control,

where CTMax treatment means the CTMax of each treatment group
subtracted by CTMax of control group (T24S30).

The thermal safety margin (TSM, i.e. warming tolerance) was esti-
mated as the difference between the average CTMax previously deter-
mined and the Maximum Habitat Temperature (MHT), extracted from
the temperature data obtained in situ (Madeira et al., 2019; Missionario
et al., 2022). TSM indicates how near this species is from its critical
upper thermal limit.

Acclimation response ratio (ARR) is a proxy for heat tolerance
plasticity and is calculated as the change in heat tolerance (ACTMax) for
a given change in acclimation temperature (ATycc) (Claussen 1977):
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_ ACTMax

ARR
ATacc

An ARR = 0 means no plasticity whereas ARR = 1 means complete
physiological compensation for environmental warming.

Exploratory analyses were performed on the dataset to test normality
(D’Agostino-Pearson normality test) and homoscedasticity (Bartlett’s
test). A Two-way ANOVA, using temperature and salinity as fixed fac-
tors, was performed to test significant differences between the critical
thermal maximum of ragworms subjected to the six different treatments.
Box & whiskers graphs were plotted to better visualize the results.
Correlation between wet weight - CTMax was examined using Spearman
correlation test, as the assumptions of normality and homoscedasticity
were not met. Additionally, we considered the mean CTMax and wet
weight of three individuals from each replicate since they belonged to
the same replicate/tank/experimental unit of each treatment. All tests
were performed using the software GraphPad Prism v9.0.0 and consid-
ering a significance level (a) of 0.05.

3. Results
3.1. Environmental data

Intertidal mudflat temperature was highly variable during 2019 and
2020 as expected (Fig. 1). The maximum — MHT (Maximum Habitat

Summer months

Autumn months
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Temperature) was registered in summer months (July — September 2019
and 2020), with values ranging between 12.2 and 35.7 °C in 2019 and
12.4 - 37.6 °C in 2020 (Fig. 1).

Salinity data collected in the sampling location showed a mean of
34.9 + 0.8, a minimum of 32.9 and a maximum of 36.3 during the
sampling months. For pH data, the mean value was 8.1 + 0.4, the
minimum was 7.4 and the maximum was 8.7. Generally, these two
factors did not vary so much, as opposed to temperature, which is a
fairly variable parameter.

3.2. Thermal tolerance limits and physiological traits

Survival percentages from this experiment have already been pub-
lished (Madeira et al., 2021) and can be found in the supplementary
material (Table S4).

Temperature significantly impacted wet weight (F =5.0,df =2,p =
0.01) of the ragworms. Salinity (F = 1.9, df = 1, p = 0.17) and tem-
perature x salinity interaction (F = 0.56, df = 2, p = 0.57) did not affect
worms’ wet weight, except between groups T24520 and T30S30 where
significant differences were reported (Tukey’s post-hocs: p value > 0.05)
(Fig. S5).

Hediste diversicolor specimens showed CTMax values ranging from
37.3 to 39.1 °C between all treatments. Species intraspecific variability
in CTMax was overall low (1.1 %) including within each treatment
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Fig. 1. Temperature measured at the intertidal mudflat where organisms were collected (Ria de Aveiro coastal lagoon, Espinheiro channel, 40°38'3.92"N,
8°39'40.70”"W, Aveiro, Portugal) from July 2019 to October 2020. HOBO® data loggers were used (Water Temp Pro v2 U22-001). Seasons are coloured differently:
summer (orange), autumn (brown), winter (blue) and spring (light yellow) Adapted from Madeira et al., (2019). (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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(<0.85 %) (Fig. 2).

Significant differences in CTMax were observed between acclimation
temperatures (p < 0.0001) and between salinity values (p = 0.02),
however no significant interaction was detected between both factors (p
= 0.09) (Table 1). CTMax values were higher in treatments of higher
temperature. Moreover, CTMax values were higher at a salinity of 30,
when compared to treatments at a salinity of 20, within the same tem-
perature group (Fig. 2). Thermal Safety Margin (TSM) differed consid-
ering the MHT registered between the two years (2019 and 2020)
(Table 2). Moreover, in both years, TSM also increased as the acclima-
tion temperature of the treatment was higher (Table 2). Thus, the
highest TSM value was detected in the group exposed to 30 °C and a
salinity of 30 considering the 2019 MHT (TSM = 2.94 °C). On the
opposite, the Acclimation Response Ratio (ARR) values decreased as the
acclimation temperature increased (Table 2).

A significant correlation was found between wet weight and CTMax,
with a general decrease in CTMax being observed as ragworms weight
increased (Fig. 3) (Spearman’s correlation, wet weight — CTMax, r = —
0.33, p = 0.03).

4. Discussion
4.1. Environmental data

As expected, the most variable parameter studied in the sampling
location was temperature. Summer mean water temperatures in Ria de
Aveiro coastal lagoon, are close to 23 — 31 °C (Almeida et al., 2005;
Sousa et al., 2017) during high and low tide (respectively), which is in
good agreement with our results. However, our highest recorded tem-
peratures were slightly higher (35 - 37 °C), potentially associated to the
fact that mudflats remain with almost no water for several hours. In
addition, as MHW tend to be more frequent and stronger, additional
monitoring of environmental temperature data over the years is
required. Intertidal areas and estuaries have large temperature varia-
tions due to tidal cycles (O'Dea and Okamura 1999; Harrison and
Whitfield 2006; Lillebg et al., 2015). In situ data collection in this study,
showed that H. diversicolor experiences wide temperature variations

Species CV =1.1%
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Table 1

Main results of Two-way ANOVA comparing Critical Thermal Maximum
(CTMax) values of the marine polychaete Hediste diversicolor after 29 days of
exposure to several combinations of temperature (T 24, 27 and 30 °C) and
salinity (S 20 and 30). Significant results in bold.

Factors df F p-value

Temperature 2 56.00 <0.0001

Salinity 1 5.267 0.0235

Temperature x Salinity 2 2.465 0.0893
Table 2

Acclimation capacity (CTMax treatment - CTMax control) and ARR (Acclimation
Response Ratio) of Hediste diversicolor tested under different temperature sce-
narios (+3 and + 6 °C) combined with salinity (20 and 30). Thermal Safety
Margin (TSM) for each treatment, where TSM for each year (2019 and 2020) is
the difference between the mean CTMax from each treatment and MHT
(Maximum Habitat Temperature) registered in each year (2019 and 2020).

Treatments (n = 21)

T24S520 T24S30 T27S520 T27S30 T30S20 T30S30
Acclimation - - 0.25 0.52 0.58 0.81
capacity
((®]
TSM (°C) 2019  2.17 2.13 2.42 2.65 2.75 2.94
TSM (°C) 2020 0.21 0.17 0.46 0.69 0.79 0.98
ARR - - 0.33 0.33 0.13 0.18

and, considering that this ragworm inhabits intertidal mudflats (Scaps
2002), this species could be equipped with plastic and adaptive mech-
anisms that allow it to endure extreme variations in the environment.
Moreover, the highest and lowest temperature values recorded per day,
suggest that these organisms live in an environment with large daily
thermal ranges, i.e., they must acclimatize quickly in a short time frame,
which could be a relevant trait for species survival (Kim et al., 2016).

Fig. 2. Box and whiskers plots representing Critical
Thermal Maximum (CTMax) values (minimum,

39.51 ” maximum, median and quartiles) from each treat-
” ment (n = 21). Species % CV (Coefficient of Varia-
- 39.01 * tion) of all specimens of Hediste diversicolor on top
(&) * | (1.1 %) and for each treatment under each box. MHT
< 38.54 ] (Maximum Habitat Temperature) value registered at
£ ) the sampling location in each year (2019 and 2020 -
3 1 dashed line). Significant differences (T27S30,
£ 38.01 I e T30520, T30S30 p <0.0001 and T27520 p = 0.0239)
g N B el P 777" when compared to control group (T24830) are
= 37.54 CV = 0.85% MHT 2020 = 37.62 °C  marked with an asterisk (*).
G_B CV =0.80%
CV =0.75% =0.81%

E 37.01 CV =0.81%
[}
L
= 36.51
©
0
= 36.01
| 5
O e e o e e e o e e e e e e e e e e e e e e e e e e e e e e

35.54 MHT 2019 = 35.66 °C

35.0 T T T T T T

T24S20 T24S30 T27S20 T27S30 T30S20 T30S30

T24820 - 24 °C, salinity 20 T27S820 - 27 °C, salinity 20

T24S30 - 24 °C, salinity 30 T27S30 - 27 °C, salinity 30
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T30S30 - 30 °C, salinity 30
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Fig. 3. Correlation between Hediste diversicolor wet weight and Critical Thermal Maximum (CTMax) values from each treatment (n = 7 glass flasks per treatment,
each with 3 ragworms inside, for which the wet weight and CTMax were averaged).

Salinity showed no considerable variations in the sampling location
during the summer, despite being a coastal lagoon environment, where
some variation could have been expected (Vaz and Dias 2008). How-
ever, major salinity variations are more likely to occur between seasons,
due to variations in temperature and rainfall (Lilleby et al., 2015).
Within season data are actually in agreement with previous studies in
Ria de Aveiro lagoon (Lillebg et al., 2015). During the summer, low
freshwater inflow is expected, leading to saltwater propagation further
upstream. As a result, the main lagoon channels are largely filled with
high saline water, whereas the extreme ends of the lagoon are observed
to have oceanic saline water (Vaz and Dias 2008). Some of these chan-
nels can reach salinity values over 40, in the summer, at low tide (Sousa
et al., 2017). Since this factor does not vary so much in this channel in
the summer, presumably, in the winter with rainfall, salinity may have
larger variations. Thus, species from this specific location are likely to
have mechanisms that allow them to acclimatize to salinity fluctuations.

4.2. Species upper thermal limits, intraspecific variation and acclimation
capacity

Organisms that were acclimated to higher temperatures had a higher
CTMax value than organisms acclimated to lower temperatures. Higher
tolerance for organisms that were acclimated to higher temperatures has
also been found in other ectotherms, such as fish and shrimps (Stillman
2003; Chown et al., 2009; Peck et al., 2014; Rodriguez-Fuentes et al.,
2017; Madeira et al., 2019). Hediste diversicolor was capable of shifting
CTMax by a maximum of 0.81 °C, following a change of +6 °C in
environmental temperature for 1 month. Such shift in CTMax is com-
parable to values reported in other invertebrate species, such as the
intertidal crab Pachygrapsus marmoratus (~1 °C, Vinagre et al. (2016),
but lower than reported in the intertidal shrimp Palaemon elegans
(2.8 °C, Vinagre et al. (2016), and intertidal fish Coryphoblennius galerita
(4.0 °C, Vinagre et al. (2016)). Acute heat shock has also been shown to
increase CTMax in the order of 0.83 — 2.42 °C in several marine crus-
taceans, depending on species and season (Hopkin et al., 2006). These

results confirm that acclimation temperature (i.e. recent thermal his-
tory) affects thermal tolerance plasticity, thus helping organisms to be
more tolerant to a sudden change in water temperature (Galvez 2018;
Fox et al., 2019). However, this may not be a general pattern, as de-
creases in CTMax after heat stress have been reported as well (Hopkin
et al., 2006; Vinagre et al., 2018). Nevertheless, overall positive shifts in
CTMax should increase population survival, at least in the short-term
(Kellermann and Sgro 2018).

Accordingly, phenotypic plasticity in physiological and life-history
traits, occurring within- and trans-generationally, is known to buffer
the negative effects of climate change (Gibbin et al., 2017). If adaptive, it
allows species to persist in a specific habitat/environment by having a
positive effect on fitness (Reed et al., 2011; Grenier et al., 2016; Bona-
mour et al., 2019) Thus, as suggested by Massamba-N’Siala et al. (2014)
and Chakravarti et al. (2016), this improved response capacity may
facilitate the ability of populations and species to cope with the chal-
lenges raised by climate change within and across generations. How-
ever, phenotypic plasticity is a trait that is subject to evolutionary
change itself (Gibbin et al., 2017). For instance, phenotypic plasticity
should be selected for when the environment shows sustained space
and/or time heterogeneity, leading to different phenotypes in different
environments (Reed et al., 2011; Chevin and Hoffmann 2017; Brahim
etal., 2019). Nonetheless, global change may influence the evolutionary
trajectories of phenotypic plasticity by altering the reliability, percep-
tion and interpretation of environmental cues, associated with climate
stochasticity (Bonamour et al., 2019). Moreover, (i) the production cost
of plasticity and (ii) genetic and physiological constraints leading to a
saturation state of plastic phenotypic responses, may also limit popu-
lation persistence under extreme conditions (Chevin et al., 2010). In
fact, several studies report that intertidal/eurythermal organisms,
despite having high thermal tolerances, have low acclimation capacities
as they are already living on the edge of their physiological limits
(Stillman 2003; Hopkin et al., 2006). At higher temperatures, plasticity
of CTMax might be constrained (as shown by the decrease in ARR with
an increase in temperature), suggesting that a trade-off exists between
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high thermal tolerance and phenotypic plasticity, as already shown in
studies addressing marine invertebrates (Vinagre et al., 2018). Thus,
some authors suggest that plasticity in CTMax is somewhat beneficial
but may not be enough decrease overheating risk under global change
scenarios (Gunderson and Stillman 2015; van Heerwaarden et al., 2016;
Barria and Bacigalupe 2017; Gunderson et al., 2017).

Curiously, the CTMax increased with rising salinity, suggesting that
the ragworm specimens may prefer a higher salinity (30) over a lower
salinity (20). Such result matches well with the salinity measurements
carried out in the sampling location, that were always above 30. It is
therefore legitimate to assume that a small variation in salinity can be
critical under extreme weather events (e.g., MHW), allowing, or not, the
species’ survival by shifting their thermal tolerance (i.e., CTMax).
Additionally, this correlates fairly well with Freitas et al. (2015) and
further supports the idea of optimum salinity around 30 for this rag-
worm species, similarly to other sympatric polychaetes such as Diopatra
neapolitana (optimum salinity ranging from 28 to 35). If living within
their optimum salinity, polychaetes may have an enhanced ability to
cope with other stressors, as shown in D. neapolitana under these con-
ditions, as it was able to regenerate tissue after injury (Freitas et al.,
2015). While there was no significant interaction between temperature
and salinity on CTMax values, suggesting that the pattern of response
across the levels of one factor is the same at all levels of the other factor
(e.g., CTMax increases as temperature rises, at both salinities tested). In
this way, H. diversicolor may have some ability to cope with predicted
extreme events, but further studies are necessary to reach a more robust
conclusion.

Overall, in our study, species intraspecific variability in thermal
tolerance was low, including within each treatment, suggesting that
individuals have a very similar reaction and behavior to thermal and
saline stress, even under different conditions. Similar results were ob-
tained for thermal tolerance measurements in crustaceans and fish, in
which the CV varied between 0 and 5% (Madeira et al., 2012; Vinagre
et al.,, 2016). Interestingly, intraspecific variation may be greater if
populations from different geographic regions are compared, suggesting
that heat tolerance should be assessed over the full geographical range of
species, as only like this one can accurately estimate climate change
impacts on biodiversity (Shaw et al., 2016; Barria and Bacigalupe 2017;
Bennett et al., 2019; Herrando-Pérez et al., 2019). Accordingly, organ-
isms can undergo local adaptation or acclimation to the thermal regime
on a regional scale (i.e., conspecifics in different geographic locations
can have different responses under different environmental stressors)
(Freitas et al., 2010), suggesting that populations may differ in climate
susceptibility. Other thermal performance related traits also show
intraspecific variation, for example aerobic performance in elasmo-
branchs (Di Santo 2016) and net calcification rates in corals (Shaw et al.,
2016), suggesting that intraspecific genetic variability within a popu-
lation may play an important role in determining adaptive capacity to
future conditions.

The significant correlation between wet weight — proxy for body
mass - and CTMax is in agreement with previous studies (Selong et al.,
2001; Ashaf-Ud-Doulah et al., 2020). Organisms with lower weight had
a higher CTMax, suggesting that larger body mass constrains thermal
tolerance. Also, this finding may be indicative of trade-offs between
thermal limits and growth, potentially associated with energy use for
different activities (cellular repair activities vs growth) (Leiva et al.,
2019; Kiiltz 2020). These trade-offs can impact offspring, as the survival
of smaller-bodied organisms will be favoured, which can lead to changes
in key traits, such as size-at maturity (Gibbin et al., 2017; Thibault et al.,
2020) or even halt the species reproduction until an ideal size is attained
(Sara et al., 2014).

The increase of acclimation capacity and TSM as the temperature of
experimental treatments was higher, highlighted the ability of rag-
worms to acclimate to new conditions and increase their TSM, by
increasing their CTMax; this feature allowed them to have a larger
thermal window to survive extreme weather events, in line with
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previous studies (Vinagre et al., 2016). However, even though the MHT
registered for the two years surveyed in situ is lower than CTMax values,
an interannual variation of ~2 °C for MHT was recorded. If ocean
warming and MHW aggravate, as predicted by the IPCC (IPCC, 2022), it
is likely that some species may no longer be able to acclimatize, as they
already live very close to their thermal limits. On the other hand, this
positive TSM suggests that H. diversicolor may have an advantage over
other organisms, since in other species TSM can be negative, showing
that some of them are already under pressure at present-day tempera-
tures (Madeira et al., 2017). The acclimation response ratio decreased as
acclimation temperature was higher, proving that ragworms display
some thermal plasticity, but it did not further increase when specimens
were acclimated to higher temperatures. This constraint is related with
plasticity often decreasing at relatively high acclimation temperatures,
by reaching a plateau as shown in other ectotherms (Otto 1973; Fangue
et al., 2006; Gunderson and Stillman 2015).

Fluctuations in each single environmental variable may impose sig-
nificant stress on inhabiting organisms, but the combined exposure to
several interacting variables may produce additive and synergistic ef-
fects (Coté et al., 2016). Even when animals are adapted to tolerate these
extreme environments and populations can persist, the typical envi-
ronmental variability of estuaries is potentially stressful to animals
inhabiting these habitats. More species, different populations and
life-stages, as well as multiple generations, need to be tested to confirm
these findings, as acclimation capacity can vary among and within taxa,
across time and space. Future studies on heat tolerance and phenotypic
plasticity should also consider complex ecosystem features, such as
species’ interactions, community structure and ecosystem function, to
allow a more comprehensive assessments of vulnerability to global
climate change and marine heatwaves.
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