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Abstract

To evaluate the physiological ability to adjust to environmental variations of salinity, Carcinus maenas were maintained in
10, 20, 32 (control), 40, and 50 ppt (13.8+0.6 °C) for 7 days. Closed respirometry systems were used to evaluate oxygen
consumption (MOz), ammonia excretion (Jamm), urea-N excretion (Jurea-N) and diffusive water fluxes (with 3H20). Ions,
osmolality, metabolites, and acid—base status were determined in the hemolymph and seawater, and transepithelial potential
(TEP) was measured. At the lowest salinity, there were marked increases in MO, and Jamm, greater reliance on N-containing
fuels to support aerobic metabolism, and a state of internal metabolic alkalosis (increased [HCO;"]) despite lower seawater
pH. At higher salinities, an activation of anaerobic metabolism and a state of metabolic acidosis (decreased [HCO;™] and
increased [lactate]), in combination with respiratory compensation (decreased PCO,), were detected. TEP became more
negative with decreasing salinity. Osmoregulation and osmoconformation occurred at low and high salinities, respectively,
with complex patterns in individual ions; hemolymph [Mg?*] was particularly well regulated at levels well below the external
seawater at all salinities. Diffusive water flux rates increased at higher salinities. Our results show that C. maenas exhibits
wide plasticity of physiological responses when acclimated to different salinities and tolerates substantial disturbances of
physiological parameters, illustrating that this species is well adapted to invade and survive in diverse habitats.

Keywords Ionoregulation - Nitrogen metabolism - Diffusive water exchange - Acid—base regulation - Transepithelial
potential

Introduction

Communicated by B. Pelster. One characteristic of the green crab Carcinus maenas
that has contributed to its worldwide success as an exotic
invader is its remarkable euryhalinity (Behrens-Yamada
2001; Klassen and Locke 2007; Leignel et al. 2014). Adults
are reported to tolerate a range of salinities between <5
and > 50 ppt (Bateman 1933; Zanders 1980; Siebers et al.
1982; Spaargaren 1982; McGaw 1991; McGaw et al. 1999)
for periods varying from days to weeks. There have been
many physiological studies on the mechanisms involved,
most of them focusing on the effects of reduced salinity
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regulation of hemolymph ions at low salinity and sug-
gested that active uptake must be involved. This idea was
confirmed by later workers (Shaw 1961; Siebers et al.
1982; Henry et al. 2002, 2003), who provided evidence
for the key involvement of the posterior gills, which are
enriched in Na* K* ATPase and carbonic anhydrase, espe-
cially when salinity is reduced. The activity of Na* K*
ATPase contributes to the negative transepithelial poten-
tial (TEP, inside relative to outside as 0 mV) across the
posterior gills that becomes progressively more negative
as salinity is lowered (Siebers et al. 1986). However, this
trend has not been detected in the TEP of the whole ani-
mal (Greenaway 1976; Zanders 1980; Winkler 1986).
Other key findings include persistent increases in the
rates of whole organism O, consumption (MOZ) (Siebers
et al. 1972; Taylor 1977) and ammonia excretion (Jamm)
(Spaargaren 1982) when crabs are transferred to low salin-
ities. The latter may involve an active transport process for
ammonia, powered by Na* and K™ ATPase and linked in
some way to Na* uptake (Weihrauch et al. 1999, 2017). A
metabolic alkalosis (increased pH and HCO;~ with more
or less unchanged PCO,) also develops in the hemolymph
of crabs transferred to lower salinities (Zanders 1980; Tru-
chot 1973, 1981). The influence of salinity on the apparent
water permeability, as measured by the diffusive flux of
radiolabeled water, has been examined by many investiga-
tors [reviewed by Rasmussen and Andersen (1996)], but
there are discrepancies in the conclusions. Most authors
have reported that diffusive water flux rates decline
slightly with decreases in salinity (Smith 1970; Rainbow
and Black 2001; Berlind and Kamemoto 1977; Rasmus-
sen and Bjerregaard 1995), but Rudy (1967) reported no
detectable changes.

In most of the salinity studies cited above, only one
or two of the major physiological parameters were meas-
ured, and often only under control conditions (30-35 ppt)
versus markedly reduced salinity, so thresholds were not
defined. Relatively few studies have looked at hypersa-
line conditions (above 35 ppt). Against this background,
our principal objective was to measure a wide range of
parameters at the whole organism level in a single batch
of crabs acclimated to salinities of 10 ppt, 20 ppt, 32 ppt
(32 ppt=100% SW), 40, and 50 ppt. These parameters
included oxygen consumption, ammonia excretion, urea-N
excretion, hemolymph concentrations of ammonia, urea-
N, total protein, total amino acids, glucose, lactate, major
ions (Na*, K*, Ca?*, Mg?*, CI7) and osmolality, hemo-
lymph acid-base status (pH, [HCO;~], PCO,), TEP of the
whole crab, as well as diffusive exchange rates of water
and internal exchangeable water pools using *H,0. These
measurements were made with the goal of understand-
ing the interrelationships of various responses, as well
as the physiological parameters that may limit tolerance
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to extreme salinities in this highly successful invasive
species.

Materials and methods
Animal collection and acclimation

Male green crab (C. maenas; n=140; weight=90.8 +3.5 g)
were captured using wire crab traps baited with fish fillets in
the estuarine area near Seddall Island, Ecoole, Regional Dis-
trict of Alberni-Clayoquot, British Columbia, Canada (49°
05"00.0" N 125° 10’ 21.6" W). At the laboratory, crabs were
held for 1 week in 500-L tanks in a flow-through system
filled with aerated seawater (12—14 °C, 32 ppt) and were fed
ad libitum with fish fillets. Only crabs with carapace colored
in different shades of green (and not red) were used.

Experimental design

Crabs were acclimated to different non-lethal water salinities
[10, 20, 32 (control), 40 and 50 ppt] for 7 days. In a prelimi-
nary study we also exposed crabs to 5 and 60 ppt. However,
at those salinities some mortalities (15-25%) were observed.
As our goal was to study mechanisms of adjustment, rather
than absolute salinity tolerance, experiments were restricted
to the 10-50 ppt range. Lower salinities were obtained by
diluting seawater with dechlorinated BMSC tap freshwater,
which is very low in ions (Na* 0.300, C1~ 0.233, K* 0.005,
Ca’* 0.144, Mg?* 0.048 mmol L™"). For the control salinity
(32 ppt), we used plain filtered seawater. The salinity of the
32 ppt seawater was raised to 40 and 50 ppt using Instant
Ocean™ salts (Spectrum Brands, Blacksburg, VA, USA).
Water salinity was monitored using a portable conductivity
meter (Cond 3110, WTW, Weilheim, Germany). Crabs were
kept in groups of 12 animals at the salinities described above
in static systems (50-L plastic tubs), with air flow supply
(PO, ~80% saturation), maintained at the control tempera-
ture (13—14 °C). During this acclimation period, water was
renewed (80%) daily and crabs were fasted.

Experimental series 1: effects of acclimation
to different salinities on metabolic, ionoregulatory,
and acid-base parameters

Experiments were conducted in glass containers (700 mL)
covered with a dark plastic film to isolate crabs from outside
visual stimuli, using a dark plastic mesh as a lid and fitted
with tubing for constant air supply. To maintain the accli-
mation temperature, the containers were placed in a flow-
through water bath. Prior to experimentation, crabs (N=28
per salinity) were weighed and then placed in their individ-
ual containers for 12-h overnight settling at their acclimation
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salinity (10, 20, 32, 40, or 50 ppt). Then, 100% of the SW
was renewed with minimal disturbance. After 1 h, 90% of
the SW volume was again renewed in the same way. Clean
seawater at exactly the same salinity as the specific treatment
was used in both water change procedures. Water samples
(5 mL) were collected at 0, 1, 2, 3, and 4 h, for determina-
tion of the fluxes of total ammonia (NH, + NH;) and urea-N.

Immediately after the end of the 4-h flux measurement,
90% of the water volume was replaced with air-saturated
water for measurement of the oxygen consumption rate
(MO,). The initial oxygen partial pressure (PO,) was meas-
ured using a polarographic dissolved oxygen meter (Accu-
met AP84A, Fisher Scientific, Toronto, ON, Canada). The
initial average (mean + SEM) PO, was 155.0+0.5 Torr.
To avoid diffusion of O, from the atmospheric air to
the water, the container lid was sealed with rubber latex
(127 mm X 127 mm—Hygenic dental dam, Performance
Health, Akron, OH, USA). Crabs were kept in this condition
for 30 min and then a final PO, measurement was performed.
Tests with blank chambers demonstrated that there was no
detectable O, consumption, or production/loss of ammonia
or urea-N under the conditions of the measurements.

Shortly after the end of the respirometry measurements,
a water sample (20 mL) was taken from each container, and
a venous hemolymph sample (500 puL) was drawn from the
crab. The sample was taken from the arthrodial membrane
sinus of the last walking leg, using a gas-tight glass syringe
(Hamilton, Reno, NV, USA). The animals remained sub-
merged during sampling. Water was analyzed for pH, ions
(Nat, K*, Ca?*, Mg?*, CI7) and osmolality, and hemolymph
was analyzed for acid—base status (pH, total [CO,]), glucose,
lactate, total ammonia, urea-N, ions and osmolality. Water
pH, and hemolymph pH and total [CO,] were measured
immediately. The remainder of the hemolymph sample was
divided into several aliquots, immediately frozen in liquid
nitrogen, and then stored at — 80 °C until analysis. Water
samples were frozen at — 20 °C for later analysis.

Experimental series 2: effects of acclimation
to different salinities on transepithelial potential
(TEP)

Crabs (N =8 per salinity) were surgically prepared the day
before measurements of TEP. The crabs were cold anesthe-
tized by packing in ice for 3-5 min and weighed. They were
then immobilized using a home-made apparatus (wooden
restraint board and rubber bands). A small hole was drilled
through the dorsal carapace using a Dremel tool fitted with a
dental drill bit (Dremel, Mount Prospect, II, USA). The hole
was sized so as to snugly accommodate the TEP electrode
(see below), and was located at the anterior margin of the
pericardium, close to the ophthalmic artery. Double layers
of latex dental dam (the same as used for respirometry) were

then glued over the cleaned and dried top of the hole with
cyanoacrylate glue (Krazy Glue, Westerville, OH, USA).
A number was placed on dental dam for later identification
of the crab. Crabs were returned to their group acclimation
tanks (10, 20, 32, 40 and 50 ppt) for 12-h overnight recovery.
On the next day, crabs were transferred into fresh solutions
of the same salinities to which they had been acclimated
for the measurement of TEP. The same surgery was used
by Zimmer and Wood (2017) and no changes in behavior
were observed.

Experimental series 3: effects of acclimation
to different salinities on diffusive water fluxes

To measure the unidirectional diffusive water flux, accli-
mated crabs from each salinity (N=_8-14 per treatment)
were individually placed in plastic containers coated with
black film and filled with 0.5 L of the correct salinity to
which 10 pCi of 3H20 (Perkin Elmer, Woodbridge, ON,
Canada) had been added. Each container was placed in a
water bath at the experimental temperature and continuously
aerated for a 12-h overnight *H,O loading period. Prelimi-
nary experiments demonstrated that this was more than suf-
ficient to achieve diffusive equilibration with the internal
water pool of the crab. Duplicate 4-mL water samples were
taken at the end of the equilibration period. Then, crabs were
rinsed in radioisotope-free acclimation water for 1 min, and
transferred to aerated experimental containers filled with
1 L of radioisotope-free seawater at the acclimation salinity
(10, 20, 32, 40, or 50 ppt). Four mL of water was sampled
at the beginning (time 0) and at 5, 10, 15, 20, 25, 30, 40,
50, 60, 75, and 90 min, with final duplicate 4-mL samples
taken at approximately 12 h when diffusive equilibration
(washout) was again complete. Eight mL of Ultima Gold AB
fluor (Perkin-Elmer, Wellesley, MA, USA) was added to the
4-mL water sample (2:1 ratio). After 12-h resting in the dark
to minimize chemiluminescence, the concentration of 3H20
in the samples was determined using a liquid scintillation
counter (LS6500, Beckman Coulter, Fullerton, CA, USA).
Tests showed that quenching was constant within a salinity,
S0 no corrections were made.

Analytical methods
Metabolite assays

The concentration of ammonia in the water was determined
colorimetrically (595 nm) according to the method described
by Verdouw et al. (1978). Hemolymph total ammonia (umol
NH, +NH, L") was measured on freshly thawed samples
using an enzymatic commercial assay kit (Raichem, Cliniqa,
San Marcos, CA, USA), read at 340 nm. Crab hemolymph
was used as a background matrix to correct the ammonia
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standard curve (Giacomin et al. 2019b), and the same stand-
ard stock was used as for the water ammonia assay. Water
and hemolymph urea-N concentrations (i.e., umol-N L=},
to account for the 2 nitrogens in urea) were determined
through the colorimetric assay (525 nm) of Rahmatullah
and Boyde (1980). Hemolymph glucose was determined
at 340 nm using the Infinity™ Glucose Hexokinase Liq-
uid Stable Reagent kit (Thermo Fisher, Middletown, VA,
USA). Hemolymph lactate was measured at 340 nm using
a modified version of the protocol described by Healy and
Schulte (2012) and detailed by Dal Pont et al. (2019). The
total concentration of hemolymph protein was determined at
595 nm by the colorimetric assay of Bradford (1976) using
bovine serum albumin as a standard. A modified method of
the ninhydrin assay of Moore and Stein (1954) was used to
measure total amino acids in hemolymph. Prior to assay,
hemolymph samples were deproteinized (1:4 ratio of 80%
ethanol and hemolymph, gently mixed, then centrifuged
for 60 s). In a test tube, 20 pL of the deproteinized sam-
ple and 300 pL of ninhydrin reagent (0.2% ninhydrin solu-
tion; Sigma-Aldrich, St. Louis, MO, USA) were mixed and
placed in boiling water (100 °C) for 20 min. Once cold,
1.6 mL of 50% n-propanol solution was added, followed by
thorough vortexing. After standing for 10 min, the samples
and a standard curve (0—10 mmol L' L-alanine solution)
were read at 570 nm. All colorimetric and enzymatic assays
were read on a SpectraMax 340PC plate reader (Molecular
Devices, San Jose, CA, USA).

Acid-base measurements

Water and hemolymph samples were promptly measured for
pH, in a water bath thermostatted to the acclimation tem-
perature, using an MI-4156 Micro-Combination pH probe
(Microelectrodes Inc., Bedford, NW, USA) and Accumet pH
meter (Fisher Scientific, Toronto, ON, Canada), calibrated
with Radiometer precision buffers (Radiometer-Copen-
hagen, Denmark). The total [CO,] in the hemolymph was
measured using a total CO, analyzer (Corning 965 CO, ana-
lyzer, Ciba Corning Diagnostic, Halstead, Essex, UK). PCO,
and [HCO;™] were calculated as described below.

lon and osmolality measurements

Hemolymph and water samples from the same crab were ana-
lyzed as matching pairs. A Wescor vapor pressure osmom-
eter and Opti-Mole standards (Wescor 5100C, Logan, UT,
USA) and a coulometric chloridometer (CMT 10, Radiometer
Copenhagen) were used to quantify osmolality (mOsm kg™
and chloride concentration (mmol L"), respectively, on water
and hemolymph samples. A Varian AA240FS atomic absorp-
tion spectrophotometer (AAS) (Varian Medical Systems,
Palo Alto, CA, USA), operated in flame mode with acetylene
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as the purging gas, was used to determine the concentra-
tions (mmol L") of Na*, K*, Ca?>* and Mg** in water and
hemolymph samples. Prior to analyses, samples were diluted
[Nat=100,000 x and K™= 1500 x with distilled water and,
Ca?*=2000x and Mg>* =2000x with 1% lanthanum chloride
(LaCly) solution]. Standard curves based on linear absorbance
versus concentration relationships were built for each ion.
Commercially manufactured standard solutions (Fisher Sci-
entific, Toronto, Canada) were read between every 15 experi-
mental samples to ensure quality control.

Transepithelial potential measurements

The TEP (mV) was measured using 3 M KCl-agar bridges
(PE 90 tubing; Becton, Dickinson and Co., Franklin Lakes,
NIJ, USA) connected via Ag/AgCl electrodes (World Preci-
sion Instruments, Sarasota, FL, USA) to a high-impedance
voltmeter (pHM 82, Radiometer-Copenhagen). The measure-
ment bridge was inserted through a pinhole in the dental dam
into the hole drilled on the carapace. The entry point would
seal itself when the measurement bridge was withdrawn. At
the same time, the reference bridge was placed in the solution
of the same chamber (10, 20, 32, 40, or 50 ppt). TEP meas-
urements were made in quadruplicate with correction for the
junction potential each time.

Calculations

The concentrations of ammonia-N and urea-N in the water
were used to calculate net flux rates [Jamm {pmol-N kg h™!}
and Jurea-N (pmol-N kg h™!)], respectively) using the follow-
ing equations:

Jamm = [(amm;— ammf) X V]|/(WxT), (1)

Jurea - N = [(urea - N;—urea - N;) X V| /(W x T), )

where amm; and amm, (pmol L") and urea-N; and urea-
N (pmol urea-N L~!; note two Ns per urea molecule) are,
respectively, the initial and final ammonia and urea-N con-
centrations in the experimental solution during the flux
period; V is the experimental water volume (L); W is the
weight of the animal (kg); and T is the duration of the flux
period (h).

To calculate the oxygen consumption rate (MO,, pmol O,
kg™' h™1), PO, (%) values were first converted to PO, (Torr)
considering the saturation vapor pressure at the specific water
temperature, and then the following equation was applied:

MO, = [((PO,— POy) X a0,) X V| /(W X T), 3)

where PO,; and PO,, represent the oxygen pressure in
the water (Torr) at the start and end of the experiment,
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respectively, aO, represents the oxygen solubility coefficient
at each water salinity (Boutilier et al. 1984), and the other
variables (V, W and 7) are as described for Egs. (1) and (2).

Measurements of Jamm, Jurea-N, and MO2 were used
to calculate the nitrogen quotient (NQ):

NQ = MN/MOZ’ 4)

where My, is the sum of the excretion rates of the nitrogen
compounds (Jamm and Jurea-N, pmol-N kg~! h™!).

Constants for pK and ammonia solubility at the appro-
priate temperature and ionic strength from Cameron and
Heisler (1983) were used to calculate the fractionation of
total ammonia (7,,,,) in hemolymph using the following
equations:

T pmm X antilog (pH—pK)

[NH3 ] B + antilog (pH — pK) )
[NH}| = Ty = [NH;], 6)
PNH; = [NH;] /aNH;. (7

Equation (8) (McDonald et al. 1980) was used to cal-

culate AHm+, the accumulation of metabolic (i.e., of non-
respiratory origin) acidic equivalents (positive values),
or basic equivalents (negative values) appearing in the
hemolymph, relative to the mean acid-base status at 32 ppt
(control):
AH,, = [HCO;] ~[HCOS] =P x (pH.~pH,), ®)
where the subscripts “c” and “s” refer to the “control” and
“sample” values of hemolymph [HCO;™] and pH, and f is
the slope of the non-bicarbonate buffer (NBB) line for C.
maenas. Truchot (1976b) reported that  was a linear func-
tion of total protein concentration in the hemolymph. As this
did not change significantly across salinities in the present
study, the mean J from the regression relationship of Tru-
chot (1976b) was used. Data are expressed as mmol L.

Hemolymph PCO, (Torr) was calculated using a rear-
rangement of the Henderson—Hasselbach equation:

PCO, = TCO,/[aCO, x (1 + antilog (pH-pK,,,))]. (9)

where TCO, and pH are the total carbon dioxide concen-
tration and pH measured in the hemolymph, respectively.
aCO, is the solubility coefficient of carbon dioxide, and
PK,pp is the apparent carbonic acid dissociation constant in
the hemolymph of C. maenas [tabulated by Truchot (1976a)
for the appropriate acclimation salinity and temperature].
The concentration of [HCO;~] (mmol L) in the hemo-
lymph was calculated according to the following equation:

[HCO; | = TCO,—(aCO, x PCO,). (10)

Diffusive water flux calculations followed closely those
outlined by Giacomin et al. (2019a) and were based on the
total amount of radioactivity (cpm) taken up by each indi-
vidual crab during the *H,0 loading period (Ry,). This
was calculated from the total amount of radioactivity in
the experimental container (crab + water) at the end of the
washout period, plus all radioactivity removed during water
sampling. Ry, Was therefore equal to the total radioactivity
present in the crab at the start of the washout period. As the
cumulative radioactivity appearance in the water at every
sampling time was measured, the radioactivity remaining in
the crab at each (Ry;,.) could be back-calculated. Ry;,,. data
were natural-log transformed and regressed against time (on
a linear scale) to yield the rate constant of diffusive water
exchange (k, h™!) as the slope of the line (Evans 1967) as
follows:

k= (1n RTimel_lnRTimeZ)/(Tl_TZ)’ (11)

where Ry, and Ry, are total *H,O radioactivity (in cpm)
in the crab at times 7 and 7, (in h). In practice, regres-
sions were performed over both the first 30 min and the first
90 min of washout (see “Results”).

The exchangeable water pool (Vyg,o—mL kg™') was cal-
culated as:

Vino = R/ (SAmo X W), (12)

where SAy, is the specific activity (cpm mL™") of the
external water at the end of the *H,O loading period and W
is the crab weight in kg.

The unidirectional diffusive water flux rate (Jy,q,
mL kg h™!) was calculated from the k and Vjy,q data:

o = =k X Vipo. (13)

Statistical analysis

The tests of Shapiro—Wilks and Bartlett were performed
to confirm data normality and homogeneity of variance,
respectively. One-way analysis of variance, followed by
Tukey's test, was used to determinate significant differences
among treatments for all data (p < 0.05) using SigmaStat™
3.5 (Systat Software Inc., San Jose, CA, USA). Paired Stu-
dent’s t tests (two-tailed) were used to evaluate differences
between AH+m and Alactate in the same crabs, and between
simultaneous hemolymph and seawater ion concentrations
for the same crabs at each salinity. SigmaPlot™ 11.0 (Systat
Software Inc., San Jose, CA, USA) was used to graphically
portray the data. All data are presented as means + SEM (N).
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Results

All crabs survived 7+ days across the range of salinities
tested (10-50 ppt), though initial trials at higher (60 ppt)
and lower salinities (5 ppt) resulted in mortalities (15-25%)
during the acclimation period.

Experimental series 1: effects of acclimation
to different salinities on metabolic, ionoregulatory,
and acid-base parameters

Acclimation to different water salinities significantly
changed the routine rates of oxygen uptake (MO,), ammo-
nia excretion (Jamm), and urea-N excretion (Jurea-N), as
well as calculated nitrogen quotient (NQ) (Fig. 1). Com-
pared to the mean value in the control group at 32 ppt
(989 umol O, kg h™"), MO, was elevated by 62% at 10 ppt
(p <0.05). However, salinities varying from 20 to 50 ppt
did not significantly affect MO, (Fig. 1A). Jamm presented

[ Treatment
I Control

N
o
o
S
L
o

-
N
o
o
.
—o
—o

MO, (umol O, kg h™)

0 T .

10 ppt 20 ppt 32 ppt 40 ppt 50 ppt

Jurea-N (umol urea-N kg h™)

-20 T

10 ppt 20 ppt 32ppt 40 ppt 50 ppt

Fig.1 Mean+SEM (N=8) values of A oxygen consumption rate
(MO,—pmol O, kg~! h™1), B total ammonia flux rate (Jamm—pumol
NH,+NH; kg™' h™"), C urea-N flux rate (Jurea-N—pumol urea-
N kg™' h™!), and D calculated nitrogen quotient (NQ) of green crab
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a threefold increase at 10 ppt (p <0.05) when compared
to the control (— 62 pmol N kg h™!) (Fig. 1B). Similar to
MO,, there were no differences (p > 0.05) in Jamm from 20
to 50 ppt (Fig. 1B). Jurea-N was — 4 pmol N kg h~! under
control conditions, amounting to only about 5% of the total
N excretion (My). Jurea-N presented a different response
pattern than Jamm when salinity was above or below 32 ppt
(Fig. 1C). At 40 and 50 ppt Jurea-N increased more than
threefold (p <0.05), respectively, when compared to the
control group. The two- to threefold increases in Jurea-N at
20 ppt and 10 ppt were not statistically significant (Fig. 1C).
The calculated nitrogen quotient (NQ =0.06 under control
conditions) presented the same pattern as Jamm, indicat-
ing a prominent 3.7-fold increase (p <0.05) in the oxidation
of nitrogen-containing fuels at 10 ppt, when compared the
other salinities (Fig. 1D).

The mean control concentration of hemolymph total
ammonia (T, =31.5 umol L™!) was not significantly
altered by acclimation to higher or lower salinities (Fig. 2A).
However, fractionation of T, into its [NH;] and [NH,*]

0
B
-25 4

-50 4

T
o

-100 A

-125 4

-150 A

-175 4

Jamm (umol NH,+NH, kg h™)

-200 L
a

-225 T T T T T

10 ppt 20 ppt 32ppt 40 ppt 50 ppt
0.30

0.27 A
0.24 -

—o

0.21 -
0.18 -

NQ

0.15 A
0.12 A
0.09 - b

0.06 - b
T b

-

50 ppt

0.03 -

0.00

10 ppt 20 ppt 32 ppt 40 ppt

(Carcinus maenas) acclimated to different water salinities [10, 20, 32
(control), 40 or 50 ppt] for 7 days. Letters indicate differences among
treatments (one-way ANOVA, Tukey's test, p <0.05)
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50 1 = Control

45 1

40 T
35 T
30 T

25 A
20 4

A [ [ Treatment

15 A
10 A

o o
L

40 ppt 50 ppt

Hemolymph total ammonia (umol NH,+NH, L'1)

10 ppt 20 ppt 32ppt

36
3.3
3.0 1 T

iy
2.1 4 T I

1.8 A
1.5 4
1.2
0.9 A
0.6 1
0.3 A
0.0 T T T

Hemolymph glucose (mmol L'1)

10 ppt 20 ppt 32ppt 40 ppt 50 ppt

607w aLactate b C
[ AH'
4.5 - " b

o

3.0

.~
o
Ho

0.0

w
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cose (mmol L), D lactate (mmol L™!), and E metabolic acid (posi-
tive) or metabolic base (negative) equivalents (AH,,™) and Alactate of

components by Eqgs. (5) and (6) and calculation of PNH;
by Eq. (7) revealed a trend for increasing [NH;] and PNH,
below 32 ppt, with constancy at higher salinities (Table 1).
Hemolymph PNH; approximately doubled between 32 ppt
(6.7 uTorr) and 10 ppt (14.4 uTorr), a significant increase.
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When differences were not detected (p >0.05), letters were omitted

The [NH,*] component was not significantly altered
by salinity, remaining more than 98% of the total at all
salinities.

The concentration of urea-N (654 umol-N L") in the
control group (Fig. 2B) was about 20-fold higher than that
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Table 1 Mean+SEM (N=38) value concentrations of NH,* (umol LY and NH; (umol LY, and the partial pressure of NH; (PNH; in pTorr) in
the hemolymph of green crabs (Carcinus maenas) acclimated to different water salinities [10, 20, 32 (control), 40 or 50 ppt] for 7 days

Parameter Water salinity

10 ppt 20 ppt 32 ppt 40 ppt 50 ppt
[NH,"] 36.63+4.41 41.27+9.91 31.09+2.31 32.34+4.07 26.5+3.84
[NH;] 0.79+0.13* 0.61+0.13* 0.37+0.04"8 0.25+0.048 0.25+0.038
PNH, 144142394 11.19+2.374 6.73+0.08"8 4.56+0.778 4.67+0.66°

Values for individual crabs were calculated from measurements of hemolymph total ammonia (7' ,,,,) concentrations (Fig. 2A) and pH (Fig. 3A)
using Eqgs. (5), (6), and (7). Letters indicate differences among treatments (one-way ANOVA, Tukey's test, p <0.05). When differences were not

detected (p>0.05), letters were omitted

of total ammonia (7,,,,) in the hemolymph (Fig. 2A),
despite the opposite disparity in their excretion rates (cf.
Fig. 1B, C). Hemolymph urea-N levels increased 2.3-
and 1.8-fold at 10 and 20 ppt (p <0.05), respectively,
when compared to the control. At 40 and 50 ppt, urea-N
remained around control levels (p > 0.05) (Fig. 2B). At
32 ppt, the control glucose concentration in the hemo-
lymph was 1.98 mmol L~!; this did not change signifi-
cantly with salinity, despite a 45% increase in the mean at
50 ppt (Fig. 2C). The mean value of hemolymph lactate
at 32 ppt was 0.74 mmol L™! (Fig. 2D). In contrast to the
relative constancy in hemolymph glucose across salinities
(Fig. 2C), lactate presented significant sixfold and sev-
enfold increases at 40 ppt and 50 ppt, respectively, but
there were no significant differences across lower salinities
(Fig. 2D). Salinity played an important role in the accumu-
lation of metabolic (i.e., non-respiratory) acidic and basic
equivalents in the hemolymph (Fig. 2E). At 10 ppt, the
mean calculated AH*_ was — 3.80 mmol L™, indicating
an accumulation of metabolic base. As salinity increased,
AH? also increased, transitioning to positive values
(metabolic acid accumulation) at salinities above 32 ppt,
reaching 4.50 mmol L~! at 50 ppt (Fig. 2E). Paired com-
parisons in individual crabs indicated significantly differ-
ent (lower) values of AHm+ relative to Alactate (elevation
above mean control lactate concentration at 32 ppt) only
at 10 and 20 ppt. Plasma total protein (mean control value
at 32 ppt=45.4 mg mL~") and amino acids concentrations

(8.4 mmol L™') were not affected by salinity (p > 0.05)
(Table 2).

Water pH was significantly lower at 10 and 20 ppt
(» <0.05) when compared to the mean control value (7.59)
at 32 ppt, but there were no significant differences at 40
and 50 ppt (p > 0.05) (Table 2). Under control conditions,
mean hemolymph pH was 7.85 and an increasing trend was
observed at lower salinities, with significant differences
at 10 ppt versus 32, 40 and 50 ppt (Fig. 3A). Hemolymph
PCO,, on the other hand, decreased at higher salinities.
Under control conditions, mean PCO, was 2.94 Torr and
this value dropped to 1.70 at 50 ppt (p <0.05) (Fig. 3B).
Differently from the patterns for pH and PCO, that tended to
increase only at lower salinities (pH, Fig. 3A) or decrease at
higher salinities (PCO,, Fig. 3B), respectively, the [HCO;]
concentrations in the hemolymph (Fig. 3C) presented a pro-
gressive decrease as salinity increased (p < 0.05). Compared
to the mean value in the control group (9.85 mmol L), the
hemolymph [HCO;7] increased by 27% and 23% at 10 and
20 ppt, and decreased by 31% and 43% at 40 and 50 ppt,
respectively (Fig. 3C). A Davenport (1974) diagram relat-
ing pH, [HCO;™], and PCO, is shown in Fig. 3D, based on
constants reported for C. maenas by Truchot (1976a) with
the non-bicarbonate buffer line (NBB) calculated from the
f versus hemolymph protein regression of Truchot (1976b)
plotted through the control data at 32 ppt. Compared to the
control, the exposure to 10 and 20 ppt resulted in titration
of hemolymph in an alkalotic direction roughly along the

Table2 Mean+SEM (N=8) values of water pH, hemolymph concentrations of amino acids (mmol L"), and total protein (mg mL™") of green
crab (Carcinus maenas) acclimated to different water salinities [10, 20, 32 (control), 40 or 50 ppt] for 7 days

Parameter Matrix Water salinity

10 ppt 20 ppt 32 ppt 40 ppt 50 ppt
pH Water 7.19+0.054 7.39+0.06° 7.59+0.04¢ 7.70+0.03¢ 7.67+0.04¢
Total protein Hemolymph 52.87+1.79 43.29+4.12 45.43+2.98 44.92+3.55 44.02+3.79
Amino acids 8.10+0.57 8.80+0.97 8.38+0.44 8.41+0.44 8.22+0.50

Letters indicate differences among treatments (one-way ANOVA, Tukey's test, p <0.05). When differences were not detected (p > 0.05) letters

were omitted
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Fig.3 Mean+SEM (N=38) values of A hemolymph pH, B CO, par-
tial pressure (PCO,—Torr), C bicarbonate (HCO; —mmol LY, and
D pH/HCO;™ diagram, or Davenport diagram (Davenport 1974) of
green crab (Carcinus maenas) acclimated to different water salinities
[10, 20, 32 (control), 40 or 50 ppt] for 7 days. Letters indicate dif-

2.5 Torr PCO, isopleth. At this scenario, both treatments
were above the NBB line, which is consistent with gains in
hemolymph base (as [HCO;7]), as calculated in Fig. 2E—
i.e., simple metabolic alkalosis. When salinity increased
above the 32 ppt control level, an activation of anaerobic
metabolism and a state of metabolic acidosis (decreased
[HCO;™], consistent with Fig. 2E) and increased [lactate]
(Fig. 2D), in combination with respiratory compensation
(decreased PCO,), were detected (Fig. 3D).

Figure 4 presents the paired individual values of water
and hemolymph [ions] and osmolality; significant differ-
ences between the hemolymph and the environment are
marked with asterisks. The mean [C17] in the hemolymph
(491 mmol L™!) was maintained around seawater levels
(505 mmol L™") when crabs were kept at 32 ppt (p> 0.05).
At lower and higher salinities, we detected effective up- and
down-regulation so as to keep hemolymph [C]7] closer to
control conditions than in the external seawater (Fig. 4A).
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ferences among treatments (one-way ANOVA, Tukey's test, p <0.05).
The dashed straight line in (D) is the non-bicarbonate buffer line
(NBB) calculated according to Truchot (1976b). pK and aCO2 for
Carcinus maenas were obtained from Truchot (1976a)

These differences were significant at 10 and 20 ppt (hemo-
lymph [C17] > seawater [C17] by 130-102 mmol LY and
at 40 and 50 ppt (hemolymph [C]17] < seawater [C17] by
105-122 mmol L™1). The pattern was somewhat different
for [Na*] (Fig. 4B). At 32 ppt, mean [Na'] in the hemo-
lymph (364 mmol L~!) was maintained near seawater
values (345 mmol L™"). As for [C17], when salinity was
decreased to 10 and 20 ppt, the crabs exhibited hyper-
regulation of hemolymph [Na*], keeping it significantly
above environmental levels by 151-110 mmol L™!). How-
ever, in contrast to [C17], hyper-regulation of hemolymph
[Na™] also occurred at higher salinities, and was significant
at 50 ppt by 161 mmol L™!) (Fig. 4B). Hemolymph [K™]
(mean = 12.7 mmol L~'at 32 ppt) exhibited yet another
pattern, being hyper-regulated significantly above environ-
mental concentrations at all salinities except 50 ppt, with
the greatest differences (up to 3.9 mmol L") at the low-
est salinities (Fig. 4C). The pattern for hemolymph [Ca®*]
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Fig.4 Mean+SEM (N=8) concentrations of water and hemolymph
A chloride (CI"—mmol L"), B sodium (Na*—mmol L"), C potas-
sium (K*—mmol L"), D calcium (Ca>*—mmol L™!), E magne-
sium (Mg2+—mm01 L") and F values of osmolality (mOsm—kg‘l)
for the green crab (Carcinus maenas) acclimated to different water
salinities [10, 20, 32 (control), 40 or 50 ppt] for 7 days. Lowercase

(mean=11.1 mmol L™"at 32 ppt) was similar to that for
[K*], with significant hyper-regulation at all salinities,
even at 50 ppt (Fig. 4D). These differences ranged from
1.7 to 3.3 mmol L™!. The most impressive regulation of all
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letters indicate differences in water among treatments and capital-
ized letters indicate differences in hemolymph among treatments
(one-way ANOVA, Tukey's test, p <0.05). Asterisks indicates dif-
ferences between water and hemolymph within the same treatment/
salinity (paired ¢ test, p <0.05). When significant differences were not
detected (p>0.05), letters/symbols were omitted

was that for hemolymph [Mg®*] (mean = 18.4 mmol L™'at
32 ppt), which was significantly hypo-regulated by about
35-50% at all salinities, with the greatest absolute differ-
ence (35.5 mmol L") at 50 ppt (Fig. 4E). With respect to
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osmolality, at 32, 40 and 50 ppt crabs displayed an efficient
osmoconforming strategy, with similar values for plasma
and seawater (Fig. 4F). For example, mean control hemo-
lymph osmolality was 926 mOsm kg~! whereas that for
32 ppt seawater was 916 mOsm kg~!. At 10 and 20 ppt, on
the other hand, significant hyper-regulation occurred; the
crabs kept hemolymph osmolality higher than seawater val-
ues by 102% and 47%, differences amounting to 296 and
256 mOsm kg~ respectively.

Experimental series 2: transepithelial potential
(TEP)

At 32 ppt, the mean control TEP was — 1.12 mV relative
to the external seawater. Crabs exhibited a progressively
upward trend to less negative TEP values along with the
increase of salinity (Fig. 5). Compared to the control, abso-
lute TEP decreased by 28% and 58% in crabs at 40 and
50 ppt, whereas at 10 and 20 ppt, absolute TEP increased
by 50% and 64% compared to the control group. As a result,
animals acclimated to the lower range of salinities (10 and
20 ppt) presented significantly more negative TEP values
(p <0.05) when compared to those at higher salinity (40 and

50 ppt) (Fig. 5).
Experimental series 3: diffusive water fluxes

At 32 ppt, the mean diffusive water exchange rate constant
(k, h™") calculated over 30 min of washout was 0.71 h™!
(i.e., 71% of the exchangeable body water pool per hour)
and significantly increased to 1.04 h™! in crabs acclimated
to 50 ppt (p <0.05) (Fig. 6A). Values calculated over 90
min of washout tended to be slightly lower by a few %, but
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Fig.5 Mean+SEM (N=8) values of the trans-epithelial potential
(TEP—mV) of green crab (Carcinus maenas) acclimated to different
water salinities [10, 20, 32 (control), 40 or 50 ppt] for 7 days. Letters
indicate differences among treatments (one-way ANOVA, Tukey's
test, p <0.05)
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Fig.6 Mean+SEM (N=_8-14) values of A the rate constant of diffu-
sive water exchange (k—h~!), B the exchangeable water pool (V;j,o—
mL kg™"), and C the unidirectional diffusive water flux rate (Jypo—
mL kg‘l h™') of green crab (Carcinus maenas) acclimated to different
water salinities [10, 20, 32 (control), 40 or 50 ppt] for 7 days. Letters
indicate differences among treatments (One-way ANOVA, Tukey's
test, p <0.05)

not significantly different from those calculated over 30 min
at any salinity. In the control group at 32 ppt, the mean
exchangeable body water pool (Vi) was 701 mL kg™l
Crabs in the 10 and 20 ppt treatments presented Vi, values
about 12% lower when compared the animals acclimated at
32 ppt, whereas Vyy, values at 40 and 50 ppt were about
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7% higher; the values at the two lower salinities were sig-
nificantly different (p <0.05) from those at the two higher
salinities (Fig. 6B). These k and Vy,q values resulted in
a mean unidirectional diffusive water flux rate (Jy,o) of
499 mL kg h™! at 32 ppt. When compared to the control
group, Jip,o exhibited an increasing trend at higher salinities
that became significant at 50 ppt (p <0.001) where the mean
rate reached 771 mL kg h™! (Fig. 6C). Acclimation to lower
salinities did not affect Jy,o (p > 0.05).

Discussion

While the green crab tolerated a salinity range of 10-50 ppt
without mortality, it exhibited a host of internal physiologi-
cal disturbances in virtually all of the measured parameters,
many of which were interrelated. The most extreme of these
occurred at the lower and upper ends of the range. Three
in particular may be limiting: a severe disturbance in N
metabolism and fuel usage at low salinity, the appearance of
lactacidosis at high salinity, as well as elevated hemolymph
[Mg?*] at high salinity.

0, consumption and nitrogen metabolism

Control MO, at 32 ppt (989 umol kg~! h™!; Fig. 1A) was
typical of many previous measurements on resting green
crabs under similar conditions (Taylor et al. 1977; Johnson
and Uglow 1985; Wilson et al. 2021). Control Jamm values
(= 62 umol N kg h™!; Fig. 1B) were comparable to those
recently reported by Quijada-Rodriguez et al. (2022) for sim-
ilarly fasted animals, but somewhat lower than most other
previous reports (Spaargaren 1982; Simonik and Henry
2014; Weihrauch et al. 1999; Durand and Regnault 1998);
this difference may relate to feeding history. The control
Jurea-N values (— 4 pmol N kg h™!; Fig. 1C) also agreed
with very low rates reported by Quijada-Rodriguez et al.
(2022) for fasted crabs under similar conditions. There are
only a few other previous measurements of Jurea-N in C.
maenas (Durand and Regnault 1998; Weihrauch et al. 1999)
and these agree that it is low relative to Jamm.

The marked increases in both MO2 (Fig. 1A) and Jamm
(Fig. 1B) observed at low salinity agree with previous
reports on C. maenas for MO, (Siebers et al. 1972; Tay-
lor 1977) and Jamm (Spaargaren 1982) and show that the
threshold for both responses is below 20 ppt. Jurea-N also
tended to increase at low salinity (Fig. 1C). Clearly, meta-
bolic costs were elevated at 10 ppt, and part of these may
be the cost of hyperosmotic regulation, as discussed sub-
sequently, though a general stress response may also be
involved. Another possible explanation is the behavioral
increase of locomotor activity of C. maenas in low salinity
which occurs in the short term—also known as halokinesis
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(McGaw et al 1999). However, during our measurements on
7-day exposed crabs, we did not detect halokinetic behavior.
We are aware of no previous measurements of these param-
eters under hypersaline conditions in green crabs; the present
data indicate that both MO, and Jamm remain unchanged at
40 and 50 ppt (Fig. 1A, B). This is surprising, inasmuch as
there was evidence for greater reliance on anaerobic metab-
olism, with increased hemolymph concentrations of both
lactate (Fig. 2D) and AH,," (Fig. 2E) at these high salini-
ties. The concentration of hemolymph glucose, on the other
hand, presented no significant alteration through all tested
salinities (Fig. 2C). In experimental anoxic conditions, a
marked elevation of hemolymph lactate of C. maenas was
reported by Hill et al. (1991). In the same paper, a reduc-
tion in the whole-body glycogen concentration followed by
an increase of glucose oligosaccharides in the muscle, but
no alteration on the hemolymph free glucose was observed.
The authors suggested that anaerobic glycolysis could be an
important source of lactate as a metabolic substrate and that
free glucose would either play an unimportant role in the
anaerobic metabolism or that C. maenas precisely controls
its concentration. Interestingly, Jurea-N increased markedly
at 40 and 50 ppt (Fig. 1C). This could reflect degradation of
ATP stores, with the purine ring component of the adenylate
being metabolized to urea-N. Perhaps, other factors con-
strain the ability to elevate MO, under these circumstances,
so that the crab turns to anaerobic metabolism to satisfy
increased costs.

The NQ under control conditions (0.06; Fig. 1D) was
similar to the value (0.04) that can be calculated from the
data of Simonik and Henry (2014) for green crabs in similar
circumstances, though these authors reported much higher
absolute values for both MO, and Jamm, and did not meas-
ure Jurea-N. By metabolic theory, the AQ would be 0.27
if all aerobic metabolism were fueled by the oxidation of
N-containing substrates such as amino acids and purines
(Lauff and Wood 1996; Wang et al. 2021), so a control AQ
of 0.06 would indicate that only 22% of resting metabo-
lism was based on such fuels. However, at 10 ppt, the AQ
was elevated markedly to 0.22 (Fig. 1D), indicating that
this contribution increased to 81%. Such a high reliance on
endogenous N-substrates would likely cause protein deple-
tion and prevent growth at 10 ppt unless an abundant food
supply were available, raising questions about the long-term
survival of C. maenas at 10 ppt.

The present hemolymph 7' ., value under control con-
ditions (31.5 umol L™!; Fig. 2A) appears to be lowest ever
recorded for C. maenas, with other reports ranging from
81 to 940 umol L~!, whereas control hemolymph urea-N
concentration (654 umol-N L™!; Fig. 1B) was in the mid-
range (48—1760 pumol-N L~!) of previous measurements
(Binns 1969; Spaargaren 1982; Durand and Regnault 1998;
Weihrauch et al. 1999, 2017; Simonik and Henry 2014;
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Quijada-Rodriguez et al. 2022). Again, these wide varia-
tions among studies may relate to different feeding histo-
ries (Weihrauch et al. 2017), molt status, age, size, and
sex (McGaw et al. 1992). While there was no significant
variation in hemolymph T, across acclimation salinities
(Fig. 2A), the fractionation calculations revealed that the
[NH;] component, and therefore also PNH;, increased as
salinity decreased (Table 2). In large part, this was due to the
rise in hemolymph pH in crabs acclimated to 10 and 20 ppt
(Fig. 3A, D), but the decrease in pK associated with the
lower ionic strength of the hemolymph (see Eq. 5) also made
a contribution (Cameron and Heisler 1983). As internal
PNH; provides the driving force for the diffusive excretion
of NH; across the gills, the approximate doubling of PNH;
between 32 and 10 ppt (Table 1) probably made an impor-
tant contribution to the tripling of Jamm at 10 ppt (Fig. 1B).
However, one or more active transport processes for ammo-
nia, powered by Na*, K* ATPase and linked in some way to
the active Na* uptake, needed for hyper-osmoregulation at
low salinity may also have contributed to the greatly elevated
Jamm at 10 ppt (Weihrauch et al. 1999, 2017).

Acid-base balance

The pattern of metabolic alkalosis (elevated pH and
[HCO;™]) with unchanged PCO, (Fig. 3) in green crabs
acclimated to 10 and 20 ppt is in accord with previous reports
on the same species (Zanders 1980; Truchot 1973, 1981).
In the present study, increased pH and [HCO;™] occurred
despite a decrease in water pH at low salinity (Table 2), and
while water [HCO;™] was not measured, it undoubtedly fell
as well, because salinities of 10 and 20 ppt were obtained
by diluting BMSC seawater ([HCO;™] =approximately
2 mmol L™!) with BMSC freshwater ([HCO;™ ] =approxi-
mately 0.04 mmol L™"). As discussed extensively by Truchot
(1987), metabolic alkalosis is an almost universal pattern
for euryhaline invertebrates (and some vertebrates) when
exposed to dilute salinity, but the explanation is not clear.
Most likely, it is a secondary consequence of changes in
the strong ion difference (SID) (Stewart 1978) in the hemo-
lymph, linked to differential changes in the concentrations of
strong cations versus strong anions. Given the high ion con-
centrations in crab hemolymph and limitations of analytical
precision, this SID change of a few mmol L~ would be very
difficult to measure directly, but was reflected in the nega-
tive AH,,* values at 10 and 20 ppt (Fig. 2E). The response
has clear adaptive significance, because the higher pH will
counter the unfavorable effect of dilute ionic strength on
the oxygen affinity of hemocyanin (Truchot 1973), thereby
protecting blood O, transport, at a time when the metabolic
rate is increased (Fig. 1A).

There appear to be no previous reports of the acid—base
response to hypersaline exposure in C. maenas. In the

present study, while hemolymph pH did not change, the
trend for a negative relationship between hemolymph
[HCO;7] and salinity continued above 32 ppt (Fig. 3C).
However, the mechanism appeared to be different, reflect-
ing the activation of anaerobic metabolism with equimolar
increases in AH+m and Alactate concentrations (Fig. 2D,
E)—=classic metabolic acidosis with some respiratory com-
pensation (decreased hemolymph PCO,, Fig. 3B, D). Ongo-
ing anaerobic metabolism and associated lactacidosis would
cause wastage of metabolic fuels, and would be problemati-
cal for long-term health of the green crab at high salinity. In
air breathers, the respiratory compensation which stabilizes
pH in the face of metabolic acidosis would be attributed
to hyperventilation. However, the ability of water breath-
ers to change internal PCO, levels by ventilation is gener-
ally considered to be rather limited (Dejours 1981; Henry
et al. 2012), though lower PCO, associated with hyperven-
tilation has been observed in the green crabs exposed to
chronic hypoxia (Taylor 1982; Truchot 1987). MO, did not
increase at 40 and 50 ppt (Fig. 1A), which argues against
hyperventilation. As discussed below, the narcotic effect
associated with the elevated hemolymph [Mg>*] (Fig. 4E)
may have played a role here. An alternate explanation could
be the greater alkalinity and buffer capacity of seawater at
higher salinity, Seawater [HCO;"] would increase from
2.0 mmol L~" at 32 ppt to about 2.6 and 3.1 mmol L~" at 40
and 50 ppt respectively. This would effectively increase its
CO, capacitance coefficient, making it a stronger “sink” for
CO,, thereby lowering hemolymph PCO, (Truchot 1981,
1987; Truchot and Forgue 1998). In future, direct measure-
ments of ventilation at high salinity would be helpful in
clarifying the situation.

lonoregulation and osmoregulation

Our data on the regulation of hemolymph ions and osmo-
lality at 10, 20, and 32 ppt (Fig. 4) were consistent, both
quantitatively and qualitatively, with many previous reports
on C. maenas (Bateman 1933; Webb 1940; Zanders 1980;
Siebers et al. 1982). The principal feature was progressive
hyper-regulation of hemolymph osmolality, [Na*], and [C]~]
at salinities below 32 ppt; Henry et al. (2012) identified the
threshold for the start of hyper-regulation at about 26 ppt.
In addition, the hyper-regulation of [K*] and [Ca**] that
was already present at 32 ppt continued at lower salinities,
as did the hypo-regulation of [Mg?*] that was also already
present in crabs acclimated to 32 ppt. There is an exten-
sive literature on the mechanisms of [Na*], [K*], [Ca®*]
and [C17] hyper-regulation at low salinity in the green crab
and other decapods (Freire et al. 2008; Henry et al. 2012;
McNamara and Faria 2012). Active uptake from the water by
the posterior gills appears to be the primary mechanism of
regulation of these ions, though some reabsorption of Na*,
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K*, and C1~ from the urine also occurs. On the other hand,
[Mg?*] hypo-regulation appears to be mainly a function of
excretion via the antennal gland involving active secretion
into the urine (Morritt and Spicer 1993; Freire et al. 2008).

There is little prior information on the ionoregulatory
responses of C. maenas to higher salinities. Our data concur
with Siebers et al. (1982) and Zatta (1987) that osmocon-
formation occurs in green crabs at 40 and 50 ppt (Fig. 4F),
but by carefully comparing simultaneous hemolymph
and seawater samples, we found that [Na™] was actually
hyper-regulated (Fig. 4B) while [Cl"] was hypo-regulated
(Fig. 4A), an observation that requires future mechanistic
investigation. Furthermore, the hyper-regulation of hemo-
lymph [K*] (Fig. 4C) and [Ca®*] (Fig. 4D) and hypo-regula-
tion of [Mg2+] (Fig. 4E) continued at these higher salinities.
Presumably, some or all of the same mechanisms identified
at lower salinities were responsible, but again this requires
future investigation. The hypo-regulation of [Mg?*] was the
most pronounced trend at high salinity (Fig. 4E), suggesting
that this is critically important. Modest elevations of hemo-
lymph [Mg?*] in C. maenas have beneficial effects such as
improving the O, affinity of hemocyanin and its ability to
deliver O, to the tissues, the latter by enhancing the Bohr
factor (Truchot 1975). However, large elevations of hemo-
lymph [Mg?*] are dangerous because they depress heart rate
and have a general anesthetic effect on crabs (Frederich et al.
2000). At 50 ppt, hemolymph [Mg?*] was almost twofold
higher than at 32 ppt, and fourfold higher than at 10 ppt
(Fig. 4E). Potentially, this may be a factor that limits the
upper salinity tolerance of the green crab, as elevated hemo-
lymph [Mg?*] could depress the central nervous system,
reducing ventilation and the delivery of O, to the tissues
and thereby leading to anaerobiotic metabolism.

Transepithelial potential (TEP)

We detected a clear trend for TEP to become more nega-
tive as acclimation salinity was lowered and less negative as
acclimation salinity was raised (Fig. 5). However, relative to
the control value at 32 ppt (— 1.1 mV), none of the TEP dif-
ferences were significant, though the values at 10 and 20 ppt
were significantly different from those at 40 and 50 ppt.
Three previous studies on C. maenas reported similar control
values (— 0.5 to — 2.5 mV), but detected no change in TEP at
reduced salinity (Greenaway 1976; Zanders 1980; Winkler
1986). All these results are very different from studies on
perfused gills, where values became much more negative
at reduced salinity, especially in the Na*, K* ATPase-rich
posterior gills (Siebers et al. 1986; Winkler 1986; Lucu and
Siebers 1986). This reflects a negative electrogenic potential
important in driving Na* uptake that is superimposed upon
a diffusion potential that is also negative, due to a greater
permeability of the gills to cations than anions (Siebers et al.
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1985, 1989). These gill-specific TEPs may be somewhat dis-
sipated when measured in the whole animal; nevertheless,
the clear salinity-dependent trend observed (Fig. 5) likely
reflected the combined responses of electrogenic and diffu-
sion potentials. Future studies involving manipulations of
individual ions will be instructive.

Water regulation

At the control salinity (32 ppt), the rate constant for dif-
fusive water exchange (0.71 h™'; Fig. 6A) was very similar
to that reported in several other studies on C. maenas using
comparable methods, temperatures, and salinity (Rudy 1967,
Rasmussen and Bjerregaard 1995; Rasmussen and Andersen
1996). Our findings agree with Rudy (1967) in showing no
detectable decrease in water permeability as acclimation
salinity was reduced from 32 to 20 or 10 ppt, whereas Ras-
mussen and Bjerregaard (1995), Rasmussen and Andersen
(1996), and several other studies using different methods
(Smith 1970; Berlind and Kamemoto 1977; Rainbow and
Black 2001) reported small, but significant decrements over
this same range. No other studies on C. maenas have looked
at the effects of acclimation to hypersaline conditions, where
we found an increasing trend which became significant at
50 ppt (1.04 h™!; Fig. 6A). It is notable that water perme-
ability started to rise above 32 ppt, the same region where
the crab becomes an osmoconformer, and that the region of
plateau [present study and Rudy (1967)] or slight decrease
(other studies) occurred in the lower salinity range (Fig. 6A)
where the crab osmoregulates (Fig. 4F). Lowering diffusive
water permeability may be beneficial in reducing the cost
of osmoregulation at lower salinities, yet in itself, this may
have negative effects on other processes. Therefore, relaxing
this water permeability reduction may be beneficial at higher
salinities when there is no longer a need to osmoregulate.
Our refinement of the diffusive water flux method allowed
us to also measure the volume of the exchangeable water
pool (Vio; Eq. 12). At 32 ppt, this value (701 mL kg™!) was
identical to the total body water content reported by Zatta
(1987) in the same species at the same salinity, suggesting
that all of the water in the body is exchangeable. From the
product of Vi, times k, the absolute unidirectional diffu-
sive water flux rates were calculated (Jy,o; Eq. 13). These
analyses revealed that Vi, (Fig. 6B) followed the same
general trend as the rate constant k (Fig. 6A), and therefore
the increases in Jyy, at 40 and 50 ppt (Fig. 6C) were more
marked than in either k or Vi, alone. We are aware of no
previous measurements of Vi, as function of salinity in C.
maenas, but Schwabe (1933) reported negligible changes
in body weight when green crabs were transferred to lower
salinities. There are also reports that that extracellular fluid
volume (ECFV), which is normally about 320 mL kg~ in
100% seawater (i.e., 46% of Vi0), is stable over the lower
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salinity range used in the present study, but increases in
crabs acclimated to hypersaline conditions (52 ppt) (Zanders
1980; Harris and Andrews 1982). Overall, these data are in
accord with the present trends in Vyy,. Harris and Andrews
(1982) speculated that the increase in ECFV at high salinity
was due to a redistribution of water between intracellular
and extracellular compartments, while the present data sug-
gest that there is an increase in the total body water content,
though this remains to be proven.

Perspectives

The ability of C. maenas to tolerate a wide range of salini-
ties is clearly an important contributor to its success as an
invasive species (Behrens-Yamada 2001; Klassen and Locke
2007; Leignel et al. 2014). Most studies have highlighted its
ability to give up the osmoconformation seen at high salini-
ties, and to hyper-regulate most ions and osmolality when
challenged with lower salinities. However, hidden inside this
pattern there are many disturbances in a variety of physi-
ological parameters, not only under hypo-saline exposure,
but also under hyper-saline exposure. It is the ability of the
species to tolerate such large perturbations of internal home-
ostasis that is remarkable.
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