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Low-salinity stress can severely affect the fitness of marine organisms. As desalination has
been predicted for many coastal areas with ongoing climate change, it is crucial to gain
more insight in mechanisms that constrain salinity acclimation ability. Low-salinity induced
depletion of the organic osmolyte pool has been suggested to set a critical boundary in
osmoconforming marine invertebrates. Whether inorganic ions also play a persistent role
during low-salinity acclimation processes is currently inconclusive. We investigated the
salinity tolerance of six marine invertebrate species following a four-week acclimation
period around their low-salinity tolerance threshold. To obtain complete osmolyte
budgets, we quantified organic and inorganic osmolytes and determined fitness
proxies. Our experiments corroborated the importance of the organic osmolyte pool
during low-salinity acclimation. Methylamines constituted a large portion of the organic
osmolyte pool in molluscs, whereas echinoderms exclusively utilized free amino acids.
Inorganic osmolytes were involved in long-term cellular osmoregulation in most species,
thus are not just modulated with acute salinity stress. The organic osmolyte pool was not
depleted at low salinities, whilst fithess was severely impacted. Instead, organic and
inorganic osmolytes often stabilized at low-salinity. These findings suggest that low-
salinity acclimation capacity cannot be simply predicted from organic osmolyte pool size.
Rather, multiple parameters (i.e. osmolyte pools, net growth, water content and survival)
are necessary to establish critical salinity ranges. However, a quantitative knowledge of
cellular osmolyte systems is key to understand the evolution of euryhalinity and to
characterize targets of selection during rapid adaptation to ongoing desalination.

Keywords: salinity stress, osmolytes, cellular volume regulation, invertebrates, osmoconformer, climate change,
cellular osmoregulation
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INTRODUCTION

Salinity is one of the most important abiotic factors shaping
species composition in marine environments. Low-salinity
(hypoosmotic) stress as experienced in many estuaries and
coastal regions can put severe physiological stress on marine
animals, thereby affecting survival, immune responses,
metabolism, protein function and various cellular processes
(Lange, 1970; Bowlus and Somero, 1979; Braby and Somero,
2006). Under moderate hypoosmotic stress, increased costs
for osmoregulation are met by an increased routine metabolic
rate, or by re-allocation of energy towards osmoregulatory
processes. This, however, reduces the scope for growth and
reproduction and, ultimately, fitness (Pan et al., 2015;
Podbielski et al., 2016). Under extreme salinity stress, many
marine metazoans are restricted to maintaining basic
functions to conserve energetic reserves until environmental
conditions improve. Such a state is not sustainable. Avoidance
is the only option, if a species’ capacity for salinity tolerance
via acclimation or rapid adaptation is not sufficient. Persistent
salinity changes can lead to geographic range shifts, vertical
distribution shifts and, if relocation is not possible, (local)
extinction (Tomanek, 2012). Benthic marine invertebrates are
especially affected by environmental salinity changes as they
often have limited mobility and larval stages with reduced
tolerance to low-salinity (Casties et al., 2015; Nasi
et al., 2018).

With ongoing climate change, salinity is projected to
decrease in many coastal areas due to an increase in
freshwater inflow caused by increased precipitation and
glacier melting (IPCC Report, 2014). The Antarctic shelf,
shallow coral reefs in Australia, or the Baltic Sea are
prominent regions where expected desalination or prolonged
low-salinity periods could fundamentally change benthic
invertebrate communities (Haapkyld et al., 2011; Moon et al,,
2015; Vuorinen et al., 2015). To predict desalination effects on
distribution and species fitness, it is crucial to understand the
physiological mechanisms, capacity and limits that determine
salinity tolerance.

Aquatic organisms can generally be divided into
osmoregulators and osmoconformers. While osmoregulators
regulate the osmotic pressure of their body fluids
independently to that of ambient seawater, osmoconformers
are characterized by extracellular fluids (i.e. haemolymph,
coelomic fluid, interstitial fluid) that are isosmotic with respect
to seawater (Somero et al., 2017). However, this distinction is not
absolute: e.g. many aquatic animals can be osmoconformers over
broad salinity ranges while they hyperregulate body fluid
osmolality at lower salinities (Gilles and Delpire, 2010; Rivera-
Ingraham and Lignot, 2017). Osmoconformers, consisting
chiefly of marine invertebrates, use cellular volume regulation
(CVR) to react to osmotic changes. In CVR, small molecules (i.e.
osmolytes) are used to adjust cellular osmotic pressure (i.e.
osmolality). To acclimate to reduced seawater salinity, cells
release or catabolize some of these osmotic compounds to
avoid water inflow and harmful swelling (Kirschner, 1991;

Lang, 2007). Only when the capacity for CVR reaches its limit,
cellular water content will increase, ultimately leading to cellular
damage and cell death (Lange, 1970; Schliess and
Haussinger, 2005).

Osmolytes can be of inorganic and organic nature and are
defined as compounds whose concentration is regulated in
relation to salinity [sensu (Somero and Yancey, 2011)]. While
the osmolality of the extracellular space is mainly determined
by high sodium and chloride concentrations, the osmolality of
the intracellular space is considered to be dominated by organic
osmolytes and potassium (Kirschner, 1991; Somero et al,
2017). Organic osmolytes are also termed compatible
osmolytes, because they are generally considered non-
perturbing with protein function and structure (Somero and
Yancey, 2011). Many of the major organic osmolytes have even
beneficial attributes such as protein and membrane stabilizing
abilities. Often, the organic osmolyte pool is composed of one
or two major osmolytes accompanied by minor osmolytes
(Podbielski et al., 2022). Invertebrates are known to mainly
employ free amino acids (FAAs) and methylamines (Somero
and Yancey, 2011). However, there is a strong methodological
bias towards FAAs in the osmolyte literature, disregarding
methylamines and methylsulfonium compounds (Podbielski
et al., 2022). Yet, these substances such as proline-betaine,
glycine-betaine, homarine and dimethylsulfonioproprionate
can make up the majority of the organic osmolyte pool in
snails, mussels, jellyfish or sea anemones (Pierce et al., 1984; de
Vooys and Geenevasen, 2002; Yancey et al., 2010; Podbielski
et al,, 2016). The use of non-targeted analysis methods, such as
HPLC, GC-mass spectrometry, or NMR spectroscopy is,
hence, crucial.

The importance of organic osmolytes for long-term salinity
acclimation has been demonstrated for many species and taxa
(Podbielski et al., 2016; Schmittmann, 2017). Nevertheless,
approximately half of the intracellular osmolyte pool consists
of inorganic ions and this part of the osmolyte pool is poorly
characterized (de Vooys, 1991; Podbielski et al., 2022). A better
understanding of how inorganic osmolyte concentrations are
modulated intracellularly during low-salinity acclimation is
important, as intracellular inorganic ion concentrations
influence many intracellular processes and hemolymph and
tissue ionic pools have been shown to be highly correlated in
aquatic decapods (Cuenca et al., 2021). Intracellular inorganic
osmolytes (such as sodium and chloride) were often considered
to be utilized exclusively during short-term responses to salinity
stress (Quinn and Pierce, 1992; Somero et al., 2017). Other
inorganic ions (i.e. potassium) are generally assumed to be
highly regulated in the intracellular space as their conserved
concentrations are important for protein structure and
functioning (Palmer, 2015; Somero et al., 2017). However,
several studies suggested that inorganic osmolytes, in addition
to their role in the extracellular space, play an important, yet
understudied, role in long-term acclimation in the intracellular
space as well - despite potential negative impacts on protein
functioning (Potts, 1958; Sarkissian and Gomolinski, 1976;
Willmer, 1978; Ballantyne and Berges, 1991; Sanders, 2018).
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Overall, both, the inorganic and organic shares of the total
osmolyte pool have to be quantified. To estimate intracellular
ion concentration the extracellular space in the analyzed tissues
has to be accounted for. Tissue inorganic ion concentrations are
slightly higher than intracellular values due to the influence of
the extracellular fluids that have a similar ionic composition to
the ambient seawater. The volume of the extracellular space
(ECS) can vary widely depending on species and tissue type
(from 8-81% total water content) and the number of studies that
investigated ECS volume is unfortunately low (Martin et al,
1958; Potts, 1958; Souza and Scemes, 2000).

While some mechanisms of CVR are relatively well
established, it is unclear, whether unifying mechanisms of
salinity tolerance exist in marine invertebrates. Osmolyte pool
size, as well as pool composition have been suggested to be key
factors in determining species salinity acclimation limits, but
have not been formally tested across a broader taxonomic range
(Pierce, 1971; Berger et al., 1978; Kube et al., 2006). Podbielski
et al. (2016) introduced the concept of critical salinity (Sr),
suggesting that osmoconforming animals exposed to hypo-
osmotic stress reach a critical point that limits their salinity
tolerance capacity. With the reduction of seawater salinity the
organic osmolyte pool is reduced until it is fully depleted at S;.
Simultaneously fitness (reproductive ability, long-term survival)
is minimal at S.;;. This concept has been successfully applied to a
cnidarian and an echinoderm species (Podbielski et al., 2016;
Schmittmann, 2017). However, tissue inorganic ions have not
been determined in these studies.

Here we tested, whether the S concept is applicable for
species from a broad taxonomic range and whether inorganic
osmolytes play a substantial role during acclimation to similar
experimental salinity regimes. We focused on long-term low-
salinity acclimation of benthic osmoconformers of the Baltic Sea.
We chose six study species from three phyla that fulfill important
ecological roles, exhibit a wide geographic distribution and differ
in their tolerance of low-salinity. These species were: a bivalve
and a gastropod (Molluscs: Mytilus edulis-like, Littorina littorea),
a sea anemone (Cnidaria: Diadumene lineata) as well as a sea star
and two sea urchin species (Echinoderms: Asterias rubens,
Psammechinus milliaris, Strongylocentrotus droebachiensis) to
determine differences in salinity tolerance mechanisms. They
will hereafter be referred to as blue mussels, common
periwinkles, orange-striped anemones, common starfish, shore
sea urchins and green sea urchins, respectively. We investigated
effects of low-salinity acclimation on fitness proxies and tissue
osmolytes. Specifically, we hypothesized that:

I. Tissue inorganic and organic osmolyte concentrations
decrease during acclimation to low-salinity in all
investigated species. More specifically, the main inorganic
osmolyte concentrations (i.e. sodium and chloride) decrease
in tissues, while potassium and calcium concentrations
remain constant.

II. Organic osmolyte composition differs between taxa.

II. The critical salinity concept is applicable for all investigated
species.

This is the first study to investigate the complete osmolyte pool in
a variety of marine invertebrates following long-term
acclimation to low-salinity using comparable approaches.

MATERIAL AND METHODS

Collection and Maintenance

Study organisms were collected in the western Baltic Sea from
spring to autumn 2018. All organisms were transported within 1-
5 hours (except for green sea urchins from the Kattegat: 2 days)
to a climate chamber at GEOMAR, Kiel where they were
cultured (Figure S1A and Table S1). The Baltic Sea is
characterized by a steep salinity gradient ranging from marine
conditions in the west to freshwater conditions in the east.
Animals were first kept at the salinity levels of their collection
sites. The treatment closest to this was regarded as the respective
control salinity.

Experimental Set-Up

Independent experiments were conducted for each species. After
gradual salinity adjustment for 1-3 unit day™" (Table S1), species
were exposed to seven salinity treatments for four weeks (Figure
S1B). A minimum of 14 days are necessary to examine stable
osmolyte pools (Baginski and Pierce, 1977). Each tank was
considered an experimental unit, with replicate numbers n = 2-6
(Figures S1B, C). The number of individuals per tank was adjusted
according to size and availability of the animals. In total, we
maintained 168 tanks for a minimum duration of 6 weeks.
Physiochemical water parameters were recorded every 1-7 days to
ensure high water quality (Tables S1, S2). Water was changed
depending on accumulation of nitrogenous waste products
measured in randomly chosen tanks of the lowest and highest
salinity treatment (Tables S1, S2). Feeding was stopped a day prior
to sampling. At the end of the experiment, two shares of samples
were taken from individuals. The first set was used for dry weight
measurement, the second one was processed for osmolyte analysis
(Figure S1C).

Fitness Proxies and Tissue Water Content
We investigated fitness proxies (survival, growth) and tissue
water content (as an estimate for volume regulation capacity)
to understand when low-salinity stress became severe for our
model organisms. Survival rate was utilized as a proxy to estimate
critical salinity. Mortality was recorded on a daily basis. Dead
individuals were removed from tanks and water was fully
exchanged. At the end of the experiment, average survival per
tank was compiled. As no mortality of orange-striped anemones
was detected in our experiment, instead of survival, asexual
reproduction rate was used as an indicator for salinity stress of
these animals. Asexually reproducing orange-striped anemones
that increased in numbers were expressed as percentages >100%.
This percentage was derived from the number of individuals per
tank at the beginning (which was considered 100%) and the
number of individuals at the end of the experiment.
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Growth was measured as change in total wet weight (WW).
All animals were weighed prior to the experiment. At the end of
the experiment total WW was recorded. The difference between
initial and final total weight (g) was used as measure for net
growth. For dry weight (DW) determination, one set of samples
was dried for 48-72 hours at 80°C and DW weighed (Figure
S1C). Molluscs tissues were removed from shells and weighed
subsequently. Water content was determined using WW and
DW values from the growth measurements at the end of the
experiment expressed as:

_D
% WW :w %100

Inorganic Osmolytes and Total Osmolality
Next, we measured the concentrations of nine inorganic ions, as
well as the total osmolality in seawater, body fluids and tissues
(data in Table S3). After non-invasive parameters were
recorded, body fluids were retrieved from the second set of
samples (Figure S1C and Table S2). This was done in this study
for all investigated species, except for orange-striped anemones
which were too small to extract coelenteron fluid. We took into
account the volume of body fluid that was extracted before
sampling tissues. Echinoderms were drained of coelomic fluid
first. Tissues were sampled afterwards and thus, mainly
interstitial fluids remained in the measured tissues, reducing
the ECS bias. For molluscs, the minimum amount of extracted
body fluid prior to sampling was estimated (Table S1). Body
fluids were centrifuged at 1000 rpm for 1 min. The supernatant
was extracted and frozen in liquid nitrogen. Body fluid samples
of the same individuals were used for total osmolality, cation
and anions analysis. We sampled whole-body tissues, except for
common starfish were pyloric caeca were sampled (Table S1).
Tissues were shortly immersed in iso-osmotic sucrose solution
and flipped over once to remove adherent seawater, blotted dry
and snap-frozen in liquid nitrogen. The same tissue material
was used for anion, cation, total osmolality and
metabolic profiling.

Commonly, concentrations for each anion are titrated
separately (Potts, 1958; Silva, 1992). We, however, established a
novel protocol for ion extraction from tissue samples - involving
a sufficient cleaning of proteins to measure anions in tissue
extracts via ion chromatography. Our method omits chemical
precipitation of proteins which generates a noise that overlaps
with the targeted anion signals. If tissue extracts are measured
without filters, proteins clog the IC-column eventually leading to
increased maintenance costs. As a novel technique, we instead
used a mechanical filtering step applying mini dialyzers which
are usually used for protein/DNA purification. These filters
concentrate the protein fraction of a sample extract via vertical
membranes of a specific pore size (here 3K). Instead of keeping
the protein fraction, we processed the filtrated (protein-free)
fluid sample. We used reference standards (IAPSO Standard
Seawater and Merck IC-multi element standard V) to verify that
the anion concentration in a fluid sample does not change via
this technique and that no additional signal was added. This is

the first protocol to sustainably measure anions in filtered tissue
extracts via ion chromatography. This method replaces the need
for separately conducted measurements of anions via titration. It
further allows for a shorter throughput time and could also be
used via auto-analyzer.

For anion, cation and total osmolality analysis, 500 mg
powdered tissue samples were used. Material of different
individuals from the same tank was pooled if necessary.
MilliQ water was added in the smallest dilution possible
(usually a 1:1 weight to volume ratio) to retrieve a final
sample volume of 400 - 500 uL. The sample was then
homogenized in a batch disperser (Ultra-Turrax, IKA, USA)
attached to a VWR VDI 12 Homogenisator (IKA, USA) for 60
s and extracts freeze-thawed three times. Afterwards, samples
were centrifuged (1500 g, 4°C, 5 min) and supernatants
transferred to 3K dialyzers (Amicon Ultra Centrifugal Filter
Devices, Merck, Germany). Samples were centrifuged
(14000 g, 4°C, 20 min). The eluent was retrieved and used
for subsequent analysis. For ion chromatography (Dionex ICS
2100, Thermo Fisher, Germany), fluid and tissue samples were
diluted to a final volume ratio of 1:25 for salinity treatments
<15 and 1:50 for salinity >15. A conductivity cell and a self-
regenerating suppressor were used to reduce background
conductivity. An JonPac AS11-HC column was used with
potassium hydroxide (KOH) as eluent. We achieved
separation with an isocratic flow rate of 0.6 mL min™' 15
mM KOH at 40°C for seawater and body fluid samples. For
tissue samples, a ramp protocol was applied with 8 mM KOH
increasing to 15 mM after 5.5 min with a flow rate of 0.5 ml
min"'. Anion concentrations were computed in mM relative to
an IC-multi element standard V (Merck, Germany)
containing the main anions fluoride, chloride, bromide,
nitrate, sulfate and phosphate.

Aliquots for cation and total osmolality measurements in
tissue extracts and fluid samples were used in concentrated form.
Total osmolality (osmol kg') was determined with a freeze-
depression osmometer (Osmomat 030, Gonotec, Germany).
Cations were determined via flame-photometry (EFOX 5053
Eppendorf, Germany) using urine standards. Samples were
measured in duplicates.

By solely analyzing whole tissue samples it is not possible to
distinguish compartmentalization between extra and
intracellular ion concentrations. Measuring the ion
concentration in extracellular body fluids allows to estimate the
intracellular portion if the ECS volume is known. We therefore
estimated likely ECS fractions for blue mussels, common starfish,
green sea urchins and common periwinkles. To estimate this, we
first calculated the maximal possible ECS contribution in an
iterative procedure. Briefly, we calculated intracellular ion
concentrations according to Freel (1978) by inserting different
percentage of ECS volume into the equation (Figure S2):

[Ct} - [be] x ECS
[C] = —
1-ECS
Where [C;] = intracellular solute concentration in (mmol kg’1
cell water), [C,] = tissue solute concentration (mmol kg'1 tissue
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water), [Cpe] = body fluid solute concentration (mmol L! body
fluid) and ECS = the extracellular space of the tissue (kg kg™
tissue water). We thus determined the maximal possible ECS
value before measured osmolyte tissue concentrations became
negative. We compared these values to the available literature
data for the respective species (or taxon) and tissue type where
possible (Martin et al., 1958; Simon et al., 1964; Robertson, 1980;
Sabourin and Stickle, 1981; Jones and Kamel, 1984; Taylor and
Andrews, 1988; Gainey, 1994). Generally, muscle tissues have a
smaller ECS volume than mantle or gill tissues, and whole-body
samples contain the largest ECS portion (Michaelidis et al., 2005;
Taylor and Ragg, 2005). Thus, by combining maximum possible
ECS and literature values we then conservatively estimated a
likely ECS fraction (Figure S2). Here, we tried to match the tissue
type and species as closely as possible, however the ECS volume
is very species- and tissue-specific and there was no reliable
information available for each investigated species. The curated
ECS volume parameters from literature were then regarded as
the lower limit of the likely ECS fraction. Estimation of
intracellular inorganic pool sizes with the most likely ECS-
values resulted in an estimated very conservative ECS volume
of 50-60%, 10-20%, 20-30% and 45-55% in blue mussel whole
body tissue, common starfish pyloric caeca, green sea urchin
whole body tissue and common periwinkle whole body tissue
samples, respectively. Using those values, we then calculated
intracellular values according to the formula above (Figure S2).

Organic Osmolytes

Metabolic profiling was conducted on the basis of Podbielski et al.
(Podbielski et al., 2016). Briefly, metabolites were extracted from 200
mg of tissue (FW) by methanol extraction. Tissues were identical to
samples used for inorganic analysis. The sample suspension was
concentrated at 30°C overnight and pellets subsequently re-
suspended 1:1 in deuterium oxide (D,0O) containing 0.05%
trimethylsilyl propioniate (TSP) (Sigma Aldrich, St. Louis, USA)
as internal standard. Untargeted metabolic profiling was conducted
at the Alfred-Wegener-Institute (Bremerhaven, Germany). One-
dimensional "H-NMR spectroscopy was performed on a wide-bore
400 MHz spectrometer (9.4 T WB with Advance IIT HD electronics,
Bruker-BioSpin GmbH, Germany) using a triple-tunable (‘H, °C,
'>N) probe for 1.7 mm NMR tubes. A sample volume of 50 uL were
used for NMR spectroscopy at room temperature. Each sample was
measured four times using a standard one-dimensional Carr-
Purcell-Meiboom-Gill (cpmg) sequence with water suppression
from the Bruker pulse program library (cpmgpr1). Parameters were
as described in Schmidt et al. (2017) using a 5 us pulse for 90°. 32
scans were usually acquired resulting in a total acquisition time of
4 min 35s. 128 number of scans were used in one sample from
Psammechinus milliaris in order to increase the signal to noise ratio.
Spectra were processed with a Line broadening factor of 0.3,
followed by baseline-, shim-, phase-corrections and TSP
calibration using the software Chenomx NMR suite 8.1
(Chenomx Inc., Canada). Afterwards metabolites were identified
by their chemical shifts using the Chenomx data base. Identification
was confirmed by additional 2D 'H-">C HSQC NMR recordings of
individual samples from the tissues of the respective species similar

to Rebelein et al. (2018). After assignment, NMR peak integrals were
fitted manually to a specific compound and metabolite
quantification was based on the TSP standard concentration of
3.2 mM. Across species, we identified and quantified 60 organic
substances. All solutes that changed concentration in relation to
salinity were regarded as osmolytes. We categorized them into
minor, intermediate and major osmolytes according to their
contribution to the overall organic solute pool by <1%, 1-10%
and >10%, respectively (Figure S3A).

Statistics

Statistical analysis was conducted with R (version 4.1.1). All
parameters were correlated to salinity and a model was fitted to
the data. A range of models was tested for best fit using AIC or R
and degrees of freedom. Amongst all significant models, we
selected all models with the lowest AIC + 5. Amongst those
models we always chose the model with the fewest number of
parameters. If the selection of significant models only included
linear models, we chose the model based on R”. If the final model
was linear, assumptions were tested. If assumptions were flagged,
the data set was examined manually. No model was fitted if no
salinity effect was found or the number of data points was
too low.

RESULTS

Survival

Following a four-week acclimation interval to seven different salinity
treatments, we observed a significant decrease of survival of
common starfish, common periwinkles, blue mussels and green
sea urchins (Table S4). In blue mussels, the decrease in survival
occurred gradually between salinities 10 to 5. Sea star survival fell
abruptly from 100% to 0% between salinities 12 and 10. Animals at
salinity 11 had a low body turgor and appeared moribund. The
survival of common periwinkles steeply declined from salinity 8 to
6. Green sea urchin survival decreased to 67% at salinity 17, whereas
no shore sea urchins died during the experimental time period.
Survival of orange-striped anemones was not impacted by low-
salinity, either. However, asexual reproduction rate (i.e. fission rate)
decreased to zero at salinities < 10 (Figures 1, 2). Fission rate was
highest at the highest salinity conditions with an average fission rate
of 1.5 + 0.5 fissions/month.

Growth

Despite being fed ad libitum in all treatments, growth decreased
significantly with a reduction in salinity (Table S4). Thresholds
of zero weight gain and consecutive loss of biomass were located
at salinities of 5.6, 9.3, 12.7, 14.6, 14.7 and 20.9 for blue mussels,
orange-striped anemones, common starfish, common
periwinkles, shore sea urchins and green sea urchins,
respectively (Figures 1, 2). A significant increase of total wet
weight (WW) was observed for all species at higher salinity
treatments with an attenuation of growth observed for blue
mussels, orange-striped anemones, common starfish and shore
sea urchins.
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FIGURE 1 | Effect of long-term low-salinity acclimation on survival, growth, water content, distribution and osmolyte pool size on blue mussels, common periwinkles
and orange-striped anemones. Salinity is depicted on the x-axis. On the y-axis survival is presented in %, (A-C) change in total wet weight in g, (D-F) water content
in % wet (G-1) weight and osmolyte pools in mmol per kg wet weight. (M=0) Osmolyte pools were corrected for relative weight change due to increase in water
content with decreasing salinity. The inorganic pool is depicted by triangles and the organic pool by circles. No organic osmolytes were measured for orange-striped
anemones, instead osmolyte data from a previous study is shown (Podbielski et al., 2016). Colored bars represent the species’ known salinity range in the Baltic
Sea. (J-L) Models were fitted to raw data points for seven treatment levels. If no model is shown, there was no significant model. Models were chosen according to
best fit. Model outcomes are listed in Table S4. Shaded areas represent a 95% confidence interval. Four treatment levels were clustered around the lower salinity
threshold of each species, two levels represented intermediate salinity and the highest one was close to control conditions. Species are marked by color code and
symbol: blue - blue mussels (Mytilus sp.), turquoise - common periwinkles (Littorina littorea), orange - orange-striped anemones (Diadumene lineata). Grey vertical
bars represent the critical salinity range derived from the salinity thresholds of the complementing measurements of physiological and biochemical biomarkers.
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Water Content

Reduction of salinity significantly increased tissue water content
of all species, except for common starfish (Table S4). In
molluscs, water content was constant at high and medium
salinities, but increased at a salinity threshold of 8 for blue
mussels and 11 for common periwinkles. Water content increase
was continuous for both sea urchin species and orange-striped
anemones. In common starfish, water content was constant
above salinity 11 but decreased abruptly below that threshold.

Total Osmolality and Total Osmolyte

Pool Sizes

Body fluid osmolality was isosmotic to seawater in all
investigated species, except for common periwinkles were

hyper-hypo osmoregulation was observed (Figure 3). Tissue
osmolality significantly declined in tissues of blue mussels,
common periwinkles, orange-striped anemones and common
starfish with decreasing salinity (Figure 4). Total osmolality in
blue mussels and common periwinkles declined linearly, whereas
in common starfish it stabilized at very low-salinity. Sea
anemone tissue osmolality was constant across a wide salinity
range but dropped at a salinity threshold of 10. No significant
change in osmolality was detectable in the two sea urchin species.

Overall, the concentration of inorganic osmolytes was higher
than that of the organic osmolyte pool in all investigated species,
besides shore sea urchins. Total inorganic osmolyte
concentration decreased linearly with salinity in the tissues of
common starfish, whereas a stabilization occurred for blue
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FIGURE 3 | Salinity effect of the major inorganic osmolytes in body fluids of five of the study organisms: blue mussels (blue, Mytilus sp.,) common periwinkles
(turquoise, L. littorea), shore sea urchins (purple, P. milliaris), green sea urchins (green, S. droebachiensis) and common starfish (red, A. rubens). Concentration of
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that means that there was no significant model, or assumptions were not met. Confidence intervals (95%) are shown as shaded area. No body fluid samples were
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(R2 =0.9793, df = 1, 19, F-value = 896.9, p-value < 0.001). No model is
shown for shore and green sea urchins, because there was no significant
relationship. Confidence intervals (95%) are shown as shaded area. b = y-
intercept, d = upper limit, e = steepness of increase as x.

mussels and common periwinkles at lower salinity (Figure 1, 2).
The concentration of organic osmolytes declined significantly
with decreasing salinity in blue mussels, common periwinkles,
orange-striped anemones, common starfish and green sea
urchins. The S of blue mussels, common starfish and green
sea urchins was <0, 10 and 14, respectively, as could be derived
from extrapolating the linear model until the organic osmolyte
concentration reached zero. The S.;; of orange-striped anemones
from a previous study was located at salinity 6.5 (Figure 1)
(Podbielski et al., 2016). S could not be estimated in of the
other species as the relation was not linear (i.e. common
periwinkles), not significant (i.e. shore sea urchins), or
extrapolation results were negative (i.e. blue mussels).

We found that the inorganic ion contribution of the ECS does
not impact the tissue inorganic ion pool patterns substantially
(Figure S2). Even when using the maximum possible ECS
fractions for calculations, the inorganic osmolyte concentration
was still significantly affected by salinity in blue mussels,
common periwinkles and common starfish and inorganic
osmolyte pool size remained larger than the organic share (see
Figure S2).

Organic Osmolytes: Pool Composition and
Major Osmolytes
In total, 60 compounds were identified (Figure S3A and Table
$3) by metabolic profiling. The concentration of 39 solutes
declined significantly with decreasing salinity and were thus
considered osmolytes [sensu (Somero and Yancey, 2011)]. The
major osmolytes that had a substantial contribution to the total
organic osmolyte pool were glycine (echinoderms), betaine
(orange-striped anemones and blue mussels) and betaine and
taurine (common periwinkles) (Figure 5). The concentration of
most of the identified osmolytes was minor (<5% of the total
organic pool; Figure S3A).

Salinity effects on individual osmolytes were not always
consistent between species (Figure 6 and Table S5).
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Glycine was one of the few osmolytes to be detected in all species
and was the major osmolyte in echinoderms. We found
methylamines such as betaine or homarine to be mollusc-
specific osmolytes and to reach a constant level at low-salinity.
Taurine was a major osmolyte in common starfish and molluscs.
Intermediate osmolytes were often species-specific, such as
glutamate in green sea urchins, aspartate in blue mussels, or
lysine in common starfish. Serine was specific to echinoderms.
Alanine was an intermediate organic osmolyte in echinoderms
and common periwinkles. Overall, the organic osmolyte pool
consisted of 25%, 43% and >60% methylamines in common
periwinkles, blue mussels and orange-striped anemones,
respectively (Podbielski et al., 2016). On the contrary,
methylamines were negligible and FAAs constituted the main
portion of the organic osmolytes in echinoderms (78-90%).

Inorganic Osmolytes: Pool Composition
and Major Osmolytes

The main inorganic osmolytes we identified in body fluids and
tissues were chloride, potassium and sodium (Figure 5 and
Figure S3B, Table S5). In body fluids chloride and sodium
concentrations were isosmotic, potassium slightly hyperosmotic
(i.e. hyperconform) to seawater in all investigated species except
for common periwinkles (Figure 3). The total inorganic ion pool
in tissues was chiefly accounted for by sodium and chloride (60-
80%) in all species. We observed a significant effect of salinity on
tissue chloride concentration in all species except in shore sea
urchins (Figure 6). The relationship was linear in common
starfish and values were constant at low salinities in blue
mussels, common periwinkles and green sea urchins. Similar
patterns could be observed for sodium and potassium. Tissue
sodium and potassium concentrations changed significantly with
salinity in common periwinkles, common starfish and blue
mussels - but not in sea urchins. Sodium concentrations were
constant at low-salinity in blue mussels, common periwinkles
and common starfish. Tissue potassium concentration was less
strongly impacted by salinity in blue mussels, common
periwinkles and common starfish when compared to chloride
or sodium. In orange-striped anemones, chloride, sodium and
potassium concentrations decreased initially with decreasing
salinity until an inflection point at salinity of 10 was reached
after which concentrations increased. Concentrations were
corrected for relative weight changes resulting from tissue
hydration (Figure 1I).

DISCUSSION

Fitness Proxies and Tissue Water Content

The applied salinity stress impacted the tested invertebrate
species on different levels. The first physiological sign of low-
salinity stress was a reduction of net growth rates, with negative
values at very low salinities. Cessation of growth at low salinities
indicates severe salinity stress and an unsustainable energetic
state where costs for osmoregulation are too high to allow for
allocation of surplus energy into anabolic processes (Landes

et al,, 2015). Below such growth-abolishing salinity levels,
energy reserves and tissue have to be catabolized to meet
energetic demands. This threshold towards negative growth
was located close to salinities (within + 0-1.5) that caused
mortality and a change in tissue water content in all species
examined here. Changes in cellular water content have
previously been hypothesized to indicate that an organism has
reached its volume regulation capacity limit (Lange, 1970). At
this point, species cannot further acclimate to low-salinity by
continued depletion of the osmolyte pool and cellular water
content increases. Tissue water content increased in all tested
species at low salinities, indicating an impaired volume
regulatory ability.

Growth rates were similar or higher compared to literature
data in all investigated species (Minor and Scheibling, 1997;
Otero-Villanueva et al., 2004; Melatunan, 2012; Landes et al.,
2015; Podbielski et al., 2016; Schmittmann, 2017).

Water content was similar to previously reported values in
blue mussels, common periwinkles, orange-striped anemones,
green sea urchins and shore sea urchins (Bryan, 1963; McManus
et al., 1997; Sokolova et al., 2000; Locke and Carman, 2009; Setra
et al., 2022). We did not observe an increase in water content
with decreasing salinity in common starfish, similar to the other
species. Instead, the tissue water contents for common starfish
were observed to decrease at a salinity of 11 in this experiment,
which coincided with a loss of body turgor. Yet, unpublished
results showed a steep increase in water content of common
starfish at salinities of 11 after a shorter acclimation period of two
weeks (Figure S4). This indicated that sea star water content is
stable over a wide range of salinities until a limit is reached. This
limit cannot be tolerated for prolonged periods and thus was
only visible under shorter acclimation times. The general
response of water content in relation to salinity was thus
similar for all investigated species. In sea urchins the relation
between water content and salinity was linear. A potential
increase in tissue hydration around a threshold salinity of 20
for the green sea urchin and 18 for the shore sea urchin could not
be resolved due to a high variance and low level of replication.

Low-salinity survival thresholds determined in this study
corresponded to salinities observed at geographic distribution
boundaries and/or were similar to published mortality rates for
common starfish, green sea urchins, orange-striped anemones
and blue mussels (Lange, 1964; Shick, 1976; Schmittmann, 2017;
Stuckas et al., 2017). Although none of our orange-striped
anemones died under the applied salinity treatments, the
observed cessation of asexual reproduction already at salinity
10 was slightly higher than found previously (salinity 7)
(Podbielski et al., 2016). Common periwinkles, however, were
more tolerant to low-salinity during our experiments (salinity 8)
than it was found in older studies (salinity limit of 10-12.5)
(Klekowski, 1963). While we observed no mortality of shore sea
urchins even at the lowest applied salinities of 15, in the field, the
distribution limit of shore sea urchins has been reported between
salinities of 17 and 20 (Gezelius, 1963).

It has to be generally acknowledged that due to local
adaptation to the brackish Baltic Sea environment the low-
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salinity tolerance of Baltic Sea populations, especially for
echinoderms and sea anemones, but also blue mussels, is much
higher than for populations of the same species from fully marine
environments (Tedengren et al., 1990; Schmittmann, 2017;
Vidinold and Johannesson, 2017). This offers valuable insight
into the acclimation (and adaptation) potential of marine
invertebrates with respect to the necessity for many marine
animals to cope with future salinity changes in the course of
climate change (Reusch et al., 2018).

Cellular Osmoregulation

Organic osmolyte concentrations in tissues decreased following
long-term low-salinity acclimation in all species, except in shore
sea urchins, confirming part of hypothesis 1. This decrease was
linear in orange-striped anemones, green sea urchins, common
starfish and blue mussels, whereas it stabilized at low-salinity in
common periwinkles (Figures 1, 2; Podbielski et al., 2016).

The other part of our first hypothesis, namely that tissue
inorganic osmolyte concentrations decrease after long-term low-
salinity acclimation, can be accepted for blue mussels, common
periwinkles and common starfish and has to be partially rejected
for green sea urchins. Tissue ion concentrations in blue mussels
decreased with declining salinity, but stabilized at salinity <8,
indicating intracellular hyperosmoticity at low-salinity, while the
total osmolality of body fluids remains largely isosmotic, slight
deviations from the isoline could be observed for osmolality,
chloride and sodium concentration in body fluids as well, but
were too small to be statistically significant. Similarly, inorganic
ion concentration in snail tissues revealed stabilized
concentrations in tissues at low-salinity, indicating intracellular
hyperosmoticity. Usually intracellular osmolality seeks
equalization with the extracellular compartment in nearly all
animal cells (Kirschner, 1991). Yet, hyperosmotic conditionof
nerve cells was observed in blue mussels acclimated to low-
salinity (Willmer, 1978). Intracellular hyperosmoticity at low-
salinity has also been observed in other osmoconformers
(Willmer et al., 2009). In order to measure this, fine-scale
monitoring is needed, but the rare inorganic osmolyte studies
were not designed to detect this pattern (Potts, 1958; Silva, 1992).
This exposes a huge research gap for fine-scale monitoring of
inorganic osmolyte profiles of osmoconforming invertebrates. In
green sea urchins, inorganic osmolyte concentrations were stable
across salinity treatments. Inorganic osmolytes do not seem to
play a role in green sea urchin CVR.

In general, by solely analyzing whole tissue samples it is not
possible to distinguish compartmentalization between extra and
intracellular ion concentrations. Tissue inorganic ion
concentrations are higher than intracellular values due to the
influence of the extracellular fluids. By determining the likely
ECS fraction we were able to draw the conclusions that the
inorganic ion contribution of the ECS does not strongly impact
the tissue inorganic pool patterns (Figure S2). This very
conservative calculation revealed that intracellular inorganic
ion concentrations are reduced after long-term low-salinity
acclimation in blue mussels, common periwinkles and
common starfish. While our tissue analysis yielded robust

results, determination of intracellular fluid concentrations via
precise ECS volume estimation would be important to further
constrain intracellular ion concentrations. Traditionally, this has
been accomplished via measuring the dilution of a known
volume of radioactively labelled tracers such as *H-/"*C-inulin
injected into the ECS (Willmer, 1978; Thompson et al., 1980;
Michaelidis et al., 2005). These methods require adequate
facilities and equipment for radiotracer studies (which was not
available in this instance) and also pose a safety risk for
investigators. With the advancement in labelling techniques we
propose the use of fluorescent tracers such as FITC-inulin
instead. There are a few recent studies available that
successfully used FITC inulin for ECS determination in
mammals (Krol et al., 1999; Binder et al., 2004; Verkman, 2013).

The organic and the inorganic osmolyte pool played
important roles in cellular osmoregulation in molluscs and
common starfish, whereas in green sea urchins, only the
organic pool was involved. Furthermore, the higher inorganic
osmolyte concentration (compared to the organic pool) implied
an even higher importance of the inorganic pool for the CVR
process in molluscs and some echinoderms. Only three other
studies are available, (exclusively assessing molluscs) that
measured inorganic as well as organic compounds after long-
term low-salinity acclimation. Similar to our results, these studies
found significant effects of salinity on both osmolyte pools and a
larger inorganic pool size (Potts, 1958; Turgeon, 1973;
Silva, 1992).

Organic Osmolyte Concentration

Overall, we observed three recurrent patterns of individual organic
osmolyte concentration changes with salinity. First, for some
osmolytes (e.g. intermediate osmolytes in common starfish) we
detected a steady decrease of osmolyte concentration with
decreasing salinity, which agrees well with previous studies (
(Schmittmann, 2017), Figure 6). A second pattern we observed
was a decline of organic osmolyte concentrations with declining
salinity that eventually stabilized - indicating hyperregulation - at
low-salinity. This pattern was very prominent for the major organic
osmolytes betaine (molluscs) and glycine (common starfish;
Figure 6) and is also consistent with literature results (Deaton
et al,, 1989; Sanders, 2018). Third, the major osmolytes glycine in
green sea urchins and taurine and blue mussels reached maximum
concentrations already at intermediate to high salinity. A similar
saturation pattern for taurine concentrations was found in bivalves
(Kube et al., 2007). At lower salinities the third pattern can either
show a linear decrease as described in the first pattern (e.g. taurine
or aspartate in blue mussels), or concentrations can stabilize as
described in pattern 2 (e.g. aspartate and glutamate in green
sea urchins).

Furthermore, a selective utilization of intermediate organic
osmolytes below a certain salinity threshold was observed. This
indicates that under severe salinity stress a wider variety of
organic osmolytes is modulated, whereas under moderate
stress only major osmolytes are utilized. Under moderate
salinity stress, intermediate osmolytes occurred at low constant
concentrations and were not accumulated further at higher
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salinity. The reason for this could be that many minor osmolytes
are intermediates in metabolic pathways that generate major
osmolytes - and are thus converted instead of being accumulated
(Ellis et al., 1985; Pierce et al., 1992; Wargo, 2013). We propose
that the examined Baltic Sea invertebrates prioritize a reduction
of major osmolytes during low-salinity acclimation and only
resort to intermediate osmolytes when salinity stress progresses.

The taxon-specific differences in osmolyte composition (for
example methylamines) between echinoderms and molluscs
confirmed our second hypothesis. This is consistent with a
recent meta-analysis about taxonomic variation of the salinity
effect on osmolyte concentrations in tissues of osmoconformers
(Podbielski et al., 2022). Our study highlights methylamines as
an important part of the organic osmolyte pool in marine
invertebrates. However, a large deficit of studies utilizing
untargeted metabolic profiling leads to a severe under-
representation of methylamines in the osmolyte literature
(Podbielski et al., 2022).

Within the echinoderms studied, both sea urchin species had
an almost identical organic osmolyte composition. The organic
osmolyte pool of the sea star was only slightly different in its
composition to that of the two sea urchin species. All three
species utilized glycine as main osmolyte and serine as
accompanying intermediate osmolyte. Previous studies
detected similar concentrations for glycine, but smaller values
for serine and other minor osmolytes (Schmittmann, 2017).
Common starfish additionally employed taurine and lysine as
intermediate osmolytes, the latter of which we only found in
common starfish. Sea urchins were fed with algae, while common
starfish were fed with blue mussels that contain a high taurine
concentration themselves, which might explain small differences
in osmolyte composition. While osmolytes are generated de novo
(de Vooys and Geenevasen, 2002), diet can also affect osmolyte
composition. Amino acids have been shown to be taken up via
ingestion of food in green sea urchins, and tissue lipid content
was affected by diet in shore sea urchins (Castell et al., 2004;
Lawrence et al., 2007).

Between the two tested molluscs, we found larger differences
in osmolyte composition when compared to the variation among
echinoderms. The largest difference was observed for betaine.
Common periwinkles utilized betaine as a major osmolyte,
whereas in blue mussels, betaine was an intermediate osmolyte.
In contrast, glycine concentrations were higher in blue mussels
compared to common periwinkles, thus substituting betaine.
This is consistent with some previous studies on molluscs
(Hoyaux et al,, 1976; Sanders, 2018). However, utilization of
high concentrations of betaine has been observed in a closely
related blue mussel congener (Mytilus californianus) (Silva,
1992). Moreover, glycine is a product of betaine catabolism
(Wargo, 2013). Osmolyte pathways are linked and changes in
these metabolic processes could also be responsible for these
observed differences (Wargo, 2013). Also betaine, has been
shown to have other cellular functions: it is involved in
regulation of enzymes involved in energy metabolism,
lipogenesis or beta-oxidation or regulation of transcription
factors (Figueroa-Soto and Valenzuela-Soto, 2018). Thus,

differences in betaine osmolyte concentrations between species
could indicate differences in these metabolic pathways.

Why taxonomic group-specific osmolytes (such as
methylamines in molluscs) have evolved is yet unclear. Our
results demonstrate the presence of betaine in high concentrations
in molluscs. While we cannot infer the source from that data,
betaine biosynthesis has been demonstrated in Mpytilus
galloprovincialis (de Vooys and Geenevasen, 2002). In contrast,
echinoderms, do not seem to employ betaine in large concentrations
albeit the availability of a genomic blueprint for betaine synthesis
and precursor uptake via transporters (Ngugi et al., 2020). Choline
is a precursor of betaine. Genes coding choline transporters,
responsible for choline uptake, as well as enzymes for betaine
synthesis (choline dehydroxygenase, betaine aldehyde
dehydrogenase, choline oxidase, glycine-sarcosine
methyltransferase and sarcosine dimethyl transferase) are present
in echinoderms (Goel and Mushegian, 2006; Ngugi et al., 2020).

Generally, methylamines are considered stronger protein
stabilizers than non-methylated osmolytes such as glycine
(Yancey, 2005; Yancey and Siebenaller, 2015). Thus, the use of
methylamines in euryhaline blue mussels and common
periwinkles could be an adaptation to the low saline conditions
of their environment, whereas habitat osmolality is usually
higher for the typically more stenohaline echinoderms. The sea
star examined in this study is one of the few euryhaline
echinoderms. The only notable difference between sea urchins
and common starfish were the larger concentrations of
intermediate osmolytes (such as alanine, aspartate, lysine,
ornithine, serine, etc.) at low to medium salinities and the use
of taurine as an osmolyte in common starfish.

Inorganic Osmolyte Concentration
Our first hypothesis, stating that tissue chloride and sodium
concentrations decrease with decreasing salinity, can be accepted
for blue mussels, common periwinkles, common starfish and
orange-striped anemones. In green sea urchins, only tissue
chloride concentrations were significantly decreased following
acclimation to low-salinity. Our hypothesis that constant tissue
calcium and potassium concentrations are maintained across
salinity treatments, can only be accepted for green sea urchins.
In our study, the monovalent ions chloride and sodium were
the main inorganic osmolytes involved in long-term low-salinity
acclimation, which is in line with other studies using mollusc
model organisms (Potts, 1958; Berger et al.,, 1978; Silva, 1992;
Sanders, 2018). However, not all studies detected a salinity effect
on tissue monovalent inorganic osmolyte concentrations. In the
mussel Perna perna, no changes in cellular chloride or sodium
concentration were detected (Stucchi-Zucchi and Salomao, 1998).
The effect of salinity on potassium concentrations is however
controversial. Our results for blue mussels, common periwinkles
and common starfish revealed a significant change in tissue
potassium concentration acclimated to different salinities, which
is corroborated by other bivalve studies (Potts, 1958; Willmer,
1978; Stucchi-Zucchi and Salomao, 1998). Yet, usually potassium
is assumed to be highly regulated in the intracellular space
(Palmer, 2015), which is also supported by other mollusc studies
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(Berger et al., 1978; Silva, 1992; Sanders, 2018). As stated above, we
analyzed tissue extracts which include intracellular as well as
extracellular fluids. However, considering the likely ECS
fractions (4.2, Figure S2) we assume that the highly significant
salinity effects seen for inorganic ions in tissue will translate, albeit
to a slightly lesser degree, to the intracellular fluids.

Significant changes of other, lower concentrated, tissue
inorganic ions (Table S3) may also be of relevance. Ions like
calcium and bromide affect organisms by limiting many biological
processes, ranging from calcification to cytoprotective functions
(Borgmann, 1996; Sanders et al, 2021). Overall, however, our
results highlight, the importance of the monovalent ions chloride
and sodium as inorganic osmolytes in long-term salinity
acclimation processes.

Critical Salinity Concept

We previously defined a critical salinity (S.) as the lower
salinity threshold at which the organic cellular osmolyte pool
and fitness (proxies: mortality, growth) are reduced to zero and
postulated (hypothesis 3) that S.; can be identified in all
experimental species (5, Figure 7). We could not confirm this

hypothesis for any of the investigated species. In contrast, we
discovered that organic osmolyte pools in most animals were not
yet fully depleted when severe loss of fitness occurred
(Figures 7B, D). The previously reported S concept for
orange-striped anemones (Podbielski et al., 2016) and common
starfish (Schmittmann, 2017) is thus not transferable across all
invertebrate phyla. In green sea urchins, orange-striped
anemones and common starfish, the determined S.,; was lower
than the threshold we would have expected from fitness proxies
and changes in tissue water content. In blue mussels, the negative
Serit values are biologically nonsensical and thus the concept was
not applicable. In common periwinkles, or shore sea urchins, the
concept was not applicable to organic osmolyte data.

In common periwinkles, the original S concept was not
applicable as organic osmolyte concentrations stabilized below a
lower salinity threshold, indicating hyperosmotic regulation.
Similar patterns could be seen for individual osmolytes in the
other invertebrates when fitness was reduced (i.e. betaine and
homarine in blue mussels; alanine, glutamate and serine in green
sea urchins; glycine in common starfish). Hyperregulation is an
energetically costly process (McAllen et al., 2002; Willmer et al.,

Original S, concept

vy

—
3
N

Osmolyte concentration >
Osmolyte concentration

o
o

Adapted concept
B2

@ Inorganic
Osmolytes
Organic
Osmolytes

Salinity Salinity

D

(@)

oy =

[=

> X8
9 25
[=% Q o
(7, B

g 89
=] S g
- ,';_';
0 b= — = — — — 0

Salinity

the investigated species in this study.

Salinity

Salinity

FIGURE 7 | Depicted are hypotheses on how salinity affects the osmolyte pool in combination with idealized fitness parameters and tissue water content. The blue
lines mark the inorganic osmolyte pool, the yellow lines mark the organic osmolyte pool. The dashed red lines marks zero. Panel (A) shows the original Sy concept
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2009; Freire et al,, 2011; Sokolova et al., 2012; Rivera-Ingraham
and Lignot, 2017).

We found that blue mussels are isosmotic across a large
salinity range, but hyperregulate at extremely low-salinity. This is
also known for example from in estuarine annelids (Willmer
et al,, 2009). We presume that such hyperregulation indicate
conditions that cannot be tolerated permanently, at least not
under regular metabolic rates if costs to maintain homeostasis
exceed available energy (Kim et al., 2001; Rivera-Ingraham et al,,
2016). In blue mussels, modeling S..;; from osmolyte
concentrations was not meaningful as a S.; <0 would be
calculated, a phenomenon that was also observed in a previous
blue mussel study (Sanders, 2018).

A shortcoming of the original concept was its focus on organic
osmolytes (Figure 7A). This study has, indeed, demonstrated the
significant involvement of the inorganic osmolyte pool in active
CVR. An altered concept therefore has to include inorganic
osmolytes in long-term acclimation processes to low-salinity
(Figure 7B). There does not seem to be a universal concept
based on osmolyte concentrations that defines the lower salinity
threshold of species. Rather, the combination of multiple
parameters characterizes the mechanistic basis of the lower
salinity threshold of study organisms.

For common periwinkles the salinity threshold derived from
reduced fitness and inorganic and organic osmolyte
hyperregulation matched perfectly. A clear tipping point was
apparent in common periwinkles with a salinity of 14, where
biomass is catabolized, tissue water content increased, survival was
impacted and inorganic and organic osmolyte pools stabilized.
While common periwinkles can endure lower salinities of 6-13 for
some time, living under such conditions will not be sustainable.
These findings roughly match known species distribution limits at
a salinity of 10-12.5 (Klekowski, 1963).

In blue mussels, we saw a clear tipping point at salinity 10
where tissue water content sharply increased and survival declined
and the major organic osmolytes betaine and taurine had their
inflection points. At salinity <7, this increase stagnated and water
content as well as inorganic and organic osmolyte concentrations
stabilized. Biomass was not catabolized until salinity dropped
below 6. Another study (with individuals of similar size) found
an increase of mortality only at salinities <5 (Sanders, 2018).
Altogether, a critical salinity range of 7-10 can be suggested, in
which a majority of blue mussels can still survive, yet with
energetic trade-offs due to costs for cellular osmoregulation that
affect growth, which was demonstrated by a 64% reduction in
growth. While they can, hence, tolerate lower salinities under
laboratory conditions, M. edulis-like genotypes (as used in our
study) are replaced in the field by M. trossolus-like genotypes
already at salinities <10 (Stuckas et al., 2017; Knobel et al., 2021).
The distribution limit of M. edulis-like mussels in the Baltic Sea is
therefore defined by M. edulis’ physiological limits.

The fitness parameters, mean water content, concentrations of
inorganic osmolytes chloride and sodium as well as the inflection
point in total osmolality of orange-striped anemones matched
perfectly to suggest a salinity limit of these animals at 10
(Figure 1). Previous studies on organic osmolytes in orange-

striped anemones, however, showed a S at salinity 6.5
(Podbielski et al., 2016). No mortality was observed for orange-
striped anemones at the measured salinities, but when net growth
was zero, asexual reproduction of orange-striped anemones
ceased. Thus, despite short-term survival at lower salinities, the
long-term lower salinity threshold that permits growth and
reproduction of orange-striped anemones appears to be located
at salinities around 10. This also agrees with distribution limits of
orange-striped anemones in the field (Podbielski et al., 2016).

While our calculated S, values for common starfish (S =
10) agreed with literature data (Schmittmann, 2017), S was
lower than could be expected from fitness proxies. Catabolism of
biomass was associated with decrease in survival of common
starfish at salinities <13. Furthermore, while tissue total
osmolality stabilized at salinities <13 (Figure 4), this pattern
was not apparent in the inorganic or organic osmolyte pool
(Figure 2). However, a closer look at the main organic osmolyte
glycine demonstrated stabilizing concentrations at salinities <13
(Figure 6). We can, hence, corroborate a low-salinity threshold
between salinities of 12 and 13, which was published before
(Casties et al., 2015; Schmittmann, 2017).

As in common starfish, the S.,;; = 14.4 calculated for green sea
urchins was lower than expected from net growth and survival,
which both decreased at salinity 20. No threshold was visible in
water content, total organic osmolyte pool and the major
osmolyte glycine, while the inorganic ion pool remained
constant. Yet, at a salinity of 20, a stabilization of some minor
organic osmolytes was observed, agreeing well with the
performance fitness parameters. Thus, in green sea urchins no
clear salinity threshold was indicated by osmolyte data, whereas
fitness parameters proved more useful. The fitness threshold at
salinity 20 corresponds well with the distribution limit reported
for North Sea populations that occur down to a salinity of 21.5
(Lange, 1964).

Responses in for physiological parameters in shore sea
urchins appeared to be similarly associated (even though a low
number of replicates hindered the statistical analysis of
osmolytes): zero net growth and increasing tissue water
content indicated a low-salinity threshold at 15, even though
survival was not impacted yet. As seen for common starfish, once
a tipping point is reached, the survival of marine animals
suffering from desalination can decline very rapidly. We hence
expect the threshold for mortality to be located close to the
lowest salinity treatment (salinity = 15) tested in our experiment.
In the field, the distribution limit of shore sea urchins has been
reported between salinities 17 and 20 which is higher than could
be expected from our data (Gezelius, 1963).

CONCLUSION

Opverall, we found that low-salinity acclimation had severe effects
on the physiological performance and osmotic system of six
Baltic Sea invertebrate species.

We were able to demonstrate that the total inorganic organic
osmolyte pool was dynamically modulated by changes in salinity
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in blue mussels, common periwinkles, common starfish and
orange-striped anemones, whereas no changes in the inorganic
osmolyte pool were detected in green sea urchins.

I. These changes in the inorganic osmolyte pool were mainly
driven by modulation of monovalent ion concentrations
(sodium, chloride) and less so potassium and calcium.
Taxon-specific differences in osmolyte composition
between studied Echinodermata and Mollusca were
mainly manifested in the utilization of methylamines by
molluscs (main osmolytes betaine & taurine) and the
restriction to FAAs in echinoderms (main osmolyte
glycine).

Lastly, we found the S.; concept sensu Podbielski et al.
(Podbielski et al., 2016) not applicable as osmolyte pools,
albeit being reduced with salinity, were not fully depleted at
low-salinity. Organic osmolyte content alone cannot predict
a species’ lower tolerance limit. Fitness parameters and
osmolyte profiles were found to be linked. However, the
relationships are not simple and mechanisms are not
uniform between species.

IL

II1.

While we found that all species can endure reduced salinity over a
certain range, we determined clear physiological limits. Our results
nicely show that the low-salinity threshold marks a critical salinity
range (rather than one specific point). Here, fine-scale monitoring
around the anticipated lower salinity threshold is needed to detect
the stabilization of osmolyte levels as well as an increase in water
content reliably. With respect to future changes in salinity we thus
hypothesize that all species studied here will experience a shift in
species distribution with the projected salinity changes. Further,
fitness of local populations in high salinity environments may be
reduced in response to the lowered salinity conditions in the
future. As the salinity effects found in this study were species-
specific the use of a universal concept is not supported. We
propose an alternate comprehensive approach that includes
fitness parameters, water content and osmolytes (Figure 7), to
understand how distribution limits are determined and identify
the mechanisms that control salinity tolerance.

A recent meta-analysis highlighted large gaps of knowledge
with respect to intracellular osmolyte concentrations across
invertebrate taxa (Podbielski et al., 2022). Research in the field
of salinity tolerance, especially cellular osmoregulation, is essential,
and certainly needed, to establish reliable physiological limits of
species in order to estimate consequences of future salinity changes
with ongoing climate change. It is important to assess the salinity
tolerance capacity in euryhaline species to obtain a better
understanding of the basic mechanisms that are utilized in a
wide range of species. It is further crucial to establish cellular
inorganic and organic osmolyte profiles that build a foundation for
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