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Abstract: The effect of salinity on the survival, growth, development and neonate production of the
cladoceran Scapholeberis mucronata (O. F. Müller) was studied by using Chlorella pyrenoidosa as feed
at 1, 2, 3, 4 salinity gradients and control group according to the pre-experiment and median lethal
concentration experiment. The acute effect of salinity on this species indicated that 4 and 4.5 was its
limit superior of reproduction and survival. The survival rate and growth rate of individuals reared
at 1 and 2 salinity gradients were higher than that of those reared at the other gradients. The mean
size of the female adult decreased from 820 to 743 µm when the salinity increased from 1 to 4. Among
individuals reared at 1 and 2, the intrinsic rate of natural increase (rm) of population was 1.021 and
0.903, respectively; the rate of egg production was 1.281 and 1.390, respectively; the cumulative egg
production was 83.2 and 106.0 and the mean life span was 16.05 and 17.30, respectively. These values
of life history parameters were higher than those of individuals reared at 3. No eggs were produced
by females reared at 4 during the whole experiment. Furthermore, individuals reared at 1 and 2 had
faster embryonic development. The above results implied that S. mucronata is relatively well adapted
to low-salinity conditions (1–2). Resting egg formation and sexual reproduction did not occur at all
the tested salinity gradients.

Keywords: Scapholeberis mucronata (O. F. Müller); salinity; survival; growth; neonate production

1. Introduction

Cladocerans constitute one of the most important components of most zooplankton
communities in the freshwater ecosystem [1]. This implies the importance of cladocerans in
utilizing primary resources and, in turn, influencing the turnover of higher trophic levels.
The functional roles of cladocerans in terms of their secondary production and energetic
links has been well documented in lakes and seas [2–4]. Because of its importance to the
aquatic system, the effect of some environment factors, including temperature, salinity,
light and photoperiod, on Cladocera has been studied extensively. However, there are few
studies on the salinity tolerance of Cladocera, the freshwater aquatic organisms, relative to
the pressure of temperature and food. Due to the osmotic pressure of their body and various
environmental factors, Cladocera is usually poor in salinity tolerance [5]. In order to find
out the optimum salinity for the survival, growth, development and reproduction, recently,
there have been some studies on the effect of salinity on Cladocera [5–8], especially on
freshwater species, such as Moina rectirostris Leydig [9], Moina salina Daday [10,11], Daphnia
magna Straus [12,13], Moina macrocopa Straus [14], Diaphanosoma celebensis Stingelin [15].
According to the above study, many species of Cladocera respond to salinity, and there are
great differences in the tolerance and optimum salinity of different species.
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Scapholeberis mucronata is a cosmopolitan eurythermal cladoceran. Compared with
other species, few quantitative studies have been carried out [16]. Lemke and Benke (2003)
studied the biology of S. mucronata, which found that the growth rate increased with
temperature and slowed down with the increase of body length and that the number of
eggs was positively correlated with temperature [17]. In the previous study, the relationship
between the body length and the dry weight of S. mucronata was in the middle level relative
to the other seven species of cladocerans [18]. In the present study, to learn more about
its growth and reproductive behavior under different salinity gradients and to figure
out whether it could be used as a live aquaculture food, experiments were designed to
evaluate the effect of salinity variation on parthenogenetic reproduction, growth rates
and development of this species with reference to the ecology in the aquatic system. This
study not only enriched the knowledge of the ecology of Cladocera but also provided some
reference information for the salinity acclimation of Cladocera.

2. Materials and Methods
2.1. Animal Incubation and Preparation

S. mucronata was collected from an aquaculture pond in Biliuhe Reservoir Fisheries
Co., and then it was cultured in Key Laboratory of Hydrobiology in Liaoning Province.
Laboratory-reared parthenogenetic females of S. mucronata whose juvenile age was less
than 2 h were used for the experiment. A monoculture of Chlorella pyrenoidosa (was taken
from Key Laboratory of Hydrobiology in Liaoning Province, in the exponential phase of
growth) was offered as food, which was sufficiently supplied to maintain a slight green tint
of the water. Desired salinity gradients were prepared by diluting autoclaved, aerated and
nucleopore-filtered (Millipore, 0.22 µm) sea water (FSW) of 32 with the required volume of
distilled water, and culture water was changed every other day. Due to the small volume
of each culture unit, DO and pH were determined before each replacement of the culture
medium. All the experiments were conducted at 25 ± 0.5 ◦C controlled by the water bath
chamber. A photoperiod of light: dark (14 h: 10 hwas maintained for culturing and testing.

2.2. Median Lethal Concentration (LC50) Experiment

Aiming to assess the acute effect of salinity on S. mucronata, the bioassay consisted
of ten newborn juveniles at each group of six different salinity gradients (3.79, 4.15, 4.55,
4.99, 5.47, 6.00). The experiment was conducted in glass-stoppered bottles (60 mL), and
each bottle contained 50 mL of culture water. The experimental setup consisted of five such
bottles for each salinity treatment. Juveniles were monitored for mortality over 96 h periods.
Survival data were used to calculate the LC50: the salinity resulting in 50% mortality over a
given time. LC50s were calculated for 1, 2, 4, 8, 16, 24, 48, 72, 96 h using the Probit Method,
and the NOAEL (no observed adverse effect level, the highest concentration producing no
adverse effects significantly different from the control, Nebeker and Schuytema, 1998) can
be assessed based on the results [19].

2.3. Life Table Analysis and Reproduction

To determine the influence of salinity on growth, life span and neonate production,
long-term experiments were carried out at four salinity gradients (1, 2, 3, 4) and in a control
medium (freshwater). In all, 325 newborn neonates (<2 h) were transferred, 1 to each bottle
(50 mL), and 15 such bottles were maintained for each salinity treatment. Meanwhile,
ten juveniles were introduced in one bottle, and five such bottles were prepared for each
salinity treatment, which was used to compute the rm of S. mucronata. Survival, growth,
maturity instars and neonate production in each bottle were recorded three times daily,
and fresh algae liquid bait was supplemented, with more or less freshwater to maintain the
stability of the salinity. The increase in the length (µm) of each live specimen was measured
every day with an ocular scale under an Olympus microscope (40×). The experiments
lasted until the death of all animals.
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According to the results, life tables under every salinity gradient were tabled. Then
the rm was calculated based on the equation ∑(lxbxe−r

m
x) = 1, which was solved iteratively

to obtain a more precise solution for rm [20], where x was age (days), lx was the proportion
of the individuals surviving at the beginning of each interval (x) and bx was the number of
juveniles produced per female during that interval (x).

2.4. Embryonic Development

About 400 parthenogenetic females were reared individually in 24-well cell plates in
order to study the different embryonic stages under different salinity treatments. It was not
possible to clearly follow the details of embryonic development in the brood chamber itself
in view of the dark color and opacity of the carapace. Hence, a few parthenogenetic females
were sacrificed at fixed time intervals, and their brood chamber was carefully dissected to
release the developing eggs, showing the distinct stages of development.

2.5. Statistical Analysis

Duncan’s multiple comparison combined with one-way ANOVA was used to compare
the difference between two groups. All the statistical analyses were carried out with
OriginPro 2022 (OriginLab Corporation©, Northampton, MA, USA). OriginPro 2022 was
used to plot the figures.

3. Results
3.1. Survival

During the experiment to determine the acute effect of salinity on S. mucronata, in-
dividuals did not appear to die within two hours. However, from the fourth hour after
the beginning, death emerged. The LC50s of juveniles exposed to salinity exhibited at 4,
8, 16, 24, 48 and 72 h were 13.43, 7.47, 5.60, 4.88, 4.45 and 3.91, respectively. According to
Figure 1a, it could be assessed that the safe salinity for living S. mucronata was under 4.00.
Moreover, the limit superior of reproduction and survival for S. mucronata was 4 and 4.5,
respectively. Under all salinity treatments, the curve of the survival rate of S. mucronata
followed Deevey I’s pattern, namely low death rate of population at the prophase of culture
and high death rate at anaphase.

During 14~15 d after the beginning of the experiment, the survival percentage of
S. mucronata reared at 1 and 2 remained above 90%, which was obviously higher than that
of those reared at other treatments. However, from 16 to 17 d, the survival percentage of
S. mucronata reared at all salinity gradients rapidly declined until death (Figure 1b).
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control, 1, 2 and 3, respectively. 

3.2. Growth and Reproduction 
Mean initial body length (0.28 ± 0.01 mm) was not significantly different across salin-

ity gradients for S. mucronata juveniles. Initially, the body length increased at a rate that 
did not correspond with salinity (Figure 2a). Juveniles grew faster in the initial stages of 
the experiment at all treatments, and then slowed down at higher salinity treatments. The 
juveniles at 1 grew faster than those at other gradients. The size attainment of female 
adults showed a significant inverse relation (p < 0.05) with salinity (mean size: 820 μm at 
1 and 743 μm at 4). Females reared at 3 reproduced significantly later than those reared at 
salinity ≤2 (p < 0.05), although the age at first reproduction (AR) did not differ significantly 

Figure 1. LC50s (a) between salinity and time and survivorship (b) of S. mucronata cultured at different
salinity gradients. Values of LC50 are represented as mean (±SE). S0, S1, S2 and S3 represent control,
1, 2 and 3, respectively.

3.2. Growth and Reproduction

Mean initial body length (0.28 ± 0.01 mm) was not significantly different across salinity
gradients for S. mucronata juveniles. Initially, the body length increased at a rate that did
not correspond with salinity (Figure 2a). Juveniles grew faster in the initial stages of the
experiment at all treatments, and then slowed down at higher salinity treatments. The
juveniles at 1 grew faster than those at other gradients. The size attainment of female
adults showed a significant inverse relation (p < 0.05) with salinity (mean size: 820 µm at 1
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and 743 µm at 4). Females reared at 3 reproduced significantly later than those reared at
salinity ≤2 (p < 0.05), although the age at first reproduction (AR) did not differ significantly
between control, 1 and 2 (Table 1). Mean intervals between clutches appeared to follow a
similar trend. S. mucronata individuals reared at 3 produced significantly fewer clutches per
female, number of eggs per female and number of eggs per clutch than those reared at other
treatments (Table 1). At the same time, these parameters of reproduction were not different
among control, 1 and 2 (Table 1). Egg production was high initially for females reared at
1 but began to level off at 72.3 eggs per female after eighth maturity instars (Figure 2b).
However, females reared at 2 continued to produce eggs and reached a maximum of
106.0 eggs per female. Cumulative egg production corresponded to maximum of 83.2, 73.1
and 31.7 eggs per female at 1, control and 3, respectively. The number of eggs per female
for individuals reared at 1 reached the maximum value at the fifth adult instars, whereas
at 2 and control, they reached the maximum value at the sixth, respectively. Interestingly,
after reaching the maximum value, number of eggs per female for individuals reared at all
treatments presented a wave-shaped change until death (Figure 2c). The cumulative egg
production of this species was plotted against adult instar number showing the rates of egg
production, which was the angle of slope of the regression line [21].

The rates of egg production were 1.281, 1.390, 1.324 and 0.921 for 1, 2, control and 3,
respectively (Table 1, Figure 2b). The reproductive value (VX) is important to determine
the contribution that an individual female will make to the future population [22]. The
reproductive value of S. mucronata at all treatments reached the maximum value after 5~7 d
from the beginning of production. The VX of a specimen reared at 2 was significantly
greater than that of those reared at other treatments (Figure 2d).

Table 1. The effect of salinity on the population increasing parameters in S. mucronate. Parameters
include the mean (±SE) age at first reproduction (AR), lifetime number of clutches and eggs produced
per female, number of eggs per clutch, lifespan, mean intervals between clutches and a value.

Salinity AR
No. of

Clutches
No. of

Neonates
No. of

Neonates
Mean

Lifespan Mean Interval
a Value

Treatments (Days) Per Female Per Female Per Clutch (Days) Between Clutches (Days)

control 4.28 a (0.76) 7.14 a (2.16) 52.00 a (22.46) 8.37 a (1.77) 14.30 a (8.19) 1.75 a (0.18) 1.3238
1 4.00 a (0.00) 6.20 b (1.69) 54.90 a (16.23) 8.84 a (0.85) 16.05 a (4.31) 1.66 a (0.37) 1.2809
2 4.00 a (0.00) 7.67 a (1.94) 67.33 a (17.78) 8.79 a (0.90) 17.30 a (6.72) 1.76 a (0.35) 1.3902
3 5.25 b (1.04) 2.75 c (2.75) 9.38 b (4.17) 3.38 b (0.83) 14.20 a (6.01) 4.48 b (2.23) 0.9209
4 - - - - 14.55 a (5.31) - -

a, b, c Mean values designated by different letters are significantly different.

Water 2022, 14, x FOR PEER REVIEW 5 of 13 
 

 

between control, 1 and 2 (Table 1). Mean intervals between clutches appeared to follow a 
similar trend. S. mucronata individuals reared at 3 produced significantly fewer clutches 
per female, number of eggs per female and number of eggs per clutch than those reared 
at other treatments (Table 1). At the same time, these parameters of reproduction were not 
different among control, 1 and 2 (Table 1). Egg production was high initially for females 
reared at 1 but began to level off at 72.3 eggs per female after eighth maturity instars (Fig-
ure 2b). However, females reared at 2 continued to produce eggs and reached a maximum 
of 106.0 eggs per female. Cumulative egg production corresponded to maximum of 83.2, 
73.1 and 31.7 eggs per female at 1, control and 3, respectively. The number of eggs per 
female for individuals reared at 1 reached the maximum value at the fifth adult instars, 
whereas at 2 and control, they reached the maximum value at the sixth, respectively. In-
terestingly, after reaching the maximum value, number of eggs per female for individuals 
reared at all treatments presented a wave-shaped change until death (Figure 2c). The cu-
mulative egg production of this species was plotted against adult instar number showing 
the rates of egg production, which was the angle of slope of the regression line [21]. 

The rates of egg production were 1.281, 1.390, 1.324 and 0.921 for 1, 2, control and 3, 
respectively (Table 1, Figure 2b). The reproductive value (VX) is important to determine 
the contribution that an individual female will make to the future population [22]. The 
reproductive value of S. mucronata at all treatments reached the maximum value after 5~7 
d from the beginning of production. The VX of a specimen reared at 2 was significantly 
greater than that of those reared at other treatments (Figure 2d). 

Table 1. The effect of salinity on the population increasing parameters in S. mucronate. Parameters 
include the mean (±SE) age at first reproduction (AR), lifetime number of clutches and eggs pro-
duced per female, number of eggs per clutch, lifespan, mean intervals between clutches and a value. 

Salinity AR  
No. of 

Clutches 
No. of Neo-

nates 
No. of Neo-

nates 
Mean Lifespan Mean Interval 

a Value 
Treatments (days) per Female per Female per Clutch (Days) 

between Clutches 
(Days) 

control 4.28 a (0.76) 7.14 a (2.16) 52.00 a (22.46) 8.37 a (1.77) 14.30 a (8.19) 1.75 a (0.18) 1.3238  
1 4.00 a (0.00) 6.20 b (1.69) 54.90 a (16.23) 8.84 a (0.85) 16.05 a (4.31) 1.66 a (0.37) 1.2809  
2 4.00 a (0.00) 7.67 a (1.94) 67.33 a (17.78) 8.79 a (0.90) 17.30 a (6.72) 1.76 a (0.35) 1.3902  
3 5.25 b (1.04) 2.75 c (2.75) 9.38 b (4.17) 3.38 b (0.83) 14.20 a (6.01) 4.48 b (2.23) 0.9209  
4 - - - - 14.55 a (5.31) - - 

a, b, c Mean values designated by different letters are significantly different. 

 
Figure 2. Cont.



Water 2022, 14, 3706 6 of 13Water 2022, 14, x FOR PEER REVIEW 6 of 13 
 

 

 

 

 
Figure 2. Body length (a), cumulative egg production (b), number of eggs per clutch (c) and repro-
ductive value (d) of S. mucronata reared at different salinity gradients. Body length and number of
eggs per clutch curves represent mean (±SE) values. S0, S1, S2, S3 and S4 represent control, 1, 2, 3
and 4, respectively.
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3.3. Life Table

The instar number is the number of times of desquamation, while the duration of the
instar gives the interval of desquamation. Under all treatments, S. mucronata had three
pre-adult instars conformably, but it had a different number of adult instars. At 2, there
were thirteen adult instars, whereas at other treatments, there were eleven adult instars.
The duration of each instar and the cumulative duration of each instar were significantly
longer for individuals reared at control compared with those reared at salinity ≥1 (p < 0.05),
while specimens reared at 1, 2, 3 and 4 did not differ and corresponded to a cumulative
duration of each instar of 24.5, 18.4, 23.3, 18.0 and 18.6 d per female for individuals reared at
control, 1, 2, 3 and 4, respectively. In conformity with normalcy, the first adult instar, during
which the females were primiparous, was distinctly longer than the longest pre-adult instar
observed at all treatments. Mean lifespan did not differ among individuals reared at all
treatments, although those reared at 2 exhibited an obviously longer mean lifespan than
other groups (Table 1). The intrinsic rate of population (rm) increase was not related to
salinity and differed from 0.481 to 1.021. The value of rm was highest at 1 (Table 2). Mean
generation time (G) was not related to the salinity. S. mucronata reared at 1 and 3 had shorter
mean generation times than those reared at control and 2. The net reproductive rate (R0)
increased with salinity from 34.6 at control to 60.6 at 2, but R0 did not increase at salinity
≥3 (Table 2). The finite rate of increase (λ) decreased from 2.78 at 1 to 1.62 at 3, while it was
2.18 at control (Table 2).

Table 2. The effect of salinity on intrinsic rate of increase, generation time, net reproductive rate and
finite rate of increase in S. mucronata.

Salinity Treatments rm G (d) R0 λ

control 0.777 4.56 34.60 2.175
1 1.021 3.94 55.80 2.776
2 0.903 4.55 60.60 2.467
3 0.481 3.95 6.70 1.617
4 - - - -

3.4. Embryonic Development
3.4.1. Embryonic Development Process of S. mucronata

The embryonic development of cladocerans was divided into eight, five or four stages
for different cladoceran species (Green, 1956; Murugan, 1975; Gulbrandsen et al., 1990).
In the present study, the salient morphological features characteristics of the distinctive
embryonic stages of S. mucronata were divided into 15 stages (Table 3 and Figure 3).

The time from egg release from the ovaries to deposition in the brood chamber was
very short (Supplementary Materials Video S1). In freshwater, at 25 ◦C, this time was about
20 s per egg releasing, and usually, all eggs were released within 2–4 min. The time of
egglessness means the interval between after releasing the last juvenile from brood chamber
to the environment and before discharging the first egg from ovaries to brood chamber.
This time of egglessness is usually short, and is only 1–4% of the time of embryonic
development [23]. In present study, this time was about 15.5 min, which was shorter than
that for other species [24].
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Table 3. The effect of salinity on intrinsic rate of increase, generation time, net reproductive rate and
finite rate of increase in S. mucronata.

Development Phase
Duration of Each Phase

Figures
Control 1 2 3

One-cell stage 2~4 min 2~4 min 2~4 min 2~4 min 1
0.5~1 min 0.5~1 min 0.5~1 min 0.5~1 min 2

Membrane lift 2.1 ± 0.4 h 2.1 ± 0.6 h 1.9 ± 0.7 h 2.4 ± 0.8 h 3
Two-cell stage 1.8 ± 0.4 h 1.9 ± 0.4 h 1.6 ± 0.5 h 1.9 ± 0.4 h 4
Four-cell stage 2.4 ± 0.5 h 2.3 ± 0.5 h 2.3 ± 0.8 h 2.8 ± 0.7 h 5
Eight-cell stage 1.6 ± 0.8 h 1.5 ± 0.6 h 1.5 ± 0.5 h 1.8 ± 0.6 h 6
Many-cell stage 2.5 ± 1.0 h 2.4 ± 0.9 h 2.2 ± 1.0 h 2.8 ± 1.0 h 7
Blastula stage 2.0 ± 0.6 h 1.9 ± 0.5 h 1.8 ± 0.8 h 2.2 ± 0.3 h 8
Gastrula stage 1.7 ± 0.5 h 1.6 ± 0.3 h 1.5 ± 0.4 h 1.6 ± 0.4 h 9

Formation of “T”-type embryo 1.8 ± 1.1 h 1.7 ± 1.0 h 1.5 ± 0.9 h 2.0 ± 0.8 h 10
Formation of antenna rudiment 2.0 ± 0.8 h 2.0 ± 0.8 h 2.0 ± 0.6 h 2.5 ± 0.8 h 11

Formation of pereiopod rudiment 1.7 ± 0.3 h 1.8 ± 0.4 h 1.6 ± 0.5 h 1.8 ± 0.5 h 12
Formation of 2 compound eyes 3.6 ± 1.1 h 3.4 ± 1.3 h 3.4 ± 1.2 h 4.0 ± 0.5 h 13

Single compound eye stage 1.4 ± 0.3 h 1.4 ± 0.4 h 1.3 ± 0.4 h 1.3 ± 0.5 h 14
Membrane rive 0.8 ± 0.4 h 0.8 ± 0.3 h 0.6 ± 0.5 h 0.9 ± 0.8 h 15~16

Expulsion from matrix 2~4 min 2~4 min 2~4 min 2~4 min 16
Cumulative duration of each phase 25.4 h a 24.8 h a 23.2 h b 28.0 h c -

a, b, c Mean values designated by different letters are significantly different.

Stages in embryonic development of S. mucronata are briefly described here:

I. Stage 1–2: The egg changed from elongate columniform to oval, and the ovoplasm
changed from even to translucent with a transparent peripheral zone. The central
region of the egg had fat cells surrounded by cleaved peripheral granulated cells.
At this stage, both the outer egg membrane as well as the inner naupliar membrane
were seen (Figure 3a–c).

II. Stage 3–6: The egg divided from one cell to multiple cells. The vegetal and the
animal pole appeared, and cell differentiation began (Figure 3d–g).

III. Stage 7–8: The blastula and gastrula formed in order (Figure 3h,i).
IV. Stage 9–11: The antennae elongated and formed a “T”-type embryo. The head

rudiment was formed. Then, distinct head and limb rudiments were formed, but
the eyes were not apparent (Figure 3j–l).

V. Stage 12–13: The embryo had two very small pink eyes, but these rapidly increased
in size and became two large black eyes. Then, a distinct single compound eye was
formed, and the embryonic heart began to beat. Juveniles in the brood chamber
turned around usually (Figure 3m,n).

VI. Stage 14–15: The egg membrane was cast off, and characteristics of adult morphol-
ogy such as the straight ventral margin of the shell ending posteriorly in a spine,
the quadrate shape, the fine short setae on the ventral margin of the shell and the
reddish color developed. Then juveniles were released from the brood chamber
and moved freely (Figure 3o-3q).

Parthenogenetic and ephippium females of S. mucronata (Figure 3r,s).
Ephippium of S. mucronata (Figure 3t).
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Figure 3. The process of embryonic development of S. mucronata. (a,b) One-cell stage; (c) membrane
lift; (d) 2-cell stage; (e) 4-cell stage; (f) 8-cell stage; (g) multicell stage; (h) blastula stage; (i) gastrula
stage; (j) formation of “T”-type embryo; (k) formation of antenna rudiment; (l) formation of pereiopod
rudiment; (m) formation of 2 compound eyes; (n) single compound eye stage; (o,p) membrane rive;
(q) expulsion from matrix; (r) parthenogenetic female; (s) ephippial female; (t) ephippium.

3.4.2. Embryonic Development at Different Salinities

The speed of embryonic development was significantly faster for females reared at 2
compared with those reared at other treatments (p < 0.05), and the cumulative duration
of each phase for individuals reared at 3 was longer than those reared at other treatments
(p < 0.05). The cumulative duration of each phase corresponded to a mean of 25.4, 24.8, 23.2
and 28.0 h per female for individuals reared at control, 1, 2 and 3, respectively (Table 3).

4. Discussion

Most studies on the effect of salinity on cladocerans provide important physiological
information and insight into ecological differences. The present study indicated that
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S. mucronata was a freshwater zooplankton that has higher tolerance to low salinity, but
it varied across different geographical populations such as Daphnia magna Straus [25]. He
et al. (1989) found that S. mucronata lived in a small wetland with a salinity of 1.73 in a salty
lake in the southern Shanxi province [26]. According to Alonso et al. (1990), S. mucronata
appeared and formed populations in a salty lake in Spain which had a salinity of 40 [27]. It
was suggested that S. mucronata belonged to halophiles species, whose salinity amplitude
of appearance was from 10 to 60 according to Williams (1983) [28]. However, Pennak (1989)
pointed out that this species was broadly distributed in the U.S.A., but they could only
settle down in freshwater [29]. These differences were brought about by the habitat in
which they lived and by geographical isolation and were imposed by their genetic makeup.

Reproduction is a major physiological activity in any living organism, and it is influ-
enced by the prevailing environmental conditions [30]. In this study, salinity was the only
variable factor in the experiment, and it obviously had a direct impact on the growth and
neonate production. Females reared at lower salinity (1~2) had longer lifespans; higher rm,
R0 values and neonate production; and a faster growth rate. These observations were in
close agreement with a previous study [15]. Age at first reproduction and the size of the
first clutch were two determining factors affecting the rm value [31–34].

The individuals of S. mucronata reared at all treatments had a uniform number of
pre-adult instars, but they had different number of eggs of the first clutch. S. mucronata
reared at salinity 1 and 2 reproduced 12.57 ± 0.74 and 12.43 ± 0.27 eggs in their first clutch,
which was more than that of other treatments. The population at 1 and 2 had a higher rm
value. The rate of egg production (a value) is a reflection of many synthetical factors, which
strongly relates with adult instar numbers and number of eggs per clutch [35]. Because
of higher number of eggs per clutch, individuals reared at 1 and 2 had higher rates of
egg production. From results of the present study, 1~2 could be considered the optimum
salinity amplitude for the population of S. mucronata.

There have been few studies about the effect of salinity on the embryonic development
of cladocerans. In the present study, there were variations in the duration of the embryonic
period at different treatments. The rate of development was relatively faster for individuals
reared at 1 and 2 than for those reared at other salinities, which proved that this species
was suitable for life in low-salinity water.

It is known that a slight increase of salinity in freshwater can stimulate the metabolism,
growth and reproduction of freshwater animals. Daphnia magna reared at 2~3 had the
highest feeding rate and rates of food assimilation, while the rate of oxygen consumption
was lowest for individuals reared at 2 [36]. These results indicated that the physiological
activity of D. magna was stimulated by the environment conditions of 2–3. In addition,
in a study on the effect of salinity on standard metabolism and energy budget of carp,
it was found that the feeding rate, rates of growth and rates of energy transformation
for individuals reared at salinity between 3 and 7 were all higher than those reared in
freshwater, while standard metabolism and rate of oxygen consumption were lowest at
3 [37]. In the present study, the rate of growth and embryonic development were faster
for S. mucronata reared at 1-2 than for those reared at other salinities. These findings were
in keeping with the results mentioned above. According to previous studies, salinity
does have a significant effect on the polyunsaturated fatty acids (PUFAs) of copepods and
other zooplankton, and PUFA, as an important indicator of physiological metabolism in
crustaceans, is often associated with their reproductive indicators [38,39]. Unfortunately,
we did not use PUFA as an indicator in this study, so we could not directly obtain data to
prove its response to salinity and its regulation related to reproduction.

Such a simulative effect could be explained from two aspects of bioenergetics: First,
a slight increase of salinity in freshwater can accelerate the capacity of assimilation and
absorption of freshwater animals, which enhances the efficiency of energy assimilation.
Second, majority of freshwater animals must maintain the stability of concentrations of
ions inside their cells by active uptake of ions, and this osmotic regulation function must
consume energy. The slight increasing salinity in freshwater reduces the ion gradient inside
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and outside of cells; thereby, freshwater animals decrease energy consumption due to
osmoregulation and increase energy consumption for growth and production.

Females with resting eggs were not observed during the present study. The produc-
tion of resting eggs was probably a genetically acquired trait to overcome the extreme
temperature changes experienced during a glacial period [40]. However, no study has so
far yielded any evidence to show that salinity extremes induce resting egg formation in
invertebrates.

From the present study, we know that populations of S. mucronata have higher rm and
tolerance to low salinity, and their adult body length is less than 1 mm. In other words, it
can potentially be used as a live aquaculture feed.

5. Conclusions

The acute effect of salinity on S. mucronata indicated that 4 and 4.5 was its limit
superior of reproduction and survival. The survival and growth rate of individuals reared
at 1 and 2 were higher than that of those reared at other salinity gradients. The mean size
of adult females decreased from 820 to 743 µm when the salinity increased from 1 to 4. For
individuals reared at 1 and 2, the rm of the population was 1.021 and 0.903; the rate of egg
production was 1.281 and 1.390; the cumulative egg production was 83.2 and 106.0 and the
mean life span was 16.05 and 17.30, respectively. These values of life history parameters
were higher than those of individuals reared at 3. No eggs were produced by females reared
at 4 during the whole experiment. Furthermore, specimens reared at 1 and 2 displayed
faster embryonic development. The above results showed that S. mucronata prefer an
environment with lower salinity (1–2). Resting egg formation and sexual reproduction
did not occur at all the tested salinity gradients. In conclusion, the salinity acclimation of
S. mucronata has a certain prospect. It can be used as an open feed for low-salt and brackish
water species and has a certain application prospect in the aquaculture industry.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14223706/s1, Video S1: Eggs released from ovaries to the brood
chamber.
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