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Abstract
The shift of salinity tolerant ranges in three species of ciliates Paramecium caudatum, P. primaurelia and P. jenningsi

was studied in waters containing a composition of salts resembling those in the Aral Sea, in comparison with composition

of salts in marine waters. The results indicate that the salt values of tolerant ranges are increasing in water with the Aral

Sea composition. The ratio among values of tolerant ranges is described by a linear function. A similar ratio connecting

the same tolerant ranges exists in ciliates, but leads to reliable values of tolerant ranges when expressed in terms of

chlorine concentration. Thus, the connection between the tolerances of aquatic organisms obtained for water of marine

composition and water of continental composition might be described by the equation Sm ¼ a
b � Sk, where Sm = tolerance

of organisms in marine water, whereas Sk = tolerance of organisms in continental saline water. The term a indicates the

portion of chlorine ion continental saline water, while b indicates the portion in marine water.
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INTRODUCTION
Most of the water on earth carries a large quantity of

salt, with the ocean water having a salt concentration of

about 33–36 g L�1, a value that does not vary consider-

ably on a global scale. The fresh water on the continents

has a salinity of <0.1 g L�1, as the fresh water arises

from evaporated ocean water and contains no salinity.

This fresh water subsequently concentrates salts because

of evaporation and irrigation practices. Arid areas of the

world often exhibit salt concentrations several times

higher or lower than that of marine waters. The salt com-

position of this continental water, however, differs consid-

erably from marine waters. While marine water mainly

contains sodium chloride, continental waters contain a

large quantity of calcium, magnesium and carbonate.

Different aquatic species have different tolerances to

changes in ionic composition. There are, for example,

aquatic species found most often in chloride (Cl�)-domi-

nated saline lake water than in lakes with high ion con-

centrations of sulphate (SO4
2�), bicarbonates and

carbonates (HCO3
�/CO3

�) (Derry et al. 2003). The biodi-

versity characteristics of continental salt lakes are related

to the fact that different ionic proportions are toxic to

some species, while not being toxic to others (Williams

1998). If the ionic composition and proportion of the

water of saline continental lakes do not differ significantly

from typical seawater, it should affect the biodiversity,

which should be maximum for a given region. This is

apparently true for the Aral Sea, which contains more

than 200 known species of macroinvertebrates (Aladin

et al. 2008; Plotnikov et al. 2014). Thus, it can be

assumed that the toxic effect of ions in the Aral Sea is

defined by the same absolute concentrations as seen in

marine water.

Several scientists working on continental reservoirs

noted that biological species have a wider salinity toler-

ance living in continental waters than those living in mar-

ine waters (Khlebovich 1974; Aladin 1996; Williams 1998).

As early as 1958, A. F. Karpevich formulated the fol-

lowing: ‘If we express the salinity parameters of inverte-

brates and fish in terms of monovalent ions (e.g.

chlorine) instead of salinity in g L�1, we can find a vary-

ing sensitivity of the same species in different salinities’.*Corresponding author. Email: alexey.smurov@zin.ru
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This conclusion also was observed by other authors

for some Aral Sea species, as well as some living in the

Caspian Sea and the Sea of Azov. It was observed with

the mollusks Dreissena caspia, Hypanis vitrea, Cerasto-

derma lamarcki (Karpevich 1964, 1975), many species of

ostracods and branchiopods (Aladin 1983, 1989, 1996),

mysids (Karpevich 1958) and some species of fishes,

including silver carp, shemaya, grass carp, carp and

bream (Doroshev 1963, 1964).

Karpevich (1975) recommended that a species toler-

ance range should be expressed in terms of the concen-

tration of chlorine ions. This perspective also was

promoted by Khlebovich, who additionally proposed

using the ionic force of water for the same purpose

(Khlebovich 1974, 1986, 1989).

This study was performed to find a formula that con-

nected the values of ciliate tolerant ranges in continental

(Aral Sea) and marine (White Sea) waters, and relating it

to the chlorine concentration. The results should further

our understanding of salinity tolerance changes of organ-

isms living in water of marine ionic composition (e.g.

White Sea) and in continental waters (e.g. Aral Sea). The

findings might be valid not only for ciliates, but also for

metazoan invertebrates with little or no osmoregulation

capacity.

MATERIALS AND METHODS

Organisms and cultures
Three ciliate species were used in this study, including

Paramecium caudatum, P. jenningsi and P. primaurelia

from the culture collection of the Laboratory of Inverte-

brate Zoology of St. Petersburg State University, Russia.

The ciliates were cultured on lettuce medium inoculated

with Klebsiella aerogenes (Sonneborn 1970) at room tem-

perature. The ciliate cultures were fed twice a week.

Salinity studies
Water was taken from the Aral Sea in 1992, with a chlo-

rine content of 0.4191 and salinity of 83 g L�1. Water

from the White Sea was collected in 2005, with a chlorine

content of 0.5535, and an initial salinity of 25 and

40 g L�1 after concentration because of evaporation.

The target salinity and chlorinity parameters in this

study were measured by titration of marine and Aral Sea

water.

The needed salinity was obtained using natural marine

water from the White Sea and water from the Aral Sea,

diluted with lettuce medium. Before the study experi-

ments, the ciliates were maintained in fresh water or mar-

ine lettuce medium for no <2 months.

Determination of tolerant limits is based on a tech-

nique (Smurov & Fokin 1998) that takes into account cer-

tain features of protist biology. The value of lethal salinity

to individual cells was not considered, but rather the cell

populations were considered as the tolerant limit. The

fact that individual cells subjected to salinity impacts can

survive and exist for a long time, but not produce viable

descendants, also was considered. The tolerant limit is

equal to the medium value of the interval between maxi-

mal salinity, whereby a cell population can exist longer

than 1 month of experiment, and the salinity at which

cell populations die. Graduations of tolerant limits used

were 0.25 g L�1 (Fig. 1).

This study focused not only on potential tolerance, but

also on the variability of the upper tolerant limit depen-

dent on the salinity of acclimation. The method of step-

wise acclimation (Khlebovich & Kondratenkov 1973) was

modified. Populations of cells were acclimated to different

salinities within the tolerant range. After finishing accli-

mation (about 1 month), tolerant limits were identified

for each salinity acclimation value, leaving the cells for

1 month in the waters of different salinities. The experi-

ment was repeated again for all the tolerant ranges

obtained, with graphs of acclimation salinity and lethal

salinity concentrations being obtained.

Populations of Paramecium caudatum were acclimated

to living in Aral Sea waters with salinities ranging from

0.5 to 11 g L�1, and in White Sea marine waters ranging

from 0.5 to 7.5 g L�1. The salinity in marine water was

increased linearly from the acclimation value of 3& salinity

to a value of 7.5& marine. The initial Aral Sea water salin-

ity was 4&, subsequently reaching 11&. For P. jenningsi,

the salinity was increased linearly from a freshwater salin-

ity up to 4& of acclimation salinity, in both Aral Sea and

marine water. The highest salinity tolerated by this species

is 8.25& in marine water and 11& in Aral Sea water. For

P. primaurelia, the increase was also linear in the interval

from fresh water (‘0.5&’) up to the acclimation salinity of

4& in marine water and Aral Sea water. The maximal

salinity at which it is possible to acclimate the population is

14.5& in marine water and 20& in Aral Sea water.

This method was used to investigate tolerance limits

for the three species in marine and Aral Sea water. More-

over, additional experiments were made to cross-test the

tolerant limits in P. primaurelia (transferring from media

with a salt composition of Aral Sea water into media with

marine salt composition and vice versa).

Hypothesis testing
The hypothesis being tested was that the differences in

tolerant salinity ranges in waters with various salt
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compositions as a function of the concentration of chlo-

rine ions. Increasing salinity concentrations were used in

a linear sequence to test this hypothesis. P. jenningsi and

P. primaurelia were placed in vials of fresh water of 0.5&
up to 4& of marine and Aral Sea water, and P. caudatum

from fresh water of 0.5& up to 3& in marine water and

4& of Aral Sea water.

Start here
Upper tolerant limits can be described by these equations:

SM
T ¼ aþ b � SM

A ð1Þ

and

SA
T ¼ cþ d � SA

A; ð2Þ

where SM
T and SA

T = upper tolerant limit of Paramecium

species in marine and Aral Sea water; SA
M and SA

A = accli-

mation salinity value in marine and Aral Sea water; and a,

b, c, d = parameters.

As the mass portion of chlorine varies linearly in

marine and Aral Sea salinity,

SM ¼ a � ClM ð3Þ
and

SA ¼ b � ClA ð4Þ

where SM and SA = salinity of marine water and Aral

Sea water (&); ClM and ClA = chlorine concentration in

marine and Aral Sea water (&); and a and b = parameters.

In this study, the parameters were calculated as

follows: a = 1.806551 and b = 2.38586 according to the titra-

tion results of marine water and Aral Sea water.

Insertion of Equations 3 and 4 into Equations 1 and 2

yields:

ClMT ¼ 1

a
� aþ b � ClMA ð5Þ

and

ClAT ¼ 1

b
� cþ d � ClAA ð6Þ

where a, b, c, d = parameters. The linear functions can

be equal if a
a ¼ b

b and b = d.

RESULTS
The upper tolerant limit of P. caudatum in Aral Sea water

is higher than that in the water with a marine composi-

tion of salts (Fig. 2). It increases linearly from the accli-

mation value of 3& salinity, to a value of 7.5& in marine

water. In Aral Sea water, it begins at 4&, eventually

reaching 11&.

The tolerant limit P. jenningsi rises linearly to a value

of 4& of acclimation salinity, both in Aral Sea and in mar-

ine waters. The highest salinity this species tolerates is

8.25& in marine water and 11& in Aral Sea water

(Fig. 3).

The upper limit for P. primaurelia changes curvilinearly

in both Aral Sea and marine water. It remains approxi-

mately linear in the interval from fresh water to the accli-

mation salinity of 4& in marine and Aral Sea waters. The

maximal salinity that it is possible to acclimate reaches

14.5& in marine water and 20& in Aral Sea water (Fig. 4).

The equation connecting the value of the upper toler-

ant limit for the Paramecium species in Aral Sea water

(n = 14; r = 0.86; P < 0.05; all parameters are certain)

with that in marine water (Fig. 5) is:

Fig. 1. Tolerance limit of ciliate

populations (upper limit of survival

zone; 2, lower limit of lethal zone).

Fig. 2. Salinity upper tolerant limits of P. caudatum in marine

water and Aral Sea water (1, upper tolerant limit of P. caudatum

in marine water; 2, upper tolerant limit of P. caudatum in Aral

Sea water; 3, isosaline (isosmotic) line; 4, potential salinity tolerant

range of P. caudatum in Aral Sea water; and 5, potential salinity

tolerant range of P. caudatum in marine water).
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SA
T ¼ ð2:852� 0:960Þ þ ð0:820� 0:140Þ � SM

T ð7Þ

Changing the data on salinity tolerance to data on

chlorinity can be carried out according to the following

equations:

ClAt ¼ 0:4191 � SA
t ð8Þ

and

ClMt ¼ 0:5535 � SM
t ð9Þ

Based on these equations, the following results are

obtained (n = 14, r = 82; P < 0.05 for Equation 10;

n = 14, r = 82; P < 0.05 for Equation 11; all parameters

are certain for both equations):

ClMT ¼ 1

a
� ð4:201� 0:649Þ þ ð1:382� 0:282Þ � ClMA ð10Þ

ClAT ¼ 1

b
� ð5:467� 0:475Þ þ ð1:575� 0:194Þ � ClAA ð11Þ

Differences between angular parameters and free

parameters are not certain (P < 0.05) and therefore:

4:201

a
¼ 2:325; ð12Þ

and

5:467

b
¼ 2:291 ð13Þ

DISCUSSION
Investigations of differences and similarities of adapta-

tions have shown the importance of distinguishing

between the tolerant range and the potential tolerant

range (Khlebovich & Kondratenkov 1973; Filippov 1998;

Komendantov & Smurov 2009). After the same species

adapt to waters of various ionic compositions, these

ranges can vary considerably.

The term ‘potential tolerance range’ was proposed by

Khlebovich (1981, 1990). It represents the widest range

of salinity at which organisms can survive. It also is

within the limits of phenotypic adaptation that reflect the

reaction norm determined by the genotype.

The term is related to the idea of acclimation, which

assumes the tolerant range depends on previous (salin-

ity) conditions. The tolerant range and values of limits can

be reversible in the acclimation process. As a result of

consistent slow acclimation to an increasing salinity factor,

the organism will be capable of surviving a wider range

than that in which it originally lived. Observing a continu-

ing acclimation process in a decreasing or increasing

direction can allow for ascertaining the value at which fur-

ther acclimation is impossible. The potential tolerant range

is a stable ecophysiological characteristic of species.

The potential salinity tolerant range is similar to the

isohaline if an organism does not actively influence its
Fig. 3. Salinity: upper tolerant limit of P. jenningsi in marine

water and Aral Sea water.

Fig. 4. Salinity: upper tolerant limit of P. primaurelia in marine

water and Aral Sea water.

Fig. 5. Salinity: upper tolerant limits of three paramecia species

in marine water and Aral Sea water (1, isoline; 2, regression line).
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inner osmotic level. According to the results of the pre-

sent study, Paramaecium react in this manner, even

under various salt compositions.

As the points of potential salinity tolerance limits of

the studied species lie along the isosalinity line, the equa-

tion describing potential tolerant limits is:

S1 ¼ a � S2 ð14Þ

where S1 = value of salinity potential tolerant limit in ini-

tial water; S2 = value of salinity potential tolerant limit in

a second water; and a = coefficient.

The hypothesis can be tested if the ratio of the same

ions in marine and Aral Sea water is used as the coeffi-

cient. It is obvious that it should be the same for any ions

under experimental conditions. Under environmental con-

ditions, however, this ratio can vary because of different

chemical and physical influences. To this end, statistically

sufficient data were obtained by Aladin (1983, 1996) for

Branchiopoda and Ostracoda.

According to Aladin (1983, 1996), crustaceans have a

hyperosmotic type of regulation in most cases. To harmo-

nize the tolerance data obtained for organisms in marine

water and Aral Sea water, it is necessary to multiply the

marine water by 1.58 � 0.03 (n = 17). The ratio is

1.56 � 0.02 (n = 7) for amphiosmotic regulation. There

are no certain distinctions (P < 0.01) between these

ratios. Based on the Aladin data, the parameter is

1.56 � 0.01 (n = 24). The given model has a high degree

of correlation (0.99) with the used data (P < 0.001). The

portion of chlorine in marine water was 0.553 and 0.354

in Aral Sea water. Their quotient is equal to 1.562, which

coincides with the above-noted parameters, suggesting

the hypothesis is true.

The ionic composition of saline water in continental

water reservoirs, in contrast to experimental conditions,

is not always constant. A linear dependence between

increasing salinity and ion concentration is more charac-

teristic, mainly for univalent ions. In high and low salini-

ties, the constancy of composition for bivalent ions is not

consistent. Calcium intensively precipitates as gypsum, for

example, under the conditions of the modern Aral Sea.

As a whole, it is possible to conclude that the connec-

tion between the tolerance ranges of aquatic organisms

obtained for waters of marine ion composition and waters

of continental ion composition can be described by the

following equation:

Sm ¼ a
b
� Sk ð15Þ

where Sm = potential tolerance range of organisms in

water of marine ion composition; Sk = potential tolerance

range of organisms in water of continental ion composi-

tion; a = mass portion of univalent ion in continental

water; and b = mass portion of the same univalent ion in

marine water.

Based on the results of the present study, the tolerant

range of paramecia species transferred from marine water

to Aral Sea water increases by 2.852&. It subsequently

increases by 0.82& for each 1& of higher salinity.

The present study indicates the dependence between

the salinity tolerant limits of hydrobionts in water of dif-

ferent origins is more complicated than in the case of the

potential tolerant limits in water of one origin. It is neces-

sary to notice that the angle parameter is less than ‘1’.

Thus, a line described by function crosses the isosalinity

line at 15.84&. That is, the dependence has a limited char-

acter and can be applied only to freshwater organisms.

The similarity between the changes in potential toler-

ant range and ‘simple’ tolerant range is that, in both

cases, it is easy to obtain one from the other knowing

the proportions of univalent ions existing at the same

salinity.
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