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ABSTRACT: The Asian shore crab Hemigrapsus
takanoi, native to the northwest Pacific Ocean, was
recently discovered in Kiel Fjord (southwestern Bal-
tic Sea). In laboratory experiments, we tested the
salinity tolerance of H. takanoi across 8 levels (0 to
35) and across 3 life history stages (larvae, juveniles
and adults) to assess its potential to invade the brack-
ish Baltic Sea. Larval development at different salin-
ities was monitored from hatching to the megalopa
stage, while survival and feeding of juveniles and
adults were assessed over 17 d. Larvae of H. takanoi
were able to complete their development to mega-
lopa at salinities > 20 and the time needed after hatch
to reach this stage did not differ between salinities
of 20, 25, 30 and 35. At a salinity of 15, larvae still
reached the last zoea stage (zoea V), but develop-
ment to the megalopa stage was not completed. All
juveniles and adults survived at salinities from 5 to
35. Feeding rates of juveniles increased with increas-
ing salinity across the entire salinity range. However,
feeding rates of adults reached their maximum be-
tween salinities of 15 and 35. Our results indicate
that both juveniles and adults of H. takanoi are eury-
haline and can tolerate a wide range of salinities, at
least for the time period tested (2 wk). However, lar-
val development was impaired at salinities lower
than 20, which may prevent the spread of H. takanoi
into the Baltic Proper.
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Schematic model of the salinity tolerance of different onto-
genetic stages of Hemigrapsus takanoi from the southwest-
ern Baltic Sea.

Image: O. M. Nour (modified from Walther et al. 2010)

1. INTRODUCTION

Introduction of non-native species is among the
most serious threats to the conservation of biodiver-
sity and ecosystem integrity worldwide (Occhipinti-
Ambrogi & Galil 2010). Many factors currently facilitate
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the expansion of species beyond their natural habitats.
Among them, the most important are the increasing
globalization of international trade, tourism/travel
and human population growth (Canning-Clode 2016).

Non-native species are considered invasive when
they establish new populations, reproduce success-
fully, proliferate, and affect their new environment
(Occhipinti-Ambrogi & Galil 2010). In order to estab-
lish self-sustaining populations in a new area, a spe-
cies must pass through a series of successive steps
(Lockwood & Somero 2011): (1) an establishment
phase that is characterized by low abundance of the
introduced species, (2) an expansion phase, which
makes the introduced species a dominant component
with strong effects on the invaded system and (3) an
adjustment phase, which starts when the introduced
species shows behavioural and evolutionary adapta-
tion to the abiotic and biotic conditions of its new
habitat (identified and described by Reise et al. 2006).

European waters are severely affected by intro-
duced species (Galil et al. 2014). The Baltic Sea is one
of the largest brackish water bodies in the world and
is home to 152 non-native and cryptogenic species
(supplementary material of Tsiamis et al. 2019). The
Baltic Sea is characterized by a strong salinity gradient
(Leppakoski et al. 2002). The surface water salinity
ranges from ~2-4 in the northeast to 6-8 in the cen-
tral Baltic Proper, 15-25 in the southwest and >18-33
in the Danish straits and the Kattegat (Krauss 2001).

The generally strong environmental fluctuations in
the Baltic Sea system, which are caused by natural
conditions such as the salinity—temperature gradient,
and which have facilitated pronounced impacts of
human-mediated stressors (warming, desalination,
overfishing and eutrophication), make the Baltic Sea
extremely susceptible to invasions by new species
(Paavola et al. 2005, Reusch et al. 2018).

Invasive species often show high physiological tol-
erance of different environmental stressors, such as
warming, desalination, reduced light availability, hy-
poxia and pollution, which is assumed to be an impor-
tant prerequisite for invasion success (Lenz et al. 2011,
Paiva et al. 2018). Salinity is one of the most impor-
tant environmental factors controlling survival, repro-
duction and growth in aquatic organisms, as well as
their geographical distribution, in particular in mar-
ginal seas (Anger 2003, Thomsen et al. 2018). Salinity
is also the main factor that determines a species’ in-
vasion success in Baltic Sea habitats (Jaspers et al.
2011, Paiva et al. 2018). Tolerance to low salinities
can therefore be used as a measure for assessing the
potential of a species to invade the Baltic Sea area,
and other comparable habitats (Hudson et al. 2018,

Reusch et al. 2018). Even short-term fluctuations in
salinity could impair successful planktonic larval de-
velopment in many species (Anger 2003). For ex-
ample, the low salinity in the central Baltic Sea is sup-
posed to restrict the expansion potential of the invasive
comb jelly Mnemiopsis leidyi in the southeastern re-
gions, since its reproductive ability decreases under
low salinity conditions (Jaspers et al. 2011).

Some invasive species expand their salinity tolerance
window during the invasion process (Charmantier et
al. 2002); others narrow their salinity range in their
introduced compared to their native regions, and are
therefore not able to thrive in brackish water habitats
(Pauli & Briski 2018). Consequently, species with a
broad salinity tolerance may have a higher probability
of establishment in new habitats, particularly in vari-
able environments with fluctuating salinities (Lenz et
al. 2011). In addition to this broad species-specific tol-
erance (Paiva et al. 2018, Pauli & Briski 2018), tolerance
to low salinities can differ between ontogenetic stages
of the same species (Charmantier 1998, Anger et al.
2008). Embryos and larvae of marine decapod crusta-
ceans, for example, are often more sensitive to osmotic
stress than juveniles and adults (Bas & Spivak 2000)
because they lack specific ion regulatory epithelia such
as gills (Charmantier et al. 1998). Therefore, adapta-
tions to extreme salinity regimes at alllife history stages
are necessary for the successful establishment of a spe-
ciesin a brackish environment (Charmantier 1998).

A crustacean recently introduced into the brackish
Baltic Seais the Asian brush-clawed shore crab Hemi-
grapsus takanoi(Asakura & Watanabe 2005). This spe-
cies, which is native to the northwest Pacific Ocean,
inhabits muddy and rocky shores as well as sheltered
harbours and estuaries (Gollasch 1998), butcan also be
found on soft sediments in the subtidal (Asakura &
Watanabe 2005). Adult H. takanoifrom native regions
are known to be euryhaline and tolerate a broad salin-
ity range from 7 to 35 (Mingkid et al. 2006a). The first
record of H. takanoiin Europe was in 1993 in the Ger-
man North Sea, when several individuals were found
onshiphullsin Bremerhaven Harbour (Gollasch 1998).
The species subsequently extended its range and
reached the coasts of France, Spain and Belgium, as
well as the Dutch and German Wadden Sea (Gitten-
berger et al. 2010 and references therein). Today, it is
also known from the western part of the English Chan-
nel, and from North Kent and Essex in Great Britain
(Ashelby et al. 2017 and references therein). In the
southwestern Baltic Sea (Kiel Fjord), H. takanoi was
firstrecorded in summer 2014 (Geburzi et al. 2015).

In the southwestern Baltic Sea, H. takanoi might
alter the existing ecosystem (Geburzi et al. 2015) by
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competing with the 2 main benthic invertebrate
predators, the starfish Asterias rubens and the shore
crab Carcinus maenas, for the same food source, i.e.
the blue mussel Mytilus edulis (Reusch & Chapman
1997). However, to predict whether H. takanoi can
establish a stable population in the southwestern
Baltic Sea, and whether it can spread further into the
Baltic Proper, precise knowledge of its salinity toler-
ance across the full reproductive cycle is essential.
Although only limited information is available for
northern Europe (but see van den Brink et al. 2012),
juveniles and adults of H. takanoi in the species’
native range have been observed in waters with
salinities as low as 7 to 9 (Mingkid et al. 2006a, Git-
tenberger et al. 2010). This is surprising, since labo-
ratory experiments with individuals from Tokyo Bay
only showed successful development from megalopa
to juvenile at salinities > 25 (Mingkid et al. 2006b).

The present study determined the influence of a
wide range of salinities on survival and feeding in
different life history stages of H. takanoi. We moni-
tored the developmental success of larvae to the
megalopa stage and assessed food intake of juveniles
and adults. Individuals from a population that was
discovered in 2014 in Kiel Fjord (salinity around 15)
were exposed to 8 levels of salinity, from freshwater
(0) to fully marine conditions (35) to elucidate the
species’ potential to establish a stable population in
this region, and to further invade the Baltic Proper. In
addition, a salinity dataset, collected in Kiel Fjord
over 13 yr, was used to (1) assess salinity ranges and
variability in this region, (2) correlate salinity with
larval development and juvenile settlement success
in Kiel Fjord and (3) predict the dispersal capacity of
H. takanoi towards the Baltic Proper.

2. MATERIALS AND METHODS
2.1. Survival and development of larvae

Ovigerous female Hemigrapsus takanoi, which
usually bury themselves in the muddy bottom of the
fjord or hide in mussel Mytilus edulis beds (Geburzi
etal. 2015, Nour et al. 2020), were collected by scrap-
ing mussel aggregates from pilings and from the bot-
tom of the inner Kiel Fjord (54°32.9'N; 10°14.8'E)
between mid-July and early August 2017. To identify
females with eggs close to hatching, a small sample
of eggs (20-30) was isolated carefully from each indi-
vidual female using a fine sterilized tweezer. The
samples were then investigated under a dissecting
stereomicroscope (Olympus SZ51). Four females with

carapace widths of 17.3 £ 0.8 mm (mean + SD), which
had broods with almost 10% vyolk, prominent eye
spots, and fully developed zoeae close to hatch (van
den Brink et al. 2013), were used to study larval
development under different salinity regimes. Each
female was reared in an individual 2 1 plastic aquar-
ium filled with aerated seawater of the same salinity
as the Kiel Fjord at the time of collection (15-16.7), at
a temperature of 20 + 0.5°C and a photoperiod of
12 h:12 h (light:dark). Water was exchanged daily
and females were offered crushed mussels ad libitum
twice per week until larval hatching. The duration
from capturing the female crabs to the hatching of
embryos never exceeded 2 wk.

Eight salinity levels (0, 5, 10, 15, 20, 25, 30 and 35)
were adjusted using filtered (0.2 pm millipore) and
aerated North Sea water (salinity ~33). Salinities be-
tween 5 and 30 were obtained by diluting the seawa-
ter with appropriate amounts of deionized tap water
(Epifanio et al. 1998, Bas & Spivak 2000), while for
the highest salinity (35), artificial sea salt (SeequaSal)
was added. Although diluting seawater may lead to a
reduction in nutrient concentrations mainly at low
salinities, this is a common method used in salinity
assays on Brachyura (e.g. Charmantier et al. 2002,
Anger et al. 2008) and should not have an effect on
the crabs. For freshwater conditions (salinity = 0), we
used deionized tap water. For salinities from 5 to 30,
the seawater pH was slightly reduced due to the
decreased bicarbonate levels of the added deionized
water. We adjusted pHygs (pH at the NBS scale) to a
value of ~7.9, resembling Kiel Fjord's pHygs during
crab collection (see also Thomsen et al. 2015 for Kiel
Fjord carbonate chemistry), using 1M sodium bi-
carbonate solution (Thomsen et al. 2018). pHygs
values were measured with a WTW 3310 pH-meter
equipped with a SenTix 81 pH electrode. Salinity was
adjusted using a WTW Cond 3110 equipped with a
Tetracon 325 electrode.

Immediately after hatching, actively swimming
zoea | larvae were transferred into individual 100 ml
culture vials filled with 80 ml of seawater using wide-
bore pipettes. For each salinity, ten 100 ml vials, each
containing an initial number of 10 zoea I larvae, were
used. This setup was repeated for each of the 4 female
crabs. In total, the experiment included 320 vials
(8 salinities x 4 females x 10 vials). Larvae were cul-
tured from zoea I to the megalopa stage without aera-
tion, but with open lids (de Jesus de Brito Simith et al.
2012) at 20 £ 0.5°C, pH 7.9 + 0.1 and a photoperiod of
12 h:12 h (light:dark). The water in each of the vials
was exchanged daily. On these occasions, larvae
were checked for mortality, as well as for moult, and
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were provided freshly hatched (<100 pm) brine
shrimp Artemia spp. nauplii (Great Salt Lake Brand),
at a density of ~10 nauplii per ml seawater (Anger et
al. 2008). To avoid changes in experimental salinities,
Artemia spp. were rinsed with water of the same
salinity level prior to being added to culture vials (de
Jesus de Brito Simith et al. 2012). Moulting was
checked by inspecting the vials for exuviae (for zoeae
II to V) and was confirmed by microscopy (for zoeae
IV and V) based on morphology (after Landeira et al.
2019; see Fig. S1a,b in the Supplement at www.int-res.
com/articles/suppl/b030p085_supp.pdf). Megalopae
could be observed without microscopic inspection due
to their large size and distinct morphology (Fig. Slc).
The experiment continued until the last zoea larva
at each salinity level had either died or moulted into
a megalopa. Overall developmental success was de-
termined by counting those larvae that successfully
moulted into megalopae in each vial. The median time
(in d) needed by larvae for development from hatch-
ing to the megalopa stage at each salinity level was
used as an indicator of larval development duration.

2.2. Survival and feeding rates of
juveniles and adults

Juvenile (5.8-6.9 mm carapace width) and adult
female (16.7-23.2 mm carapace width; Geburzi et al.
2018) H. takanoi were collected in November 2018 as
described above. They were kept in the laboratory
under seawater conditions present in Kiel Fjord at
the time of collection (20 + 0.5), at 12 + 0.5°C and a
photoperiod of 10 h:14 h (light:dark). All collected
individuals had a hard carapace (i.e. they were in the
intermoult stage). Water was exchanged daily and
crabs were fed crushed mussels ad libitum. In addition
to mussels, frozen amphipods Gammarus spp. and
shrimps Palaemon spp. were provided for juveniles.
Salinity levels (0, 5, 10, 15, 20, 25, 30 and 35) were
adjusted as described above. The different salinity
treatments were in 60 | tanks and were well-aerated.
Two weeks after acclimation to laboratory conditions,
a total of 40 juveniles (n = 5 crabs per salinity level)
and 24 adults (n = 3 crabs per salinity level) with intact
appendages were selected for the experiment. Only
3 adult crabs were used at each treatment level due
to the lack of availability of adult crabs in the field at
the time of the experiment. Juveniles and adults had
carapace widths of 6.45 + 0.32 (mean + SD) and 19.98
+ 1.65 mm, respectively. Each juvenile was placed
separately in a 1 1 Kautex bottle (filled with 0.5 1
water), while each adult was placed separately in a

2 1 plastic aquarium (filled with 11 water). Seawater
conditions in the aquaria were changed from 20 + 0.5
(acclimation conditions) to the various target salini-
ties in a stepwise manner at 1.25 salinity units per
hour to allow for acclimation. This rate is sufficient
for decapod juveniles to reach a constant haemo-
lymph concentration (Charmantier et al. 2002), while
the adults of the genus Hemigrapsus spp. are known
to cope with low/and or fluctuating salinities without
any acclimation (Urzia & Urbina 2017, Hudson et al.
2018). After target salinities were reached, the ex-
periments were started and lasted for 17 d.

In a pilot study, we observed that juvenile crabs
cannot open living mussels by themselves. However,
to ensure a comparable experimental set-up with the
same food source as used in the experiments with
adults (see below), 3 opened mussels (11.0-11.9 mm)
were offered to each individual juvenile crab every
other day. Before feeding, all faecal particles were
manually removed using disposable transfer pipettes,
while the seawater, including remaining mussel
shells and soft tissue residues, was filtered through
pre-weighed tea bags. Afterwards, the wet filters, in-
cluding mussel shells and soft tissue residues, were
washed quickly with distilled water to eliminate ad-
hesive salt and placed on pre-weighed and numbered
aluminium trays. The filters were then dried in a fur-
nace at 60°C for 48 h and dry weight was quantified
to the nearest 0.001 g. We assessed food consumption
rates of juvenile crabs by quantifying the dry weight
(g) of mussel tissue consumed. The dry weight of the
mussels offered at the beginning of each trial was es-
timated by calculating the average dry weight (g) of
21 mussels with a size similar to those used during the
feeding trial (11.0-11.9 mm). This was done by plac-
ing each of the 21 mussels (including shell and tis-
sues) on a numbered and pre-weighed aluminium
tray. The trays with mussels were dried at 60°C for
48 h and weighed. The dry weights of the soft tissue
and shell were measured separately. The mean dry
soft tissue of the 21 mussels was 0.0080 + 0.0004 g
(mean + SD), while the mean dry shell weight was
0.0930 £ 0.0170 g. Consumption rates were calculated
as the difference in weight between the mean of the
21 mussels and the mean leftover of the 3 offered
mussels during each feeding trial.

Adults of H. takanoi were offered 20 closed mussels
ranging from 6 to 9 mm (Nour et al. 2020). Every
other day, all mussels were collected, all opened mus-
sels were counted, and 20 new mussels were added.

Throughout the experiment, water was exchanged
every other day, while the survival rate (%) was mon-
itored daily over the 17 d experimental period. Lack
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of movement even after stimulation with a glass rod,
absence of beating activity of scaphognathites (i.e.
lack of gill chamber ventilation) and abdomen open-
ing and relaxation (Novo et al. 2005) were considered
as signs that an individual had died. Food was offered
every other day, while feeding rates were recorded
over the entire experimental period. They were as-
sessed as mean mussel dry weight (g) consumed by
juveniles, and as the mean number of mussels opened
and consumed in the case of adults.

2.3. Kiel Fjord salinity measurements

Salinityin Kiel Fjord wasrecorded on weekly cruises
of theresearch vessel FK Polarfuchs from 2005 to 2018
using a CTD48M probe (Sea and Sun Technology) ata
station in front of the GEOMAR pier (Wittlingskuhle,
position: 54°20.15' N, 10°9.1" E).

2.4. Statistical analysis

All analyses and statistical procedures were per-
formed using the statistical software R (version 3.6.0,
R Development Core Team 2016). To test whether
survival rates differed between salinities, the log-rank
test, in cases of proportional hazards, or the Peto-
Wilcoxon test for non-proportional hazards were
used. Survival rates were visualized by Kaplan-
Meier curves. The Kaplen-Meier method is a non-
parametric estimator of survival that incorporates in-
complete (censored) observations, such as those
cases where larvae or crab had not died by the end of
the examined period. Pairwise comparisons of sur-
vival rates were done for relevant survival and salin-
ity combinations and p-values were adjusted for mul-
tiple testing using the Benjamini-Hochberg (BH)
correction. Analyses were performed using the sur-
vival and survminer packages in R (Therneau 2015,
Kassambara et al. 2019).

Furthermore, we checked for maternal effects on
developmental success with a generalized linear
mixed model that included identity of the female
crabs as a random factor. Since this model revealed
that the contribution of the female crabs to the unex-
plained variation in the data was marginal (less than
1%), we concluded that there were no maternal
effects and excluded this random factor from further
modelling. We then used a linear model (LM) by fit-
ting a 2" degree polynomial to test whether salinity
significantly affected the number of larvae reaching
the megalopa stage, time to moult, and feeding rates

of both juveniles and adults. The choice of model was
based on our expectation that the response variables
would, within the range of salinities examined in the
experiment, be a unimodal function of salinity. We
refrained from fitting alternative models post hoc, i.e.
after having collected the data. Since larvae reached
the megalopa stage exclusively in salinities from 20
to 35, we only included these 4 levels and salinity 15,
i.e. the highest salinity at which the megalopa stage
was not reached, in the analyses. Since both juve-
niles and adults died at a salinity of O, we obtained no
feeding rates for this level. We checked whether the
assumptions of the LM were met by inspecting resid-
ual plots. In addition, for larval development, the
salinities at which response variables were maxi-
mized (i.e. larval survival) or minimized (i.e. time
needed to reach the megalopa stage) were identified
with polynomial curves fitted to the data. This was
done for all cases in which salinity significantly
affected the examined response variables. Further-
more, we verified whether the optimum point (maxi-
mum or minimum) of a given response variable
occurred in the range of salinity levels (0-35) used in
this study by applying the general quadratic equa-
tion as follows (Koram 2019):

y=ax’+ bx+c (1)

where a and b are the slopes of x? and x, respec-
tively, and cis the intercept of the regression line. We
then determined the optimum point as follows:

x-coordinate of the vertex (optimum point) = -b/2a (2)

3. RESULTS
3.1. Survival of larvae, juveniles and adults

Larvae of Hemigrapsus takanoi completed devel-
opment to the megalopa stage only when reared in
salinities > 20 (Fig. 1la). Survival rates were signifi-
cantly different between salinities (Peto-Wilcoxon
test: xz = 540, df =7, p £0.001; Fig. 1a); the median
time to death was 1, 7, 19 and 33.5 d for salinities 0,
5, 10 and 15, respectively. In the salinity range 0-15,
survival steadily declined with decreasing salinity
(15> 10 > 5 > 0) and was clearly different from sur-
vival in the salinity range 20-35.

Juvenile and adult H. takanoi showed 100 % sur-
vival under all salinities except the freshwater condi-
tion (with a salinity of 0), under which no individual
survived. The median time to death in freshwater
was 2 d for juveniles (log-rank test: x2 =39, df = 7,
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Fig. 1. Influence of salinity (0-35) on survival rates in (a) lar-
vae, (b) juveniles and (c) adults of Hemigrapsus takanoi from
Kiel Fjord. Initial numbers of individuals were 400 larvae (100
larvae from each of 4 females), 5 juveniles and 3 adults per
salinity level. (a) Marks (l) indicate censored data, i.e. animals
reared at the respective salinity levels survived until the end of
the experiment or died for reasons other than salinity stress
during the experiment. Different lower-case letters indicate
significant differences (pairwise Peto and Peto tests, p < 0.05)
between experimental groups. All juveniles and adults sur-
vived all salinity exposures apart from salinity O

p £0.001; Fig. 1b) and 4 d for adults (log-rank test:
x? =28, df = 7, p < 0.001; Fig. 1c).
3.2. Development of larvae to the megalopa stage

Although survival rates did not differ between
experimental groups in the salinity range between
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Fig. 2. Influence of salinity (15-35) on (a) the percentage of
larvae that reached the megalopa stage, and (b) the time
needed to reach this stage in H. takanoi from Kiel Fjord.
Salinity levels at which larvae did not reach the megalopa
stage (i.e. salinities 0-15) were removed from the analysis of
time needed to reach the megalopa stage, while salinity of
15 is included in the analysis of survival data. Each black
dot represents the proportion of survivors in a single vial
with 10 larvae or the mean time needed to reach the mega-
lopa stage in a single vial. 2" degree polynomials were fit-
ted to the data. Grey areas represent the 95% confidence
intervals of the fitted lines

20 and 35 (pairwise Peto and Peto tests; Table S1),
the percentage of larvae that reached the mega-
lopa stage within 50 d after hatching significantly
changed with salinity (2°¢ degree polynomial re-
gression: Fjp 197) = 124, p < 0.001, R* = 0.55). The high-
est proportion of larvae successfully developing into
megalopae was observed at salinities of 25 and 30
(median proportion was 50 and 40 %, respectively;
Figs. 2a & 3), while development success was lower
(median survival of 20%) at salinities of 20 and 35
(Figs. 2a & 3). The median time H. takanoi larvae
needed from hatching to reaching the megalopa
stage was 34 d (salinities 20 and 25), 38 d (salinity
30), and 33.5 d (salinity 35). However, unlike the per-
centage of larvae reaching the megalopa stage, this
development time did not change significantly with
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25 l\\}‘v"" ¢ gree polynomial regression: F 3 =
I/ X K P 2 _ B =T
, ,l&%& A 23, lp < 0.001, R* = 0.65; Fig. 4a). In
ults, food intake also increased
between salinities 5 and 15, but then
100 reached a plateau and remained con-
\ stant across the remaining salinity
75 \ levels (2°¢ degree polynomial regres-
' sion: Fy 15 = 27, p < 0.001, R* = 0.75;
50 | » Fig. 4b).
ke
25 %\\ ’“’ "‘é& 3.4. Prevailing salinity regimes in

0 10 20 30 40 50 0 10 20 30 40 50
Time post-hatching (d)

Median (mean) salinity in Kiel
Fjord over the entire experiment was

Fig. 3. Influence of salinity (0-35, a—h) on the percentage of H. takanoi larvae 16.8 (1'.7'0)’ rangl,ng between 8.4 and
reaching the next larval stage during the experiment. Percentage of zoea I that 24.7 (Fig. 5). Salinity was 15.7 (15.9)
reached zoea Il are based on the initial 10 larvae per vial. For the remaining ob- in waters up to 1 m below surface,
servations (from zoea II to the megalopa stage), percentages are based on the 16.5 (16.9) at 7 m depth and 18.1
number of individuals that reached the previous stage. The circles correspond A .

to the replicates (n = 4 females used) and shaded areas define the 95 % confi- (18.4) at 18 m depth. Salinity Vanpfd
dence intervals. Data cover the time until the last zoea V had moulted to the among seasons and was lowest in
megalopa stage or died. Orange dots (megalopa stage) along the x-axis hide all spring and summer when larvae of H.
zoea stages (I to V) that are still under development to the next stage or died takanoi hatch in Kiel Fjord, and high-
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each individual crab during 17 d. Data were analysed using

2" degree polynomial regressions. Grey areas represent
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est in autumn and winter when juveniles are found
(Fig. 5d).

4. DISCUSSION

Our experiments show that the larval, juvenile and
adult stages of Hemigrapsus takanoi, a species that
recently arrived in the southwestern Baltic Sea, are
affected differently by salinity. Although larvae of
this crab species were more sensitive to low-salinity
stress than adults, they successfully developed to the
megalopa stage as long as salinities were equal to or
above 20. Neither the duration of development to the
megalopa nor the probability of reaching this stage
differed across higher salinities (>20); however, sur-
vival and success in development were highest at a
salinity of 25. In contrast to larvae, juveniles and

adults were more robust to reduced salinities and
showed 100% survival in response to salinities be-
tween 5 and 35. Feeding rates, however, also dif-
fered between salinity levels. Generally, feeding in-
creased with increasing salinity. In adults, however,
feeding rates remained constant at salinities >15.

In general, increasing salinity favoured larval de-
velopment of H. takanoi from Kiel Fjord. All larvae
died before reaching the megalopa stage when they
were reared at salinities below 20. In contrast to our
findings, Mingkid et al. (2006b), who tested a salinity
gradient from 5 to 35 (5 salinity unit steps) in Tokyo
Bay, showed that 1.4 and 30% of H. takanoi larvae
successfully moulted into megalopae at salinities as
low as 10 and 15, respectively.

The discrepancy in the lower salinity thresholds of
the present study (220) and Mingkid et al. (2006b)
(215) suggests that H. takanoi larvae have a narrower
salinity range in their new habitat than in their native
range. Supporting this, Kiel Fjord larvae survived
and developed best at salinities between 25 and 30.
In contrast, Mingkid et al. (2006b) demonstrated the
highest percentage of larval development to mega-
lopae at a salinity of 20. Seemingly, Kiel Fjord H.
takanoi larvae prefer higher salinities than larvae
from a native-range population (Mingkid et al. 2006a)
and a similar pattern was observed for gammarid
crustaceans (Pauli & Briski 2018). Between-population
differences in salinity tolerance have also been shown
for other crustacean taxa (Ojaveer et al. 2007). For
example, Carcinus maenas from the Baltic Sea have
a higher capacity to hyper-osmoregulate than indi-
viduals from a North Sea population (Theede 1969).
This potential shift in salinity preference might be
the result of adaptations at the population level to
different local environmental conditions after arrival
in a new habitat, as shown in a study on 22 popula-
tions of 8 gammarid species from different regions
(Paiva et al. 2018), or may have occurred during the
invasion process. A recent study by Landeira et al.
(2020) showed that survival of newly hatched H.
takanoi zoea I larvae from Tokyo Bay decreases with
decreasing salinity. In addition, a slowing of their
swimming speed, accompanied by random swim-
ming trajectories, was observed at salinities below
20. This suggests that low salinities not only restrict
invasiveness, but also limit the local dispersal capac-
ity of H. takanoi.

Within Kiel Fjord, H. takanoi must tolerate salini-
ties between 8 and 25, while salinities range be-
tween 7 and 35 in the native range of H. takanoi, e.g.
Tokyo Bay (Mingkid et al. 2006a). The salinity toler-
ance thresholds and performance maxima at salini-
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ties of 20 and 25, respectively, identified in this study,
indicate that the invasion process rather than adapta-
tions to the new environment determined osmotic
stress tolerance in the Kiel Fjord H. takanoi popula-
tion. The fact that Baltic Sea H. takanoi populations
are genetically very similar to those from the North

Sea (Geburzi et al. 2020) suggests that the introduc-
tion of H. takanoi into the Baltic Sea was mediated by
the transport of larvae in ballast water of ships from
the North Sea or from European Atlantic ports
(Geburzi et al. 2015). Alternatively, larvae could
have been transported into the Baltic Sea by advec-
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tion from the Kattegat due to strong westerly winds
pushing highly saline waters into the Baltic Sea
(Lehmann & Javidpour 2010). It is generally thought
that the European populations of H. takanoi arose
from multiple independent introductions into the
French Atlantic, French British Channel, and Dutch
Wadden Sea (Markert et al. 2014). In addition, the
North Sea populations might trace back to a second-
ary introduction of individuals from a donor popula-
tion already adapted to marine conditions (Makino et
al. 2018, Geburzi et al. 2020). Furthermore, the North
Sea populations could then have adapted themselves
to fully marine conditions for >25 yr, while the Kiel
Fjord population presumably only had ~5 yr to adapt
to local environmental conditions. However, detailed
studies on the osmoregulation capacity of H. takanoi
larvae from populations along the invasion gradient
would be needed to confirm this hypothesis.

We found larval duration to be only marginally im-
pacted by osmotic stress at salinities of 20 and higher.
This has also been found in other crab species such
as the mangrove crab Ucides cordatus from the
Caeté Estuary Northern Brazil (Diele & Simith 2006)
and the mud crab Scylla olivacea from estuaries and
creeks in Thailand (Jantrarotai et al. 2002). Kiel Fjord
H. takanoi larvae in the present experiment devel-
oped generally slower (larval duration of 35-37 d)
than individuals of the same species from its native
range (~16-21 d; Mingkid et al. 2006b). Diele & Simith
(2006) suggest that variation in the time needed for
development in U. cordatus could be due to diet. In
our study, we fed larvae with Artemia sp. nauplii
only, while Mingkid et al. (2006b) provided rotifers
for food until the zoea IIl stage was reached, after
which a mixture of Artemia sp. nauplii and rotifers
was offered. However, differences between the 2 stud-
ies could also be explained by differences in tempera-
ture during incubation of the larvae, i.e. 20°C herein
and 24°C in Mingkid et al. (2006b) (see also Epifanio
etal. 1998, Spitzner et al. 2019 for temperature effects
on crustacean larval development).

In contrast to larvae, juveniles and adults of Kiel
Fjord H. takanoi tolerated a wide range of salinities
from 5 to 35, at least for the 2 wk these individuals
were exposed to the stress gradient. In contrast,
freshwater conditions led to 100 % mortality in juve-
niles and adults within 2 and 4 d, respectively. Shinji
et al. (2009) exposed adult H. takanoi from the native
range (Tokyo Bay) to salinities from 0 to 40 for 8 h to
study their immediate physiological responses. Al-
though no mortality was observed over the short
incubation period at any salinity, oxygen consump-
tion and ammonia excretion levels were remarkably

increased at a salinity of 0, while no significant differ-
ences were detected among all other salinity levels
(Shinji et al. 2009). Data from the congeneric H. san-
guineus showed a higher survival probability at a
salinity of 5 compared to a salinity of 1, mainly ex-
plained by the ability to maintain internal haemo-
lymph osmolality under osmotic stress at a salinity of
5 for several days (Hudson et al. 2018). Since osmo-
regulation is an energetically demanding process
(Anger 1991), future research is required to study the
consequences of osmotic stress on H. takanoi in the
long-term.

Feeding rates in both juvenile and adult H. takanoi
were strongly influenced by salinity, yet in different
ways. In juveniles, feeding decreased linearly with
decreasing salinity. These findings are in line with
observations made of juvenile crabs of the species
Portunus trituberculatus (Shentu et al. 2015). Feed-
ing rates in adults, however, were not affected across
the salinity range from 15 to 35. Contrary to our
results, Urbina et al. (2010) showed that feeding rates
in adult H. crenulatus decreased with increasing
salinities. They interpreted this as a compensatory
mechanism to face the increased energy costs that
emerged from excretion and respiration during osmo-
regulation activity. In general, a decrease in feeding
rates as a reaction to environmental stress has been
observed in different marine invertebrate taxa, such
as cnidarians (Podbielski et al. 2016), crustaceans
(Appelhans et al. 2012), molluscs (Zhang et al. 2016)
and echinoderms (Stumpp et al. 2012).

In decapod crustaceans, moulting is an energy con-
suming process, accompanied by an increase in
metabolic rate (Skinner 1962). The process is modu-
lated by many environmental factors like tempera-
ture, photoperiod and salinity, and it involves many
physiological changes in the crabs themselves
(Urztia & Urbina 2017). The results presented here
do not reflect any potential effects of moulting as a
response to the salinities we applied, since all indi-
viduals were intermoult crabs.

While adults of H. takanoi tolerated the salinity
range of 5 to 35, our results suggest a clear bottle-
neck in larval development. The critical threshold for
H. takanoi larvae to complete their full development
at 20°C (common summer Kiel Fjord temperature)
was found to be between 15 and 20, while in Kiel
Fjord (southwestern Baltic Sea) salinities range be-
tween 8 and 25 (Fig. 5). The salinity regimes re-
corded at different water depths between 2005 and
2018 would therefore allow juveniles and adults of H.
takanoi to thrive. In 2017, ovigerous females ap-
peared in late June, at salinities higher than 15, and
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larval development probably continued into Septem-
ber and October, when salinities were still above 17
(Nour et al. 2020). In line with this, large numbers of
juveniles were observed in November 2018, when
salinities were around 19 (O. M. Nour pers. obs.).
Between 2005 and 2018, the median salinity (surface
to a depth of 7 m) in Kiel Fjord during the reproduc-
tive season, when hatching and development of lar-
vae takes place (June to October), ranged from 8.4 to
22 (Fig. 5). This indicates that Kiel Fjord salinity con-
ditions can allow successful larval development, at
least during years with higher salinities. However, to
be able to identify years in which successful larval
development can occur more reliably, experiments
investigating the salinity range between 15 and 20
are necessary. Salinity thresholds for larval develop-
ment have been observed in other species from Kiel
Fjord (Eriocheir sinensis: Anger 1991, C. maenas:
Cieluch et al. 2004, Asterias rubens: Casties et al.
2015). Hence, interannual salinity fluctuations re-
corded in Kiel Fjord might play a crucial role in stabi-
lizing the population dynamics of its keystone spe-
cies (Casties et al. 2015). A decline in salinity below a
critical threshold during the spawning season of A.
rubens, for example, might inhibit larval develop-
ment (Casties et al. 2015). We do not have sufficient
data about the structure of the C. maenas popula-
tions in the Baltic Sea and about seasonality in their
reproduction to say whether salinity could also play a
role in C. maenas larval development. However, it is
known from other European coasts that there are 2
main peaks in egg production of C. maenas (early
summer and late autumn; Torres et al. 2020), and lar-
vae require salinities > 15 to complete their develop-
ment (Anger et al. 1998). If this is also the case for the
Baltic Sea population, it is plausible to assume that
even with the expected desalination of the Baltic Sea
(Grawe et al. 2013), larvae from autumn embryos
(mean salinity > 15; Fig. 5) can maintain the popula-
tion. In contrast, H. takanoi in the Baltic Sea shows
only one peak in egg production and that is in sum-
mer (Nour et al. 2020). It is therefore likely that a fail-
ure in recruitment will occur under the future Baltic
Sea conditions, which consequently could cause the
extinction of H. takanoi populations.

H. takanoi larvae are planktonic and likely move
towards the water surface immediately after hatch-
ing (Landeira et al. 2019). In the southwestern Baltic
Sea, surface seawater is generally less saline than
deeper waters (Fig. 5), meaning Kiel Fjord H. takanoi
larvae are facing a dilemma. On one hand, surface
waters show a higher phytoplankton abundance and
consequently also a higher abundance of small zoo-

plankton organisms (Anger 2003), which could serve
as a food source for larvae. On the other hand, the
salinity regimes in surface waters potentially restrict
successful development. However, it remains to be
investigated if H. takanoilarvae can meet their salin-
ity and feeding requirements by actively migrating
through the water column.

The findings of the present study suggest that H.
takanoi populations are limited in their distribution
to the southwestern Baltic Sea, mainly due to their
larval salinity sensitivity. Future monitoring of the
spatial and temporal distribution of H. takanoi larvae
along the salinity gradient from the southwestern
Baltic Sea into the Baltic Proper will reveal whether
this assumption proves correct. Whether the prolon-
gation of larval development (~35-37 d) observed in
this study, in comparison to the time needed for lar-
val development in native habitats (~16-21 d; Ming-
kid et al. 2006b), is an advantage for H. takanoi dis-
persal and population establishment in the further
northern and eastern Baltic Sea is unclear. Longer
larval development can have important conse-
quences for recruitment success (Sulkin & McKeen
1994) by increasing natural mortality risk due to fac-
tors such as predation (Morgan 1995). Nevertheless,
a longer developmental period increases the proba-
bility that larvae will spread and reach appropriate
substrates prior to metamorphosis (Jackson & Strath-
mann 1981), which could allow the species to colo-
nize new areas and would enhance gene flow among
local populations (Diaz & Bevilacqua 1986). Numer-
ous studies have revealed that larval ability to cope
with salinities outside the optimum range is also
strongly influenced by temperature (Anger 1991, Epi-
fanio et al. 1998). In nature, environmental stresses
such as warming and desalination do not usually
occur in isolation and can therefore interactively
affect organisms (Epifanio et al. 1998). Hence, study-
ing the combined effects of these 2 factors is impor-
tant to assess the response of H. takanoi populations
to the future abiotic changes expected to occur in the
Baltic Sea.

The fact that female brachyuran crabs brood exter-
nally may allow their embryos to acclimate to low
salinities during embryogenesis and this could
potentially increase their ability to tolerate low salin-
ities after hatching (Giménez & Torres 2002). In our
larvae experiment, we collected all ovigerous crabs
from the same locality in Kiel Fjord and they were,
prior to experiments, kept in the laboratory at the
same salinity that prevailed in the fjord (~20). It is
possible that larvae from regions with even lower
salinities would show higher survival rates than
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those observed in our experiments. However, in H.
crenulatus, embryogenesis is not completed at a
salinity of 5 because females allocate energy to
osmoregulation and therefore produce less egg yolk
(Urzta et al. 2018). Similar salinity-related con-
straints on embryo development have been observed
in C. maenas. Even though C. maenas from North
Sea populations completed their larval development
at a salinity of 20 under laboratory conditions when
ovigerous females were kept at a salinity of ~32
(Spitzner et al. 2019), females discarded their eggs
when they were incubated at salinity of 20 (G. Torres
unpubl. data, in Torres et al. 2020). With larvae of C.
maenas, negative effects of low salinities on survival
and development time were mitigated by high tem-
peratures (Spitzner et al. 2019). However, Torres et
al. (2020) found no evidence of embryonic acclima-
tion to low salinities in C. maenas from North Wales,
UK, while, in contrast to this, acclimation to low
salinities during embryogenesis limited the thermal
mitigation of low salinity stress for zoea I larvae. This
thermal mitigate limitation could be related to the
depletion of energy reserves during embryo devel-
opment, which occurred when ovigerous females
were exposed to low salinities (Giménez & Anger
2001). It resulted in decreased larval survival and
reduced development rates (Torres et al. 2020). Low
salinity in the maternal habitat of H. takanoi might
produce larvae that perform sub-optimal swimming
and have lowered survival rates (Landeira et al.
2020). Given these possible maternal effects, the best
offspring performance might occur when conditions
in maternal and offspring environments are similar
(Uller et al. 2013). Hence, assessing the response of
H. takanoi offspring to salinity stress while consider-
ing possible maternal effects will require further
studies. Since juvenile and adult stages of H. takanoi
have the potential to invade the central Baltic Proper,
which has bottom salinities of 8 to 6 (HELCOM 2018),
the entire reproductive cycle of H. takanoi may take
place in this lower salinity region if the species man-
ages to locally adapt to these conditions. However,
physiological responses of this species to salinity
stress still need to be investigated in studies that
cover a longer period of its lifetime.

5. CONCLUSIONS

Previous studies have revealed that non-native
species are generally tolerant of a wide range of
salinities and tend to be more resistant to stressful
conditions than native species (Lenz et al. 2011, Paiva

et al. 2018). Herein, we showed a strong influence of
salinity on the earliest stages of the recent invader H.
takanoi. The development of H. takanoi larvae was
only completed in salinities between 20 and 35,
which contrasts with the salinity tolerance of larvae
from the native range of this species (Mingkid et al.
2006b). Reasons for this discrepancy are undeter-
mined, but could potentially relate to the previous
adaptation of H. takanoi populations established in
the southwestern Baltic Sea to fully marine conditions
during a secondary spread in the invasion process.
North Sea habitats, which are fully marine, could
have served as stepping stones prior to the introduc-
tion of this species into Kiel Fjord (Geburzi et al.
2020). Juveniles and adults can tolerate salinities as
low as 5, but their feeding rates declined at low salin-
ities, with possible long-term implications for their fit-
ness. Although field observations showed that the
southwestern Baltic Sea is a suitable habitat for H.
takanoi (Nour et al. 2020), salinity likely represents a
hurdle for a further invasion into the central and east-
ern Baltic Sea, in particular for the larval stages of H.
takanoi. According to future climate scenarios (Meier
et al. 2012), which predict a reduction in salinity
across the Baltic Sea by the end of the century, Kiel
Fjord will most likely experience a decline in salinity
of 2 units on average (Grawe et al. 2013), which could
lead to more frequent and longer phases during the
year with salinities outside the tolerance boundaries
of larval H. takanoi. The question remains whether
the species will be able to undergo full larval devel-
opment in the future, if it cannot adapt to the changes
predicted for this region.

Data availability. Data used in the present study are available
at PANGAEA (https://doi.pangaea.de/10.1594/PANGAEA.
918306).
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