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Abstract
1.	 Brachionus calyciflorus is arguably the most studied freshwater monogonont roti‐

fer. Although it has been recognised as a cryptic species complex for more than a 
decade, a formal (re‐)description of the four species known so far (B. calyciflorus, 
Brachionus dorcas, Brachionus elevatus, and Brachionus fernandoi) has only recently 
been made. Information on the ecology of these species is very scant and frag‐
mented. The aim of this study was to test for ecological divergence between these 
four species, specifically their life history strategy and population demography.

2.	 We conducted a life history experiment using 12–16 genotypes per species. For 
each species, genotypes were extracted from at least three different natural pop‐
ulations. In addition, we performed population‐level culture experiments with the 
aim to compare population growth rates and demographic structure of experi‐
mental populations among species. Finally, we searched the literature for life his‐
tory studies with molecular data allowing retrospective species identification.

3.	 We found pronounced differences in life history traits between B. fernandoi and 
the other three species. B.  fernandoi had higher egg and juvenile development 
times and a lower egg production rate and mictic ratio. We detected no significant 
life history differences among B. calyciflorus, B. elevatus, and B. dorcas.

4.	 Population growth rates of B. fernandoi and B. calyciflorus were higher than those 
of B. elevatus and B. dorcas. Life history divergence resulted in marked differences 
in the demographic structure of populations. Populations of B.  fernandoi con‐
tained larger fractions of pre‐reproductive females and lower fractions of adult 
females with sexual eggs than populations of B. calyciflorus, B. elevatus, and B. dor‐
cas. Mortality was found to be highest in B. elevatus and lowest in B. calyciflorus 
populations.

5.	 Our results show that a reverse taxonomy approach is powerful in revealing 
sources of variation in ecologically relevant traits of cryptic species, such as life 
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1  | INTRODUC TION

Cryptic species are two or more morphologically similar species 
under one species name (Bickford et al., 2007). They are believed 
to be evenly distributed among major metazoan taxa and biogeo‐
graphical regions (Pfenninger & Schwenk, 2007). The inability of 
researchers to distinguish between cryptic species poses serious 
problems with the estimation, protection, and management of 
biodiversity (Besansky, 1999; Liu, Möller, Gao, Zhang, & Li, 2011; 
Martinez‐Takeshita et al., 2015) and may also lead to incorrect in‐
ferences in studies of species coexistence, speciation and biogeog‐
raphy (Chen, Zhong, Dai, Fan, & He, 2017; Hebert, Penton, Burns, 
Janzen, & Hallwachs, 2004; Razgour et al., 2011). In the last 2 de‐
cades, the increase of molecular phylogenetic studies has resulted 
in the discovery of unexpectedly high numbers of cryptic species 
complexes (Crespo & Lumbsch, 2010; Haine, Martin, & Cook, 2006; 
Janzen et  al., 2017). Morphological, physiological, and ecological 
validation of species delineations suggested by molecular analysis 
remains necessary.

In Rotifera, new cryptic species complexes are being discovered 
at a rapid pace (Fontaneto, Kaya, Herniou, & Barraclough, 2009; 
Gómez, Serra, Carvalho, & Lunt, 2002; Kimpel, Gockel, Gerlach, & 
Bininda‐Emonds, 2015; Obertegger, Flaim, & Fontaneto, 2014). From 
this phylum at least 42 cryptic species complexes have so far been 
reported (Fontaneto, 2014; Kimpel et al., 2015; Obertegger, Flaim, 
& Fontaneto, 2014). The most well‐known example is the halophile 
Brachionus plicatilis species complex, for which divergence among 
species has been supported by phylogenetic (Gómez et  al., 2002; 
Mills et  al., 2017; Suatoni, Vicario, Rice, Snell, & Caccone, 2006), 
morphological (Ciros‐Pérez, Gómez, & Serra, 2001; Fu, Hirayama, & 
Natsukari, 1991; Michaloudi et  al., 2016), and ecological evidence 
(Baer, Langdon, Mills, Schulz, & Hamre, 2008; Ciros‐Pérez, Carmona, 
& Serra, 2001; Lapesa, Snell, Fields, & Serra, 2002; Ortells, Gómez, 
& Serra, 2003) as well as cross‐fertilisation experiments (Berrieman, 
Lunt, & Gómez, 2005; Gribble & Welch, 2012; Snell & Stelzer, 2005).

Although commonly studied and cosmopolitan, much less is 
known of the freshwater Brachionus calyciflorus species complex. 
Brachionus calyciflorus has long been considered as one species 
until it was suggested to be a cryptic species complex by Gilbert 
and Walsh (2005). Since then, several studies have contributed 
with new insights regarding this species complex (Table 1). Several 
molecular phylogenetic studies have been performed, suggest‐
ing a great genetic divergence among specific clades (Cheng, Xi, & 
Li, 2008; García‐Morales & Elías‐Gutiérrez, 2013; Xiang, Xi, & Hu, 

2007; Xiang, Xi, Zhu, & Xu, 2017), some of which were also found 
to be reproductively isolated (Gilbert & Walsh, 2005; Li et al., 2008; 
Xiang et al., 2011a, 2011b) or differing in size or phenology (Gilbert 
& Walsh, 2005; Li, Niu, & Ma, 2010; Wen, Xi, Zhang, Xue, & Xiang, 
2016; Xiang et  al., 2007). In addition, phylogeographical studies 
have revealed different distribution patterns among phylogenetic 
clades within China, possibly reflecting historic events of range ex‐
pansion, long distance dispersal, and secondary contact (Xiang, Xi, 
Wen, Zhang, & Ma, 2010a, 2010b; Xiang et  al., 2011a, 2011b). A 
comprehensive overview of the B. calyciflorus species complex was 
provided by Papakostas et al. (2016) who suggested the existence 
of four cryptic species based on a phylogenetic analysis of all pub‐
licly available sequence information. In addition, using an integra‐
tive taxonomy approach, Papakostas et  al. (2016) and Michaloudi 
et al. (2018) demonstrated subtle but consistent morphometric dif‐
ferences among these species. This work formed the basis for the 
recent (re‐)description of four species, B. calyciflorus, Brachionus dor‐
cas, Brachionus elevatus, and Brachionus fernandoi (Michaloudi et al., 
2018). Several of these cryptic species have been found to coexist 
(Xiang et al., 2011b; Zhang et al., 2018). There is hardly any informa‐
tion available about how they differ ecologically.

Life history strategy strongly determines the ecology of a spe‐
cies, e.g. by affecting the growth potential and demographic struc‐
ture of its populations. The comparative analysis of life history 
strategies of cryptic sibling species is therefore an informative 
approach to explore potential ecological divergence. Monogonont 
rotifers are characterised by a cyclical parthenogenetic reproduc‐
tion mode (Serra, García‐Roger, Ortells, & Carmona, 2019) where 
asexual, clonal propagation is combined with sexual reproduction. 
During clonal reproduction, asexual (amictic) females produce 
diploid, subitaneous eggs that develop into genetically identical 
female offspring. Sexual reproduction may be induced by specific 
environmental cues (e.g. crowding, change of photoperiod, tem‐
perature) that initiate the production of sexual (mictic) females. 
These females are morphologically similar to amictic females but 
produce haploid eggs through meiosis. Upon fertilisation, they will 
develop into genetically unique diapausing eggs, which are very 
resistant to adverse conditions. When conditions turn favourable, 
diapausing eggs will hatch and give raise to amictic females. The 
exponential population growth rate of parthenogenetically re‐
producing clones may be considered as short‐term fitness and is 
strongly determined by life history traits such as individual growth 
and development rate, fecundity, and survival. Mictic ratio, i.e. 
the proportion of mictic females produced by amictic females, 

history and demographic structure. Explicit consideration of this variation is cru‐
cial for future studies of their dynamics in natural communities.

K E Y W O R D S

ecological divergence, integrative taxonomy, monogonont rotifer, reverse taxonomy, sibling 
species
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is another critical trait. High mictic ratios may reduce short‐term 
fitness (Stelzer, 2011) because males and sexual eggs do not con‐
tribute to immediate exponential population growth. The produc‐
tion of sexual eggs is, nevertheless, an important determinant of 
long‐term fitness across growing seasons (García‐Roger, Serra, & 
Carmona, 2014; Tarazona, García‐Roger, & Carmona, 2017). So 
far, information on life history divergence among species of the 
B.  calyciflorus species complex has been scant and fragmented. 
While many studies have investigated the life history response of 
B.  calyciflorus to specific ecological factors, mainly temperature 
and food quantity (Li, Xi, & Cheng, 2009; Ma, Xi, Zhang, Wen, & 
Xiang, 2010; Xiang, Xi, Zhang, Ma, & Wen, 2010c; Xiang et  al., 
2015) molecular information on the phylogenetic position of the 
investigated genotypes is seldom provided.

Many studies have documented substantial intraspecific clonal 
variation for life history traits in zooplankton (Gilbert & Schröder, 
2007; Michels & De Meester, 2004). As a result, genetic diver‐
gence among populations within species may result from drift or 
adaptation to local (Campillo, García‐Roger, Carmona, & Serra, 
2011; De Meester, Gómez, Okamura, & Schwenk, 2002; Declerck 
et al., 2015) or regional conditions (Ma et al., 2010). Such genetic 
differences potentially bias comparisons among species if based 

on one or just a few genotypes or populations. To ensure that ob‐
served differences reflect fundamental differences among species 
rather than being contingent on the identity of the genotypes, 
populations, or region under study, the analysis of ecological di‐
vergence between sibling species requires a robust experimental 
design including numerous genotypes from multiple populations, 
preferentially from the same geographic region. Species also need 
to be clearly defined and based on a strong taxonomic foundation, 
preferentially supported by a comprehensive phylogenetic analy‐
sis and additional information on morphology and cross‐fertilisa‐
tion data.

The aims of the present study were: (1) to provide a compre‐
hensive comparison for the existence of systematic life history 
divergences among the four cryptic species described for the B. caly‐
ciflorus complex by Michaloudi et al. (2018); and (2) to illustrate the 
potential impact of such differences for population growth rate and 
demography. For each species, we used genotypes from multiple 
populations in The Netherlands to combine a life history experiment 
with a demographic analysis of exponentially growing laboratory 
cultures. In addition, we searched the literature for life history stud‐
ies comparing phylogenetically divergent clades of the B. calyciflorus 
species complex and traced these clades back to the four species 

TA B L E  1   Overview of studies that investigated phylogenetically divergent lineages within the Brachionus calyciflorus species complex 
using molecular markers

Topic Origin Marker ITS1 COI Reference

Taxonomy and cross 
mating

America and 
Australia

ITS and COI B. dorcas, B. calyciflorus, 
and B. fernandoi

3, 9 and 12 Gilbert and Walsh 
(2005)

Sympatric speciation 
and cross mating

China ITS and COI NAa 6, 8 and 11 Li et al. (2008)

Taxonomy China ITS B. dorcas NA Zhang, Xi, Ma, and 
Xiang (2010)

Phylogeography China ITS B. dorcas, B. elevatus, and 
B. calyciflorus

NA Xiang et al. (2010a)

Phylogeography China COI NA 1, 6, 7, 8 and 11 Xiang et al. (2010b)

Phylogeography and 
cross mating

China COI NA 1, 7, 8, 9, 11, 13, 
14 and 15

Xiang et al. (2011a)

Phylogeography and 
cross mating

China ITS B. dorcas, B. calyciflorus, 
and B. fernandoi

NA Xiang et al. (2011b)

Taxonomy Mexico COI NA 4 García‐Morales and 
Elías‐Gutiérrez 
(2013)

Population growth 
rate

China COI NA 7 and 11 Xiang et al. (2015)

Coexistence China COI NA 14 and 15 Wen et al. (2016)

Taxonomy, morphol‐
ogy and competition

Netherlands, 
America, China, 
Mexico and Italy

ITS1, COI, 18S, 28S, 
microsatellite

B. dorcas, B. elevatus, 
B. calyciflorus, and 
B. fernandoi

1 to 15 Papakostas et al. 
(2016)

Population genetic 
structure

China 16S and ITS B. dorcas, B. elevatus, and 
B. fernandoi

NA Xiang et al. (2017)

Note: Marker: type of molecular markers used by the studies; ITS1: species as described by Michaloudi et al. (2018) according to internal transcribed 
spacer 1 data provided by the study; COI: COI clades as delimited by Papakostas et al. (2016) using COI data provided by the study. NA indicates data 
not provided.
aITS1 data not available. 
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described by Michaloudi et al. (2018) using the molecular informa‐
tion provided by these studies.

2  | METHODS

2.1 | Diapausing egg collection, clone 
establishment, and stock culture maintenance

Sediment samples were collected from seven sites in The Netherlands 
in April 2016 (Table 2). Brachionus calyciflorus diapausing eggs were 
isolated from the sediments using the sugar flotation method de‐
scribed by Gómez and Carvalho (2000) and hatched under continu‐
ous light in petri dishes using distilled water at room temperature 
(23  ±  1°C). Dishes were checked at 12‐hr intervals and hatched 
B. calyciflorus females were transferred individually to wells of 24‐
well plates filled with 1 ml of chemostat cultured Chlamydomonas 
reinhardtii (1,000 μmol C/L, molar C:P ratio of approximately 200:1) 
resuspended in WC medium (Guillard, 1975). After population sizes 
had grown larger than five individuals, they were transferred to 
20‐ml plastic containers with 8 ml of food suspension and further 
maintained at room temperature (23 ± 1°C) under continuous light. 
Every other day, 10–15 females carrying parthenogenetic eggs were 
transferred to new containers with fresh food.

2.2 | DNA extraction, internal transcribed spacer 
1 polymerase chain reaction, restriction fragment 
length polymorphisms, and microsatellite genotyping

Species were identified using restriction fragment length polymor‐
phisms (RFLPs) together with microsatellite genotyping. DNA was 
extracted from single rotifer individuals using the HotSHOT method 
described by Montero‐Pau, Gómez, and Muñoz (2008). Internal tran‐
scribed spacer 1 (ITS1, between 296 bp and 313 bp) were amplified 
using the primers III: 5′‐CACACCGCCCGTCGCTACTACCGATTG‐3′ 
and VIII: 5′‐GTGCGTTCGAAGTGTCGATGATCAA‐3′ (Hwang, 
Dahms, Park, & Lee, 2013). For RFLP analysis, 3 μl of ITS1 polymer‐
ase chain reaction products were digested by 1 μl AluI and DraI (New 
England Biolabs, Inc.) separately and incubated overnight at 37°C. 
The species were identified by examining the pattern of DNA bands 
produced on 1% agarose gel as described in Papakostas et al. (2016). 

The species B. elevatus and B. calyciflorus have been shown to form 
hybrids readily (Papakostas et al., 2016). Because interspecific hy‐
brids of B. elevatus and B. calyciflorus cannot reliably be identified 
by RFLPs we tested for the occurrence of such hybrid genotypes 
using microsatellite analysis. Twelve microsatellite loci of B.  eleva‐
tus and B.  calyciflorus were amplified according to Declerck et  al. 
(2015) and analysed with an ABI Prism 3130 DNA Analyzer (Applied 
Biosystems, CA, U.S.A.). Hybrids were identified using loci ‘A9’ and 
‘A15’ as diagnostic loci (Papakostas et al., 2016).

2.3 | Experimental design

Our original design consisted of 16 genotypes originating from four 
natural populations per species (i.e. 4 species × 4 populations × 4 
clones, totalling 64 clones). Unfortunately, four genotypes of both 
B. elevatus and of B. calyciflorus had to be omitted from the design 
because posterior microsatellite analysis showed them to be hybrids 
(see Table 2 for a full representation of the experimental design). As 
a result, B. elevatus was represented by only three populations and 
the four populations of B. calyciflorus were represented by 2–4 gen‐
otypes. Life history and population growth rate experiments were 
conducted in an incubator at 24°C under continuous darkness to 
prevent growth of algae. Food suspensions were identical to those 
of the stock cultures. Culture volumes in life history and population 
growth rate experiments equalled 1 and 8  ml, respectively. Food 
suspensions were refreshed on a daily basis.

2.4 | Life history experiment

To minimise maternal effects, we started with a great grandmaternal 
generation by isolating and individually culturing 10 individuals per 
clone in 1 ml wells of tissue culture plates. The first neonates of these 
individuals were then used to start the grandmaternal generation. This 
procedure was repeated until the animals of the focal generation were 
born. To avoid pseudoreplication, all individuals were cultured sepa‐
rately across the subsequent generations. In the actual life history ex‐
periment we studied three haphazardly chosen replicates of the focal 
generation per clone (i.e. 56 clones × 3 replicates = 168 units in total).

Life history traits were quantified by monitoring individuals 
of the focal generation through a major part of their life span. To 

TA B L E  2   Experimental design of life history and growth rate experiments

Population Latitude Longitude B. dorcas B. elevatus B. calyciflorus B. fernandoi

NL7 N 51.854° E 5.893° 4 4 3  

NL69 N 52.090° E 4.338°   4 2  

NL101 N 52.025° E 4.328°   4    

NL128 N 52.640° E 4.730° 4   3 4

NL134 N 52.734° E 4.883° 4     4

NL168 N 51.491° E 4.306°     4 4

NL181 N 51.839° E 4.144° 4     4

Note: For each species, the number of genotypes and geographic coordinates are given for each of the studied populations. Eight B. elevatus and 
B. calyciflorus hybrid clones as identified by microsatellite analysis were excluded from the design.
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initiate the experiment the parental generation was inspected every 
hour in order to isolate focal individuals as soon after their birth as 
possible. Eight hours after isolation, focal individuals were checked 
at 2‐hr intervals. At each inspection, survival, occurrence of sexual 
eggs, and number of parthenogenetic eggs and neonates were re‐
corded. Dead or mictic females and newly produced neonates were 
discarded immediately. When focal individuals produced their sec‐
ond neonates, the focal individuals were preserved in 4% formalin. 
These samples were used for the estimation of body and egg volume 
using a stereomicroscope with camera. The life history experiment 
lasted approximately 8 days.

2.5 | Population growth rate experiment

For each of the 56 clones, a cohort of 10 individuals was isolated 
from stock cultures and incubated in a single well of a 6‐well plate 
with 8 ml food. Every 24 hr, the total numbers of individuals were 
counted and 10 females were transferred to a new well with new me‐
dium and fresh food to restart the population. Initially, we restarted 
populations by selecting females in a random fashion. Some clones, 
however, were characterised by high proportions of mictic females. 
Because mictic females do not contribute to population growth, this 
repeatedly resulted in the loss of clones. For this reason, we decided 
to randomly select and transfer exclusively those individuals with‐
out sexual eggs. Populations were considered stable from the day 
that no temporal trend in population growth could be observed (i.e. 
absence of a significant correlation between population growth rate 
and time). From that moment on, during 13 consecutive days, we 
preserved all individuals that remained after the transfer in 4% for‐
malin and pooled them per clone. Afterwards these samples were 
counted to study the time‐integrated demographic structure of the 
populations. Individuals were classified as either females with no 
eggs, females with parthenogenetic eggs, females with sexual eggs, 
and dead females. Given that experimental animals were fed high 
concentrations of good‐quality food throughout the experiment, fe‐
males without eggs were all assumed to be pre‐reproductive.

2.6 | Literature survey

We conducted a systematic literature survey of all the studies avail‐
able through Web of Science and Google Scholar. We searched 
journal articles using “Brachionus calyciflorus” and “cryptic species” 
combined with “life history” or “life table” as keywords and searched 
from 2005 (the year that B. calyciflorus was first suggested to be a 
species complex) until 2018. From these studies, we only retained 
those studies that explicitly addressed cryptic species or phyloge‐
netically divergent lineages in B. calyciflorus based on the phyloge‐
netic analysis of molecular markers.

2.7 | Data analysis

Life history data of the focal generation were used to calculate mor‐
tality, mictic ratio, age at first reproduction (AFR), egg development 

time of the first egg (EDT1) and second egg (EDT2), egg produc‐
tion rate (EPR), body volume (BV), and average egg volume (AEV). 
Mortality was estimated as the fraction of the total number of in‐
dividuals from the focal generation that died before reproducing, 
whereas the mictic ratio was calculated as the fraction of surviving 
individuals that were found to produce sexual instead of partheno‐
genetic eggs. Age at first reproduction referred to the age of the 
focal individual at which the first egg was produced. Egg produc‐
tion rate was calculated as the total number of eggs produced per 
hour during a time interval encompassing at least two egg produc‐
tion events per individual. Body volume corresponds to the size 
of the adult at the time of hatching of its second neonate and was 
calculated as Vb = π*Lb*(Wb/2)2 (Zhou, Lemmen, Zhang, & Declerck, 
2018), where Lb and Wb are body length and width (in μm), respec‐
tively. Average egg volume was calculated as the average volume of 
all eggs (range 1–4) present in a clutch with the volume of each egg 
being estimated as an ellipsoid: Ve = (4/3)*π*(Le/2)*(We/2)2, where Le 
and We are egg length and width (in μm), respectively. Daily popula‐
tion counts from the growth rate experiment were used to calculate 
realised population growth rates as (lnNt−lnN0)/t, where N0 and Nt 
represent the population size at the beginning and end of each day 
interval, respectively.

We applied mixed‐effects models to test for differences in 
life history traits, population growth rates and demographic traits 
between species. For life history traits, generalised linear mixed‐
effects models were applied to mortality and mictic ratio data, as‐
suming a binomial distribution with logit link function. The other life 
history variables were analysed with general linear mixed‐effects 
models assuming a normal distribution. Species were treated as 
fixed effects by design, the factors clone and population were speci‐
fied as random effects in all analyses. The growth rate data from the 
population growth rate experiment were first averaged over time 
and these means were subsequently analysed with linear mixed‐ef‐
fects models. Generalised linear mixed‐effects models were applied 
to the mortality data of the growth rate experiment as well as on 
the fractions of pre‐reproductive females, females with parthenoge‐
netic eggs, and females with sexual eggs. In these analyses, species 
and populations were treated as fixed and random effects, respec‐
tively. The significances of individual model terms were assessed by 
comparing reduced with full models as specified in Tables S1 and 
S2 using AIC‐values and likelihood ratio tests. All statistical analyses 
were performed in the R software environment 3.3.3 (R Core Team 
2017). Generalised and linear mixed‐effects models were performed 
using the lme4 package (Bates, Mächler, Bolker, & Walker, 2014). 
Tukey post hoc tests were performed with the multcomp package 
(Hothorn, Bretz, & Westfall, 2008).

3  | RESULTS

3.1 | Life history experiment

Due to the occurrence of mixis and mortality in focal, maternal, and 
grandmaternal generations, complete life history data of only 75 
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out of 168 units could be collected. In the focal generation, nine of 
the 75 individuals died during the experiment. Mortality in the focal 
generations of B. dorcas, B. elevatus, B. calyciflorus, and B. fernandoi 
equalled 6.3, 5.6, 0, and 8.3%, respectively.

Fifty‐one percent of the individuals in the focal generation 
were mictic. Mictic ratio differed significantly among species 
(χ2(3) = 29.23, p < 0.001). Species‐specific mictic ratios ranged from 

15.6% in B. fernandoi to 68.8% in B. dorcas. Mictic ratio in B. dorcas, 
B. elevatus, and B. calyciflorus were substantially higher than in B. fer‐
nandoi (Figure 1a).

Species averages of AFR ranged between 15.4 and 20.1  hr 
(Figure  1b). Species differed significantly in AFR (χ2(3)  =  43.80, 
p < 0.001). This effect was mainly due to B. fernandoi for which AFR 
was found to be on average 26.9% longer than that of the other three 

F I G U R E  1   Life history traits observed for the four species of the Brachionus calyciflorus species complex: (a) mictic ratio; (b) age at first 
reproduction (AFR); (c) development time of first egg (EDT1); (d) egg production rate (EPR); (e) body volume (BV); (f) average egg volume 
(AEV). Symbols represent mean values of clones. Error bars reflect variation among clones equalling twice the standard error of the mean. 
Different letters indicate significant differences according to Tukey post hoc tests

(a) (b)

(c) (d)

(e) (f)
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species. Results were highly similar for the ages at which the second, 
third, and fourth eggs were produced with differences among spe‐
cies becoming more pronounced (Figure S1).

Development time of the first egg ranged from 10.7 to 14.6 hr 
and EDT2 ranged from 10.0 to 14.2 hr (Figures 1c and S2) and dif‐
fered significantly among species (EDT1: χ2(3)  =  41.02, p  <  0.001; 
EDT2: χ2(3) = 19.29, p < 0.001). This species effect was due to B. fer‐
nandoi for which EDT1 and EDT2 (Figure S2) were found to be ap‐
proximately 35% and 29% longer than that of the average of the 
other three species, respectively.

Species averages of EPR ranged between 0.16 and 0.21  egg/
hr (Figure  1d). Species differed significantly in EPR (χ2(3)  =  14.39, 
p = 0.002). Egg production rate of B. fernandoi was on average 22% 
lower than that of B.  dorcas and B.  calyciflorus while B.  elevatus 
showed intermediate EPR.

The four species also differed significantly in BV (χ2(3) = 8.01, 
p  =  0.046), although a Tukey post hoc test did not provide ev‐
idence for differences among any of the species pairs (Figure  1e). 
Furthermore, we found no evidence for species differences in AEV 
(Figure 1f).

The random factor clone was found to be significant in the major‐
ity of traits, e.g. mictic ratio, AEV, EPR, and BV (Table S3). In contrast, 
population was never found to be significant (Table S3). For a sum‐
mary of full models, refer to Tables S4 and S5.

3.2 | Population growth rate experiment

Estimated population growth rates varied between 0.48 and 
0.81  day−1 (Figure  2a) and differed significantly among species 
(χ2(3) = 33.69, p < 0.001). Growth rates of B. calyciflorus and B. fer‐
nandoi were >50% higher than that of B.  dorcas and B.  elevatus. 
Mortality rates in the populations ranged between 9.2 and 31.7% 
(Figure 2b) and differed among species (χ2(3) = 227.04, p < 0.001). 
The fraction of pre‐reproductive females in the populations ranged 
between 34.1 and 64.8% (Figure  2c) and differed among species 
(χ2(3) = 366.0, p < 0.001). The fraction of pre‐reproductive females 
in B.  fernandoi was on average 76% higher than that of the other 
species. The fraction of females that carried parthenogenetic eggs 
was very similar among species and ranged between 29.6 and 33.9% 
(Figure 2c). In contrast, the fraction of females carrying sexual eggs 

F I G U R E  2   Population characteristics of the four studied Brachionus species as observed in the population growth rate experiment: (a) 
population growth rate; (b) mortality expressed as fraction of dead individuals; (c) population demographic structure. Symbols represent 
mean values across days and clones. Error bars reflect variation among clones and equal twice the standard error of the mean. Different 
letters indicate significant differences according to Tukey post hoc tests

(a) (b)

(c)
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ranged between 2.1 and 36.3% and was substantially lower in B. fer‐
nandoi than in the other species (χ2(3) = 818.27, p < 0.001).

3.3 | Literature survey

Our literature search yielded 10 and 644 results on Web of Science 
and Google Scholar, respectively. After application of our addi‐
tional selection criteria, we retained four studies, which are listed in 
Table 3. In three of four studies, phylogenetically divergent lineages 
were identified using COI phylogeny. Li et al. (2010) and Wang et al. 
(2014) reported life history differentiation between cytochrome c 
oxidase subunit (COI) lineages under different temperature and food 
conditions. Xiang, Chen, Han, Wang, and Xi (2016) showed differen‐
tial responses in life history traits between two COI lineages from 
different climate zones. Zhang et al. (2018) is the only study that de‐
limited species based on a phylogenetic analysis of ITS1 sequences, 
thus allowing species identification according to Michaloudi et  al. 
(2018). Using genotypes collected from one single population, they 
found that B. dorcas, B. calyciflorus, and B. fernandoi showed different 
responses in their mictic ratio and population growth rates to varia‐
tion in temperature and food concentrations.

4  | DISCUSSION

Our results demonstrate the existence of substantial life history di‐
vergences among the species described by Michaloudi et al. (2018) 
and illustrate its potential implications for population demography. 
Along with other studies (Darwell & Cook, 2017; Hebert et al., 2004; 
Janzen et al., 2017), our study shows that reverse taxonomy is not 
only a powerful approach for the discovery of new species within 
cryptic species complexes but that it may also be effective in guiding 
the exploration of sources of variation in ecologically relevant traits. 
Life history traits are generally regarded as evolutionary versatile 
as rapid adaptive responses of such traits to local selection pres‐
sures have been demonstrated for a variety of organisms (Jensen 
et al., 2008; Kelehear, Brown, & Shine, 2012). However, with a de‐
sign based on genotypes from multiple population origins, our study 
observed robust differences between species. This illustrates that 
the correct identification of species is a requirement for the study of 
ecological dynamics in communities with cryptic species.

In our study, the most pronounced divergence was found be‐
tween B. fernandoi and the other three species. Interestingly, this 
pattern of divergence is concordant with the relative phylogenetic 
distances recorded by Papakostas et  al. (2016) for the nuclear 
ITS1 marker. According to the life history results, B. fernandoi was 
characterised by a lower degree of mixis, longer juvenile and egg 
development times, and a lower egg production rate. Proportions 
of females carrying sexual eggs were also much lower in the B. fer‐
nandoi cultures of the growth rate experiment than in the popula‐
tions of B. dorcas, B. elevatus, and B. calyciflorus. Life history theory 
predicts that long development times and low rates of reproduc‐
tive output have a negative impact on population growth rates. TA
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A high propensity for sexual reproduction is also known to trade 
off with rapid clonal population growth in rotifers (Gabaldón, 
Carmona, Montero‐Pau, & Serra, 2015; Gilbert, 2010; Smith & 
Snell, 2014; Stelzer, 2011).

Brachionus fernandoi realised higher population growth rates 
than B. dorcas and B. elevatus but not B. calyciflorus. The high relative 
performance observed for B. fernandoi is best explained by its rel‐
atively low investment in sexual reproduction. Apparently, the low 
allocation of reproductive investment of this species towards sexual 
eggs fully compensated the negative impact of longer development 
times and lower reproductive output. It should also be remembered 
that, in an attempt to generate positive population growth, we se‐
lected against females with sexual propagules at the daily population 
transfers in this experiment. Given that sexual females are unable 
to contribute directly to clonal population growth, selection against 
sexual females in B. dorcas, B. elevatus, and B. calyciflorus must have 
resulted in a relative overestimation of their population growth com‐
pared to B. fernandoi. However, the impact of this selective transfer 
should also not be overestimated. The fact that sexual eggs were still 
found in relatively high numbers in B. dorcas, B. elevatus, and B. caly‐
ciflorus populations despite their removal at 24‐hr intervals, suggests 
that the populations of these species still consisted of large frac‐
tions of non‐gravid mictic females that remained unnoticed during 
the daily transfers. Overall, the results of the population growth rate 
experiment, nevertheless, suggest a higher capacity for clonal pop‐
ulation growth of B. fernandoi compared to the other three species.

The strong divergence in life history traits between B. fernandoi 
and the other species was also clearly reflected in the demographic 
structure of the populations from the population growth rate exper‐
iment. Whereas the proportions of pre‐reproductive females, and 
parthenogenetically and sexually reproducing adults in the popula‐
tions of B. dorcas, B. elevatus, and B. calyciflorus were very similar, the 
demographic structure of B.  fernandoi deviated substantially from 
that of the other species (Figure 2c). The combination of lower per 
capita fractions of sexually reproducing adults with a higher age at 
maturity probably resulted in higher proportions of pre‐reproduc‐
tive females, despite longer egg development times. In our experi‐
ment, populations were allowed to grow exponentially under food 
saturating conditions. Although these conditions may only be repre‐
sentative for specific conditions in the field, our results nevertheless 
illustrate how strong the impact can be of life history divergence 
on the population demographic structure of cryptic sibling species.

Given their very recent description, not much information is 
available about ecological differentiation among the species of the 
B. calyciflorus species complex. Papakostas et al. (2016) provided ev‐
idence for strong differences in the competitive ability among two 
of the four species. Using replicate populations composed of varying 
clonal composition, they demonstrated the consistent exclusion of 
B. elevatus by B. calyciflorus under six different culture conditions. 
These observations were obtained in semi‐continuous laboratory 
culture conditions. Although they are not necessarily very represen‐
tative for the much more complex conditions in natural populations, 
they strongly support the idea that species differ in their ecology.

A number of studies (Cheng et  al., 2008; Li et  al., 2010; Wen 
et al., 2016; Xiang et al., 2007) have documented temporal dynamics 
of coexisting phylogenetically divergent lineages within natural com‐
munities. The few that provide molecular data suitable for species 
identification in accordance with Michaloudi et  al. (2018) suggest 
seasonal specialisation between B. fernandoi and the other species, 
probably driven by differences in thermal optima and tolerances. In 
an ITS‐based phylogeographic survey of a 2,300  km north–south 
gradient in eastern China, Xiang et  al. (2011b) exclusively found 
B. fernandoi (“BcI‐W” in Xiang et al., 2011b) during the winter. In con‐
trast, B. dorcas and B. calyciflorus (“BcII‐S” and “Bc‐SW”) were primar‐
ily found during summer and only during winter in the subtropical 
and tropical zone. This finding was further corroborated by the de‐
tailed study of Zhang et al. (2018) who performed a full‐year moni‐
toring of the zooplankton community in subtropical Lake Tingtang. 
During summer, B. dorcas (“BcII‐S” in Zhang et al., 2018) and B. caly‐
ciflorus (“Bc‐SW”) were found to coexist until July. After a 3‐month 
disappearance (August–October) these species were found to be en‐
tirely replaced by B. fernandoi (“BcI‐W”) throughout the subsequent 
winter and spring. Additional life history experiments suggested 
temperature as an important seasonal clue to these phenological 
differences by showing higher induction of mixis in B. fernandoi than 
in the other species at summer temperatures and the opposite pat‐
tern at autumn temperatures (Zhang et al., 2018). These results align 
well with the recent findings of Paraskevopoulou, Tiedemann, and 
Weithoff (2018) who demonstrated a consistently higher tolerance 
to heat stress in B. calyciflorus than in B. fernandoi.

Several studies have documented life history differences 
among phylogenetically divergent clades of the B.  calyciflorus 
complex. The majority of these studies have based their species 
delimitation on COI. Mitonuclear discordances within B. calyciflo‐
rus species complex have been shown to occur, probably as a result 
of hybridisation, and ITS1‐based species delimitations were found 
to be more accurate predictors of morphological variation than 
COI‐based species delimitations (Papakostas et  al., 2016). Thus, 
COI‐based clade delimitations can therefore not be unequivocally 
traced back to the species described by Michaloudi et al. (2018). 
To the best of our knowledge, Zhang et al. (2018) is the only study 
documenting divergence of life history traits among ITS1‐de‐
limited clades (Zhang et al., 2018) with each of the clades being 
represented by multiple replicated genotypes. While in our study 
B. fernandoi was clearly different from the other species by its low 
degree of mixis at 24°C, Zhang et al. (2018) found the opposite, i.e. 
within the range of 20–25°C mictic ratios of B. fernandoi were con‐
siderable higher than for the other species in this study. A direct 
comparison of the results between studies is of course difficult 
because experiments were performed under different conditions. 
Nevertheless, in both studies the species were compared in a com‐
mon garden environment under standard laboratory conditions, 
which should still allow comparison of patterns of species diver‐
gence across studies. Given that our populations originated from a 
temperate climate zone and the population studied by Zhang et al. 
(2018) was subtropical, the observed discrepancies may reflect 
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species‐specific adaptations to climatic conditions. Interspecific 
life history comparisons between more populations from subtrop‐
ical lakes would be needed to determine the generality of this pat‐
tern. The results of Zhang et al. (2018), nevertheless, confirm that 
clear life history differences among the species exist, especially 
between B. fernandoi on one hand and B. dorcas and B. calyciflorus 
on the other hand, but also indicate that the divergences observed 
in our study, although robust within The Netherlands, are not nec‐
essarily representative for other regions or climate zones in the 
world.
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