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Abstract We developed a simple method to culture

two sessile rotifers, Limnias ceratophylli and Limnias

melicerta, which should be applicable to other sessile

species, and examined effect of the concentration of

Chlorella vulgaris on population growth of these

species. Limnias ceratophylli had higher population

abundances at higher food levels. For both species,

intrinsic rate of increase (r), derived from population

growth study, varied from 0.12 to 0.16 day-1. Differ-

ences in r varied depending on food level for L.

ceratophylli, but not for L. melicerta. Both species had

little mortality during 2–3 weeks and thereafter sur-

vivorship declined until 5–7 weeks depending on food

concentration. Mean life expectancy at birth for L.

ceratophylli and L. melicerta was 29–34 days and

28–33 days, respectively. Generation time was shorter

for L. ceratophylli. Gross and net reproductive rates

were higher for L. ceratophylli. For both species,

increase in food density resulted in significant

decrease of average lifespan and life expectancy at

birth. Gross reproductive rate and rate of population

increase of both species were not significantly affected

by food density. Generation time was significantly

affected due to increase in algal food only for L.

ceratophylli but not for L. melicerta.
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Introduction

While we understand that temperature and food

influence the population levels of planktonic rotifers

(Edmondson, 1946; Galkovskaja, 1987; Miracle &

Serra, 1989), we know little of the conditions that

influence growth and reproduction of sessile species

(Edmondson, 1945; Garcia, 2004). As with planktonic

rotifers, food type no doubt plays an important role in

population growth in the sessile taxa (King, 1967;

Thor et al., 2002). Indeed, we do know that sessile taxa

(e.g., Ptygura and Floscularia) appear to have food

preferences, selecting certain algae, but not bacteria or
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yeast (Wallace & Starkweather, 1983, 1985; Wallace

et al., 1998). When feeding on algae, most planktonic

rotifers reach their population maxima in two to three

weeks and thereafter begin to decline as the resources

become limiting (Stemberger and Gilbert, 1985;

Yoshinaga et al., 2001). We also know quite a bit

about the conditions necessary to establish successful

culture of plankton rotifers (e.g., Stemberger, 1981;

Walz, 1987; Lubzens et al., 1989; Nandini et al., 2009;

Xi et al., 2011; Yoshimatsu & Hossain, 2014).

Unfortunately, there have been too few published

studies of sessile rotifers to permit careful examination

of the factors regulating their population growth in

comparison to planktonic species.

Planktonic species have been cultured under a

variety of conditions including in small (1 ml) (Walz,

1983) to very large (thousands of liters) (Yoshimatsu

& Hossain, 2014) volumes. On the other hand, little

information is available on culture methods for sessile

species that have been removed from their natural

habitat and in the absence of their natural substrata:

e.g., Sinantherina socialis (Garcia, 2004). Addition-

ally, it is not known whether the algal species

commonly used to culture planktonic rotifers are

adequate for sessile species. Having the ability to

culture sessile rotifers in the laboratory would permit

detailed analyses of their growth by employing life

table techniques, a basic tool of demographic studies

in rotifers (Nandini & Sarma, 2000; Wallace et al.,

2006, 2015). For example, age-specific mortality and

reproduction are best estimated using a cohort popu-

lation and population maxima can be estimated using a

population dynamics approach (Walz, 1993). In

planktonic rotifers, these two methods usually are

examined simultaneously (e.g., Sarma & Nandini,

2001). For sessile species, there are few such studies

(e.g., Edmondson, 1945; Wallace & Edmondson,

1986). Here we report techniques to culture two

sessile species Limnias ceratophylli Schrank, 1803

and Limnias melicerta Weisse, 1848 under laboratory

conditions. In this study, we quantified effects of food

concentration using Chlorella vulgaris Beijerinck,

1890 on the population growth and the life table de-

mography of these rotifers. We hypothesized that

higher food levels would result in higher survivorship,

fecundity, and population growth rates in both species,

and that there would be no significant differences in

the demographic variables between both species

considering that they have a similar body size.

Materials and methods

Sampling area

The sampling site for this study was the Ecological

Reserve of Pedregal, San Angel (Mexico City).

Covering[237.3 ha, this region has five lakes with a

combined area of [11,900 m2. The area has five

interconnected water bodies located at an altitude of

2270 m above sea level. During the summer months of

2013, we collected samples from the water bodies of

the Ecological Reserve and isolated L. ceratophylli

and L. melicerta.

Culture medium for sessile rotifer species

A few individuals of each species were separated from

the macrophytes and placed into transparent jars

containing 5 ml of the filtered pond water. These

were fed green alga Chlorella vulgaris at low density

(0.25 9 106 cells ml-1). After some days of growth,

we established clonal populations of each species from

this initial culture by removing one individual and

transferring it to a new culture vessel. Chlorella

vulgaris was batch-cultured using Bold’s basal

medium (Borowitzka & Borowitzka, 1988) supple-

mented with sodium bicarbonate (0.5 g l-1) every

third day. Algae in log phase was harvested by

centrifugation at 4000 rpm for 5 min., rinsed, and re-

suspended in distilled water to remove the algal

culture medium which does not support rotifer growth.

In all cases, algal density was determined by counting

using a hemacytometer.

To develop an appropriate culture medium for our

experiments, we conducted a preliminary growth

study using L. ceratophylli and three different culture

media: filtered lake water (FLW, from the water body

from which the test rotifers were obtained), moder-

ately hard water, EPA culture medium (EPA medium),

and a mixture of both in equal proportions (50%

FLW ? 50% EPA). EPA medium was prepared each

day dissolving 96 mg of NaHCO3, 60 mg of CaSO4,

MgSO4 60 mg, and 4 mg of KCl in 1 l of distilled

water (Weber, 1993; Lewis et al., 1994). From the

clonal population, 50 individuals were placed into

transparent glass vessels of 100 ml capacity contain-

ing 50 ml of the one of the three culture media. The

experiments were conducted in 4 replicates at

22 ± 2 �C and with photoperiod of 12L:12D. Culture
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vessels received Chlorella at a density of 0.5 9 106 -

cells ml-1. The test media were replaced daily for

15 days after which all culture vessels received only

EPA medium for another 5 days. Thereafter, the

preliminary experiments were discontinued. Based on

results from these trials, growth assessments and

demographic evaluations were conducted for both

species.

Population growth experiments

The experimental design for both species was similar

to that in the preliminary tests except here we used a

starting population of five individuals in 30 ml (about

0.167 ind. ml-1) EPA medium with the algal food

concentrations at three levels (low: 0.25 9 106,

medium: 0.5 9 106 and high 1.0 9 106 cells ml-1 of

C. vulgaris). For each food concentration, we set up 4

replicates. As in the preliminary tests, the medium was

replaced daily. The experiment was stopped after

35 days by which time rotifers in most treatments

began to enter the stabilization phase. The rate of

population increase (r) was derived using the expo-

nential equation:

r ¼ lnNt � lnN0

t
;

where N0 = initial population density; Nt = popula-

tion density after time t; and t = time in days. In

treatments where a peak of population abundance was

not evident, the growth rate was calculated from the

slope between ln N and time (Sibly & Hone, 2002).

Life table demography experiments

Life table demography experiments were conducted

for each species by employing an experimental design

similar to the population growth studies except here

we used neonates (mean age: 3 h). On a daily basis, we

counted and removed offspring and dead adults. The

experiments were discontinued when the original

cohort died in each replicate.

Data from the life table demography were used to

derive life expectancy at birth (LEB, e0), average of

lifespan (ALS), gross reproductive rate (GRR), net

reproductive rate (R0), generation time (T), and

population growth rate (r). The following equations

described by Krebs (1985) were used to calculate these

life table metrics.

Life expectancy at birth : e0 ¼ Tx

nx
;

Tx ¼
X1

0

Lx and Lx ¼ nx þ nxþ1

2

Average life span ALSð Þ ¼
X1

0

lx

Gross reproduction rate :
X1

0

mx

Net reproduction rate : R0 ¼
X1

0

lxmx

Generation time : T ¼
P

lxmx � x
R0

Population growth rate rð Þ :
X1

x¼0

e�rxlxmx ¼ 1;

where Lx = number of individuals alive on the

average during the age interval x to x ? 1; Tx = cu-

mulative number of individuals at age x; nx = number

of living individuals at the age x; lx = proportion of

surviving to start of age x; and mx = offspring

produced per female at age x. The population growth

rate was derived iteratively and the confidence inter-

vals were obtained using a jackknife method (Meyer

et al., 1986). We used one-way analysis of variance

(ANOVA) and for multiple comparison, post hoc

(Tukey) tests, to evaluate the differences in growth

rates and other life history variables of the tested

rotifer species.

Results

Effect of culture medium

Both species easily adapted to the culture media.

Limnias ceratophylli showed similar growth patterns

on all the test media (EPA, EPA ? FLW and FLW) up

to day 12. When these populations were transferred to

test vessels containing only the EPA medium, the

populations increased from day 13 onwards, espe-

cially for the treatment initially involved filtered lake

water and mixed with lake water ? EPA medium.
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EPA medium alone did not result in higher population

growth (Fig. 1). Therefore, all further experiments

were conducted using individuals of the monoclonal

population initially adapted to mixed filtered lake

water ? EPA medium. Subsequent experiments were

conducted using only EPA medium.

Population growth

Population growth patterns of L. ceratophylli and L.

melicerta were affected by algal concentration; both

species had higher population abundances at the

highest tested food level (Fig. 2). The lowest food

density had resulted in lower population growth of L.

ceratophylli. However for L. melicerta, the growth

curves at the two higher algal densities were similar

and food density-related differences were not evident.

Growth curves of L. ceratophylli reached equilibrium

after 3 weeks in different concentrations of food;

however, it was observed that at a concentration of 1 9

106 cells ml-1, both species reached their highest

densities.

An increase in food availability resulted in a

significant increase in the peak population density of

both species. This was evident in L. ceratophylliwhere

the algal concentration had significant effect on the

peak population density (threefold increase at 1 9 106

cells as compared to that at 0.25 9 106 cells/ml) (one-

way ANOVA, F = 14.08, df = 2, P\ 0.05).

Population growth rate (r) followed a similar trend

to that observed in the maximum densities; in L.

ceratophylli, the r ranged from 0.12 to 0.16 per day

and in L. melicerta it varied little (0.14–0.15 per day).

There was a statistically significant increase in r of

both species with increase in food availability (one-

way ANOVA, F = 43.69, 12.35, df = 2, P\ 0.001,

respectively).

Life table demography

Both species had little mortality during weeks 2–3 and

thereafter the survivorship gradually declined until

weeks 5–7 depending on the food concentration. At a

given food density L. melicerta had little mortality for

the first 3 weeks when compared to L. ceratophylli.

For both the rotifer species, increase in food concen-

tration significantly decreased survival (one-way

ANOVA, F = 19.44, 9.51, df = 2, P\ 0.01, respec-

tively) (Fig. 3).

The age-specific fecundity curves of both species

showed some significant differences in the pattern of

offspring production. Reproduction started on the 3rd

day for L. ceratophylli and on the 5th day for L.

melicerta. Food density-related differences were evi-

dent for L. ceratophylli; at the higher food levels this

species had higher offspring production. However, for

L. melicerta effect of food density on offspring

production was not evident. In addition, there was a

distinct peak of offspring production in L. ceratophylli

under the three food densities, while under comparable

conditions the neonate production in L. melicerta was

nearly continuous during the first two weeks of

reproduction. Regardless of food density, the peak

offspring production for both the rotifer species was

observed between 7 and 21 days (Fig. 3).

Data on the life history variables of both L.

ceratophylli and L. melicerta in relation to food

density are presented in Table 1. At any given food

density, average lifespan (23–29 days) and life

expectancy at birth (23–28 days) of L. ceratophylli

were slightly shorter than those of L. melicerta (29–

34 days and 28–33 days, respectively). Generation

time was also shorter for L. ceratophylli than for L.

melicerta. However, both gross and net reproduction

rates were higher for L. ceratophylli as compared to L.

melicerta. The intrinsic rate of increase (r) was higher

(0.362–0.383 per day) for L. ceratophylli as compared

to that in L. melicerta (0.292–0.304 per day). For both

Fig. 1 Population growth of Limnias ceratophylli with differ-

ent culture media, the vertical line indicates the beginning of use

of EPA medium in all treatments. The means and standard errors

(SE) are based on 3 replicates. In some cases, the SE bars are

obscured by the symbols
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species, increase in food density resulted in a signif-

icant decrease of average lifespan (one-way ANOVA,

F = 30.97, df = 2, P\ 0.001), life expectancy at

birth (F = 30.96, df = 2, P\ 0.001), and R0

(F = 6.95, df = 2, P\ 0.05). Gross reproductive

rate of both the rotifer species was not significantly

Fig. 2 Population growth

of L. ceratophylli and L.

melicerta at different

concentrations of Chlorella

vulgaris (X 106 cells ml-1).

The initial density was 0.167

ind. ml-1. Values represent

the mean and standard error

based on 4 replicates

Fig. 3 Age-specific

survivorship (closed circles)

and fecundity (open circles)

curves of L. ceratophylli and

L. melicerta cultured under

different concentrations of

C. vulgaris (9106 cells

ml-1). The mean values and

standard error based on 4

replicates are shown
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affected by food density (F = 0.71, df = 2,

P[ 0.05). Generation time was significantly (Tukey

test, df = 2, P\ 0.05) affected due to increase in

algal food only for L. ceratophylli, but not for L.

melicerta. The r of both the rotifer species was

significantly influenced by the offered food density

(one-way ANOVA, F = 15.88, 13.77, df = 2,

P\ 0.001, respectively) (Table 1).

Discussion

Here, we demonstrate that sessile rotifers may be

easily cultured using EPA medium, a common culture

medium for many other species of zooplankton

(Weber, 1993; Nandini & Sarma, 2000). Our data

showed that mixing the EPA medium with filtered lake

water was appropriate for an initial acclimation period

of a few weeks. Thereafter, favorable growth was

achieved when the population was transferred to EPA

medium. Thus, it appears that sessile rotifers can adapt

rapidly from the natural waters to synthetic medium

(Wallace et al., 2006).

Flosculariid rotifers possess malleoramate trophi,

which are able to crush food particles of up to a size of

*20 lm (Wallace & Starkweather, 1983; Monakov,

2003). In our study, we offered Chlorella (5 lm), a

food item well below this size, and both species

thrived.

Sessile rotifers are normally attached to a variety of

substrata including algae, macrophytes, rocks, and

floating twigs, and there are ample data to indicate that

sessile rotifers have substrate specificity (e.g.,

Edmondson, 1944; Wallace, 1978; Wallace &

Edmondson, 1986; Kuczyńska-Kippen, 2007; Wal-

lace & Smith, 2013; Meksuwan et al., 2014). How-

ever, our data showed sessile species can be

successfully cultured without the presence of their

natural substrata. In culture jars L. ceratophylli and L.

melicerta attached mainly on the bottom, but also to

the sides.

Although food and feeding habits of Limnias are

not well-known, field observations suggest that yeast

is also consumed by the species of this genus (Wallace

& Starkweather, 1983). Sessile rotifers live in the

littoral zone attached to macrophytes (Meksuwan

et al., 2014); their food is composed of planktonic

algae such as Chlorella, Coelastrum, Scenedesmus,

and Pediastrum (Nandini et al., 2005; Enrı́quez-Garcı́a

et al., 2009). Thus, it is not surprising that the food we

provided was sufficient to permit good growth of these

sessile rotifers.

The populations of both L. ceratophylli and L.

melicerta continued to grow after an initial lag phase

of about 7–10 days and the population growth was

stabilized at approximately after four weeks in nearly

all the offered algal concentrations. This trend is

different in planktonic rotifers such as species of

Anuraeopsis, Brachionus, and Plationus where the

populations typically have a very short lag phase

(2–5 days) reach a peak within 2 weeks and thereafter

nearly decline in density (Dumont et al., 1995). On the

Table 1 Life history variables of Limnias ceratophylli and Limnias melicerta fed different concentrations of Chlorella vulgaris

Food level (9106 cells ml-1) Life history variable

ALS LEB GRR R0 T r

L. ceratophylli

0.25 28.5 ± 0.5a 28.0 ± 0.5a 31.0 ± 0.9a 27.0 ± 0.7a 12.8 ± 0.4a 0.383 ± 0.003a

0.5 25.7 ± 0.5b 25.2 ± 0.5b 29.6 ± 2.4a 23.2 ± 0.5b 12.2 ± 0.6a,b 0.362 ± 0.001b

1.0 23.3 ± 0.4c 22.8 ± 0.4c 28.0 ± 1.6a 24.5 ± 1.0b 10.6 ± 0.3b 0.376 ± 0.002a

L. melicerta

0.25 33.7 ± 0.7a 33.2 ± 0.7a 25.8 ± 0.4a 24.2 ± 0.6a 13.8 ± 0.1a 0.292 ± 0.004a

0.5 31.4 ± 0.3b 30.9 ± 0.4b 22.4 ± 1.0a 20.5 ± 0.8b 13.2 ± 0.3a 0.304 ± 0.004b

1.0 28.8 ± 0.5c 28.4 ± 0.5c 22.8 ± 1.2a 19.2 ± 1.1b 13.8 ± 0.4a 0.292 ± 0.001a

ALS average of life span (days), LEB life expectancy at birth (days), GRR gross reproductive rate (offspring female-1), R0 net

reproductive rate (survival-weighted offspring female-1), T generation time (days), and r rate of population increase per day

Values represent mean ± standard error based on 4 replicates. For each rotifer species, data of a given variable containing the same

letter (superscript) are not significantly different (P[ 0.05; Tukey’s test)
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other hand, non-planktonic rotifers of the genera

Lecane and Euchlanis have a long lag phase

([1 week) and reach the stabilization phase after

3–4 weeks (Sarma et al., 2006). The trend with sessile

rotifers is yet another instance where both the lag

phase and the stabilization phase are long. This

suggests that for a complete population cycle sessile

rotifers need much longer time that either planktonic

or periphytic species (Sarma et al., 2006; Espinosa-

Rodrı́guez et al., 2012). In addition, during the course

of our experiments sexual reproduction (presence of

males and/or diapausing embryo production) was not

observed, suggesting that the population consisted

entirely of parthenogenetic females.

The maximum density reached by zooplankton

typically depends on both the body size of the animal

and the quantity of food available to it (Stemberger &

Gilbert, 1985; Duarte et al., 1987). Smaller species

reach higher abundances in comparison to larger

species when cultured under comparable test condi-

tions. For example, Anuraeopsis and Lepadella usu-

ally reach peak densities of [1000 ind. ml-1, while

larger species such as Brachionus calyciflorus Pallas,

1766 may reach to about 100 ind. ml-1 (Dumont et al.,

1995; Nandini et al., 2007). In the present study, both

the species had relatively lower peak population

densities (10–40 ind. ml-1) possibly due to their

larger body sizes.

The intrinsic rate of increase (r) for most rotifers

reach values that range from 0.5 to 1.5 day-1. Values

lower than 0.5 day-1 are common in periphytic and

benthic taxa, but values higher than 2 day-1 are rare,

and have been reported for only a few species: B.

calyciflorus and Brachionus plicatilis Müller, 1786,

and Asplanchna sieboldii (Leydig, 1854) (Wallace

et al., 2006). In this study r was much lower

(0.01–0.38 day-1), which may be related to their life

history. Non-planktonic and sessile rotifers seem to

have lower growth rates compared to planktonic

species. For example, under optimal food conditions,

the non-planktonic species Lecane inermis (Bryce,

1892) and Lepadella rhomboides (Gosse, 1886) have

growth rates[0.4 day-1 (Sarma et al., 2006).

Cohort life table studies yield information about

age-specific survival and reproduction. In his study of

a natural population of Floscularia conifera (Hudson,

1886), Edmondson (1945) found that the population

experienced more than 50% mortality by the time the

animals attained age 7 days and all the individuals

died within a week thereafter. The survival curves of

our laboratory populations of L. ceratophylli and L.

melicerta had a rectangular shape—there was practi-

cally no mortality during the first two weeks and

thereafter the population experienced gradual mortal-

ity. In addition, effect of food density on this pattern

suggests that lowest food density resulted in almost no

mortality during the first two weeks of age. This result

supports research that indicates that food restriction

enhances the duration of life (Sawada & Enesco, 1984;

Snell et al., 2015). The statistical analysis of the

average lifespan and life expectancy at birth also

shows that food density had significant effect on the

lifespan of both species.

Increase in food concentration significantly

reduced the lifespan and R0 in these species. However,

gross reproductive rate and r were not affected. Most

planktonic rotifers show increased gross reproductive

rate and R0, as well as in r per day with increase in food

density (Sarma & Rao, 1991). However, in our study,

both species showed lower output of embryos with

increase in food density. It is possible that sessile

species are most susceptible to higher levels of algae

that may have adverse impact on their filter feeding.

Certain species of planktonic rotifers (e.g., Brachionus

variabilis Hempel, 1896) are also sensitive to

increased food levels, which led to decreased survival

and reproduction (Sarma & Nandini, 2001). The

relationship between mean lifespan and T has received

considerable attention in zooplankton research. King

(1982) hypothesized that the mean lifespan of

iteroparous species cultured under optimal conditions

is twice the generation time. Indeed we also found a

positive, significant relation between these two life

history variables. However, the ratio was not 29 as

King hypothesized, but was much less (1.03) suggest-

ing a deviation as also reported in Sarma & Rao

(1991).

Conclusions

It is difficult to quantify mortality and offspring

production of sessile rotifers in macrophyte-domi-

nated freshwaters (Edmondson, 1945). Here, we

describe methods to culture sessile species that are

generally employed to culture planktonic rotifers.

With these methods, life table experiments can now be

extended to assess the effects of environmental
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variables, as well as potentially toxic agents, on sessile

rotifers.
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