Hydrobiologia (2017) 796:77–91
DOI 10.1007/s10750-016-2833-4

ROTIFERA XIV

Diapausing egg banks, lake size, and genetic diversity
in the rotifer Brachionus plicatilis Müller (Rotifera,
Monogononta)
Javier Montero-Pau . Manuel Serra .
Africa Gómez
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Abstract Diapausing egg banks are reservoirs of
ecological and genetic diversity in continental zooplankton. However, although habitat size has often
been used as a proxy for population size, the relationship between diapausing egg bank size and genetic
diversity has not been explicitly tested in zooplankton.
We estimated the density and size of diapausing egg
banks, habitat size and genetic diversity (for mitochondrial and nuclear markers) of 14 populations of
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the rotifer Brachionus plicatilis in an endorheic basin
in the SE Iberian Peninsula. The size of B. plicatilis
diapausing egg banks ranged across eight orders of
magnitude (from 257 to 4.9 9 1010 eggs). Despite the
small geographical scale, populations were strongly
structured genetically, but with no evidence of isolation by distance. Habitat size (lake area) was a better
predictor of genetic diversity than total diapausing egg
bank size, but only for mtDNA haplotype diversity.
However, as these results were driven by the strong
effect of the largest lake in the database, they should be
taken with caution. Our results suggest that large lakes
could have a disproportionate effect on genetic
diversity and that more work is needed to support
the use of habitat size as a proxy of population size in
rotifers.
Keywords Genetic diversity  Zooplankton  Habitat
size  Diapausing egg banks  Rotifera  Brachionus
plicatilis

Introduction
Most groups of continental zooplankton produce egg
banks, accumulations of large numbers of diapausing
eggs analogous to annual plant seed banks (Brendonck
& De Meester, 2003). Diapausing egg banks are
reservoirs of both neutral and adaptive genetic variation, and function as a population memory of past
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selective conditions (Cousyn et al., 2001). Of crucial
importance, they allow population survival during
adverse periods and can facilitate species coexistence
(Cáceres, 1997; Montero-Pau et al., 2011). Largely
due to these features, and the fact that diapausing egg
banks are present in habitats year round, diapausing
egg banks have been used to investigate zooplankton
phylogeography (Gómez et al., 2000a, 2007), the
distribution of cryptic species (Ortells et al., 2000),
community diversity (May, 1987), cryptic species
coexistence (Montero-Pau et al., 2011), and species
invasions (Mergeay et al., 2006).
Population genetics theory predicts an effect of
population size on genetic diversity, which has been
subject of much research (for a recent assessment, see
Leffler et al., 2012). A positive effect of population
size on genetic diversity is expected because smaller
populations suffer from higher genetic drift, and
therefore, they will lose diversity at a higher rate
(Falconer, 1989). Large populations are also expected
to be inherently more stable, subject to lower demographic and environmental stochasticity, and reduced
extinction rates (Lande, 1988; Frankham, 2005). Thus,
from a metapopulation perspective approach, large
populations could serve as propagule sources for small
populations, which in turn would act as genetic sinks
more prone to extinction/recolonization cycles. Both
genetic and demographic effects should contribute to a
positive association between population size and
genetic diversity. In metapopulations of species of
the zooplanktonic crustacean genus Daphnia, younger
populations, which are affected by strong founder
effects and inbreeding depression and are more prone
to extinction, are also genetically less diverse than
older ones, which act as reservoirs or sources of
genetic diversity for the smaller populations (Ebert
et al., 2002; Ilmari Pajunen & Pajunen, 2003; Haag
et al., 2005). Inbreeding depression has also been
documented in laboratory rotifer populations (Tortajada et al., 2009). However, the relationship between
population size and genetic diversity has not been
explicitly tested in zooplankton.
Both the estimation of population sizes themselves
and genetic diversity in zooplankton is problematic
using active populations in the water column, as they
are strongly fluctuating at a seasonal, annual, and
longer time scales (Gómez et al., 1995; Montero-Pau
& Gómez, 2011). In addition, the use of populations
from the water column or hatched from diapausing
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eggs suffers from the problem of clonal reproduction
or biased hatching; these will underestimate the
genetic diversity of a population (Gómez et al.,
2002a). Therefore, diapausing egg bank size, which
is inherently more stable and produced sexually, could
potentially be a good proxy for effective population
size. Another potentially useful proxy for effective
population size is habitat size (Hänfling & Brandl,
1998). The size of a habitat might be highly correlated
with the maximum population size that can be attained
and therefore limit its genetic diversity (Keyghobadi,
2007). Indeed, previous studies in the planktonic
crustaceans Daphnia magna Straus and Artemia sinica
Cai have investigated the relationship between estimates of zooplankton habitat size (lake or pond
volume or area) and genetic diversity estimated from
the active population. In highly dynamic D. magna
metapopulations in Northern Europe, pond volume is
significantly associated to both population age and
genetic diversity estimated from the population active
in the water column (Haag et al., 2005). In the same
species, northern—younger, dwelling in small
ponds—populations had lower genetic diversity for
both mtDNA and microsatellites than southern—
older, dwelling in large ponds—populations (Walser
& Haag, 2012). Although historical effects (e.g.,
postglacial recolonization processes) could potentially
explain that northern populations have lower diversity,
such effects are less likely to operate on microsatellite
diversity due to the higher mutation rates in these
markers. Also in D. magna, pond area and genetic and
clonal diversity were significantly correlated in 17
ponds in Belgium using four allozyme loci (Vanoverbeke et al., 2007). In Artemia sinica populations,
genetic diversity, as estimated from allozymes, was
correlated with habitat size (Naihong et al., 2000). As
the study included very distant populations of
unknown phylogeographic history (max distance
1200 km), historical factors might potentially confound the observed correlation (Walser & Haag,
2012). In these studies, however, higher genetic
diversities could reflect either higher population sizes
or higher habitat stability in larger habitats, the latter
being due to either at ecological (e.g., lower environmental fluctuations in larger habitats) or historical
factors (e.g., larger lakes being refuges). In addition,
differences in habitat quality unrelated to habitat size
(e.g., salinity differences and degree of eutrophication), or the presence of competing species might
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affect population sizes, and therefore, habitat size per
se might not be a good proxy for population size.
Brachionus plicatilis Müller, 1786, hereafter B.
plicatilis sensu stricto (s. s.), is a rotifer belonging to a
complex of cryptic species found in salt lakes worldwide (Gómez et al., 2002b; Suatoni et al., 2006; Mills
et al., 2007), with species often co-occurring in the
same lakes (Ortells et al., 2003; Gómez, 2005;
Montero-Pau et al., 2011). Populations are typically
seasonal and reproduce through cyclical parthenogenesis, with the first generation of clonally reproducing
females hatching from sexually produced diapausing
eggs. After a variable number of generations of clonal
reproduction, a sexual generation occurs, which produce diapausing eggs. Diapausing eggs are long lived
and accumulate in large numbers forming relatively
shallow and young egg banks in the habitat sediments
(Ortells et al., 2000; Garcı́a-Roger et al., 2006a, b)
where they persist through unfavorable periods. B.
plicatilis s. s. shows strong population and phylogeographic structure, with evidence of an ‘isolation by
distance’ pattern at the regional and continental scales,
likely as a result of sequential colonization (Gómez
et al., 2000b, 2002a; Mills et al., 2007; Campillo et al.,
2011). In many areas in Eastern Spain, particularly in
inland salt lakes, B. plicatilis s. s. and another species in
the species complex, B. manjavacas Fontaneto et al.,
2007, which compete due to their strong niche overlap
(Gabaldón et al., 2013), often co-occur (Gómez, 2005).
Here we explore the relationship between the size and
density of diapausing egg banks, habitat size, and
genetic diversity in populations of the rotifer B. plicatilis
s. s. in salt lakes from a small endorheic basin in the SE
Iberian Peninsula. Previous phylogeographic analysis
suggests that populations in this basin are quite homogeneous genetically and therefore likely to have been
founded in a similar time scale (Gómez et al., 2000a;
Campillo et al., 2011). We use both mitochondrial and
nuclear microsatellite markers, the former more likely to
have stronger genetic drift (Ballard & Whitlock, 2004).

Methods
Study area and diapausing egg isolation
We intensively sampled an endorheic area of about
275 km2 containing salt lakes in the Júcar-Segura basin
(Albacete province, Spain) where B. plicatilis s. s. is
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common (Gómez et al., 2000a). Using cartographic
maps, we identified 34 potential sampling points (lakes,
ponds, and pools; Fig. 1), which we visited between
October 2004 and January 2005. Sediment samples
were taken either if salinity suggested the occurrence of
these species or, if the basin was dry, the place showed
no signs of being cultivated, resulting in 19 lakes being
sampled. As diapausing egg banks in Brachionus
rotifers are very shallow, with most viable diapausing
eggs concentrated in the top centimeters of the sediment
(Garcı́a-Roger et al., 2006a), we collected two superficial sediment samples per lake using a scoop, one in the
deepest point and another in the shallowest, in order to
integrate the maximum possible environmental variability. In three occasions (lakes coded as HYM, SLD
and PET; Table 1), the lake center could not be reached,
hence samples were taken from two distant point on the
shores. Samples were stored in dark and cool conditions
until required. Additionally, Pétrola lake (PET) was
sampled in December 2005–October 2006 as part of a
parallel study (Montero-Pau et al., 2011) using sediment
cores. Thus, for Pétrola population, diapausing egg bank
density (eggs g-1) and genetic data of 16S rRNA in
Montero-Pau et al. (2011) were included in this study’s
dataset for analysis, whereas data for mitochondrial
cytochrome c oxidase subunit I (COI) and microsatellites were newly obtained in this study. In order to
achieve larger sample sizes, given that a competing
species was dominant on the superficial sediment of this
lake; data from the first cm of cores 1 and 2 (see
Montero-Pau et al., 2011) were grouped as Pétrola North
Shore and data from cores 3 and 4, as Pétrola South
Shore, respectively.
Diapausing eggs were isolated using a sugar flotation technique (Onbé, 1978; Gómez & Carvalho, 2000)
from 53 to 736 g of dry sediment until either at least
200 eggs that could be morphologically assigned to the
Brachionus plicatilis species complex had been isolated; or after processing 200 g, a total of less than 10
eggs were found. Eggs were counted under a stereomicroscope, and diapausing egg density per gram of
superficial sediment processed was then calculated for
the complex (hereafter, total diapausing egg density).
Egg density (egg g-1) was transformed into egg
density per cm3 using the value of sediment density
in Pétrola lake (1.56 g cm-3) (JMP, personal observation) and then to egg density per cm2. As lake area is
strongly fluctuating, we used maximum lake area
estimated from Google Earth’s satellite images using
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Fig. 1 Studied area and
location of lakes. Dots show
lakes were B. plicatilis s. s.
diapausing eggs were found;
crossed circles, lakes from
which sediment samples
were taken but no
diapausing egg was found;
open circles, lakes that were
visited but were not found
suitable for sampling

ImageJ v.1.48 (Schneider et al., 2012) (Suppl. Fig. 1).
Lake area is best estimated with satellite imagery as the
maximum lake shore can be easily recognized by the
fringe of reed beds and other shore vegetation. Egg
bank size of the complex (hereafter, total egg bank
size) was estimated by multiplying maximum lake area
by average egg density of the two sampled points, and
thus assuming that the two sampling points are
representative of equivalent areas of the lake. B.
plicatilis s. s. eggs cannot be morphologically distinguished from those of other species in its species
complex. Thus species identification was based on the
analysis of a fragment of the mitochondrial gene 16S
rRNA (Montero-Pau et al., 2011), see below). With this
information, we estimated (i) the frequency of viable
diapausing eggs for B. plicatilis s. s., (ii) the presence,
and frequency of competing species from the species
complex in the diapausing egg bank, and (iii) the egg
density and egg bank size of B. plicatilis s. s.
SSCP analysis of mitochondrial genes and species
identification
For each individual egg isolated from the sediment, we
amplified a 378 bp fragment of the mitochondrial gene
16S rRNA using the primers described in Papakostas
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et al. (2005). DNA was extracted from single diapausing eggs using a modified alkaline lysis protocol
(HotSHOT) (Montero-Pau et al., 2008). We used PCRsingle-stranded conformation polymorphism (SSCP)
analysis as described in Montero-Pau et al. (2011).
Samples were assigned to an electromorph pattern by
eye, and one sample from each electromorph per gel
was sequenced. PCR amplifications were repeated for
samples selected for sequencing under the same
conditions but in a final volume of 50 ll. Products
were purified using High Pure PCR Product Purification Kit (Roche) and sequenced using ABI PRISM Dye
Terminator Cycle Sequencing Ready Reaction Kit
(Perkin-Elmer Biosystems) in both directions and run
in an ABI 3700 sequencer (Perkin-Elmer Biosystems).
Chromatograms were checked and edited using
CodonCode Aligner v. 1.6. (CodonCode Corporation).
Samples presenting the same electromorph were then
assigned the same species and haplotype than the
corresponding sequenced sample. For species identification (barcoding), in order to screen B. plicatilis s. s.
samples for microsatellites, and to estimate the number
of diapausing eggs in the sediment samples for each
species, we used the results obtained for the 16S
fragment, after Papakostas et al. (2005), and MonteroPau et al. (2011). Individuals identified as B. plicatilis

Acronym

ATA

CAM

HYC

HYE

HYM

HYR

HTU

HYB

MJB

MSA

ONT

PET

SLD

Lake

Atalaya de los Ojicosa

La Campana

Hoya Chicaa

Hoya Elvira

Hoya del Monte

Hoya Rasaa

Hoya Turneraa

Hoya Yerbaa

Mojón Blancoa

Morras del Salobrejoa

Ontalafia

Pétrolaa

Saladar

00

18250 1100

E Shore

N Shore

N Shore

Shore

Center

Shore

Center

Shore

Center

Shore

Center

Shore

Center

Shore

388470 1600
0.21

E Shore
Center

S Shore

2.05

0.46

810-5

0.05

0.03

0.02

0.09

0.10

18330 5600

388500 2800

18460 1200

388430 1500

1827 03

0

388540 5200

18250 5800

388470 5300

18260 0700

388460 4600

18240 3900

388460 3100

18250 4100

388470 0300

1826 40

00

N Shore

0

388500 4300

Shore
Center
Shore

0.03

18270 5100
388 60 4600

Shore
Center

18260 3900

0.12

0.22

388490 4800

1829 40

00

Center

0

388510 2700

Center

Sampling point

Shore

0.09

Area (km2)

18250 5000

38846 2200

Location

216

8

2554

509

3

195

0

7

0

6

276

230

98

0

277

245

349

276

1

0
3

1

0

18

18

99

# Eggs

0.623

0.023

10.132

6.560

0.005

0.265

0.000

0.029

0.000

0.025

2.469

1.868

0.254

0.000

0.765

0.940

2.801

1.108

0.004

0.000
0.012

0.005

0.000

0.029

0.028

0.167

Density
(eggs g-1)

B. plicatilis spp. complex

Bp (1.00)

Bp (1.00)

Ba (0.01)

Bp (0.22) Bm (0.77)

Bp (0.22) Bm (0.78

Bi (0.05) Ba (0.08)
Bi (0.67) Ba (0.33)

Bp (0.65) Bm (0.23)

–

Bp (0.29) Bm (0.71)

–

Bp (1.00)

Bp (1.00)

Bp (1.00)

Bp (1.00)

–

Bp (1.00)

Bp (0.98) Bm (0.02)

Bp (1.00)

Bp (1.00)

Bp (1.00)

–
Bp (1.00)

Bp (1.00)

–

Bp (0.77) Bm (0.23)

Bp (1.00)

Bp (0.77) Bm (0.23)

Species proportion

0.321

9.292

0.151

0.014

0.013

2.154

0.158

0.838

1.672

0.008

0.003

0.021

0.095

Total density
(eggs g-1)

0.321

1.885

0.091

0.004

0.013

2.154

0.158

0.829

1.672

0.008

0.003

0.016

0.081

Density
(eggs g-1)

B. plicatilis s. s.

Table 1 Features of the populations sampled, including lake name, acronym, location, and maximum area for ponds where Brachionus plicatilis complex diapausing eggs were
found
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s. s. were also genotyped for a 323 bp fragment of COI
using PCR-SSCP following the same procedure as
above, amplified with primers LCO1490 (Folmer et al.,
1994) and BrCoi301L25 (50 -AGGACAACAGAAGAAACATAAAGGC-30 ), which was designed for
this study.

Seven polymorphic microsatellite loci (Gómez et al.,
1998) were amplified for individual diapausing eggs
identified as B. plicatilis s. s. from the results of the 16S
SSCP analysis. We followed PCR conditions in Gómez
et al. (1998). PCR products were multiplexed and
separated in a Beckman-Coulter TM CEQ 8000
Genome Analysis System. Peaks were scored by eye
using the CEQ Fragment Analysis software (Beckman–
Coulter TM). Microchecker v. 2.2 (Van Oosterhout
et al., 2004) was used to check for the presence of null
alleles, scoring errors, or evidence of allele dropout.
Genetic diversity

Lakes that were dry when they were sampled

Ba: Brachionus almenara, Bi: Brachionus ibericus, Bm: Brachionus manjavacas, Bp: Brachionus plicatilis s. s

Microsatellite genotyping

a

Number of isolated diapausing eggs, egg density (egg g-1), and frequency of species of the B. plicatilis species complex is shown by sampling point. Total egg density and
density of B. plicatilis s. s. diapausing eggs integrating both sampling points is also shown

1.117
Bp (0.73) Bm (0.27)
2.096

1.906
Bp (0.44) Bm (0.56)
1.738
213

228
Shore

Center
0.46
388540 5000
Salobrejo

SAL

123

18280 1100

Density
(eggs g-1)
# Eggs

Area (km2)
Location
Acronym
Lake

Table 1 continued

Sampling point

B. plicatilis spp. complex

Species proportion

Total density
(eggs g-1)

Density
(eggs g-1)

Hydrobiologia (2017) 796:77–91
B. plicatilis s. s.
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Unbiased genetic diversity, number of alleles, and
Shannon–Weaver diversity index for each population
were estimated for microsatellite and mitochondrial
data using GenAlEx v. 6.501 (Peakall & Smouse,
2012). For microsatellites, observed heterozygosity
and fixation index were also estimated. For mitochondrial data, indexes were calculated for loci 16S and
COI as well as for the concatenated data. 95%
confidence intervals for genetic diversity were
obtained using bootstrap resampling and corrected
following the bias-corrected percentile method (Efron,
1981) using R v.3.1.3 (R Core Team, 2015) with a total
of 1,000 randomizations for each sampling point. To
account for different sampling sizes, a rarefaction
analysis was performed on the number of alleles and
haplotypes using function allelic.richness in R package ‘hierfstat’ (Goudet, 2005). Only populations with
nine or more genotyped individuals were used. A
paired t test was used to compare genetic diversity of
microsatellites and mitochondrial genes between center/shore sampling points using the R software.
Population genetic analysis
Tests for deviations from Hardy–Weinberg and linkage disequilibrium were carried out using Genepop v.
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4.0. (Raymond & Rousset, 1995) Global and population pairwise genetic differentiation were computed
using Arlequin (Excoffier et al., 2005); Ust was
estimated for mtDNA data and Fst values were
obtained for microsatellites. Statistical significance
of genetic differentiation was assessed by performing
10,000 permutations. An Analysis of Molecular
Variance (AMOVA) as implemented in Arlequin
was also performed for mitochondrial and microsatellite genes with sampling point and lake as factors. A
non-metric multidimensional scaling (NMDS) was
performed based on genetic distances (Ust and Fst)
using metaMDS function in R package ‘vegan’
(Oksanen et al., 2015). Patterns of isolation by
distance for microsatellites and mtDNA was assessed
using Mantel tests using mantel.rtest function in the R
package ‘ade4’ (Dray et al., 2007).
Correlation between genetic diversity and proxies
of population size
Correlations were assessed in order to analyze linear
relationships between population size proxies (lake
area, B. plicatilis s. s. diapausing egg density, size B.
plicatilis s. s. egg bank and proportion of B.
plicatilis s. s.) and genetic diversity measurements
(dependent variables, measured using expected
heterozygosity and number of alleles/haplotypes
corrected by rarefaction). Correlations were also
performed using the logarithm of lake area and size
of B. plicatilis s. s. egg bank in order to reduce the
effect of the skewed distribution of these two
parameters. Additionally, a partial least squares path
modeling analysis was performed using plspm
function in R package ‘plspm’ (Sanchez et al.,
2013). This analysis assumes a model with paths
(unidirectional or bidirectional relationships) defined
a priori and estimates the direct and indirect effect
of latent variables based on partial regression
coefficients between measured variables. We established a model with three latent variables (lake area,
population size, and genetic diversity). Lake area
was measured as area of lake, population size as size
of B. plicatilis s. s. diapausing egg bank and density
of B. plicatilis s. s. diapausing egg, and genetic
diversity as unbiased genetic diversity and rarefaction-corrected number of alleles/haplotypes for
microsatellite and mtDNA data, respectively.
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Results
Diapausing egg bank densities
Sediment samples were obtained from 19 lakes, of
which eight were dry at the time of sampling.
Brachionus complex diapausing eggs were found in
14 of the lakes sampled (Table 1; Fig. 2). Species
identification of the specimens of the species complex
based on 16S haplotypes shows that B. plicatilis s. s.
was found in all 14 lakes, while B. manjavacas, the
next more common species, was found in seven lakes,
mainly in the central samples, with 2–56% of the total
eggs analyzed (Tables 1, 2). B. ‘almenara’ was found
in Ontalafia and Pétrola lake and B. ibericus CirosPérez et al., 2001 was only found in Ontalafia. The
estimated density of B. plicatilis s. s. eggs ranged from
0.003 in HYC to 2.154 eggs g-1 in HYB lake.
Estimated B. plicatilis s. s. egg bank size varied in
eight orders of magnitude, ranging from 257 to
4.9 9 1010 eggs per lake (Fig. 2). Although total
diapausing eggs density and B. plicatilis s. s. eggs
density tended to be higher in the center (Table 1),
differences were not statistically significant (paired

Fig. 2 Diapausing egg banks for the Brachionus plicatilis
species complex in the studied lakes. Bars show egg density for
each species in the complex (dark gray: B. plicatilis s. s.; light
gray: B. manjavacas; black: B. ibericus and B. almenara). Dots
are egg bank size of B. plicatilis s. s. in each lake as estimated
from maximum lake area. Lakes are ordered by increasing
maximum area
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Table 2 Summary for (1) the concatenation of mitochondrial genes and (2) microsatellite data in B. plicatilis s. s. per pond
Lake

Mitochondrial
N

Microsatellites

Na

rNa

I

h

N

Na

rNa

I

Ho

He

F

ATA

47 (9)

2

1.22

0.11

0.04

36

2.50 (0.43)

2.04 (0.29)

0.45 (0.14)

0.29 (0.11)

0.27 (0.09)

-0.02 (0.08)

CAM

10 (3)

2

2.00

0.33

0.2

9

2.50 (0.43)

2.50 (0.43)

0.65 (0.15)

0.28 (0.06)

0.41 (0.09)

0.25 (0.13)

HTU

40 (0)

1

1.00

0.00

0.00

22

2.17 (0.65)

1.94 (0.47)

0.42 (0.19)

0.29 (0.14)

0.26 (0.12)

-0.14 (0.11)

HYB

92 (0)

2

1.21

0.11

0.04

47

3.17 (0.48)

2.79 (0.45)

0.74 (0.19)

0.40 (0.09)

0.41 (0.10)

0.00 (0.06)

HYCa

1 (0)

1

–

0.00

0.00

0

–

–

–

–

–

–

HYEa

4 (0)

1

–

0.00

0.00

4

1.83 (0.54)

–

0.37 (0.24)

0.25 (0.17)

0.24 (0.15)

-0.15 (0.18)

HYM

95 (0)

2

1.19

0.68

0.49

47

2.67 (0.49)

2.36 (0.47)

0.68 (0.22)

0.36 (0.11)

0.41 (0.13)

0.09 (0.03)

HYR

94 (1)

2

2.00

0.68

0.5

47

3.00 (0.52)

2.29 (0.31)

0.62 (0.15)

0.36 (0.10)

0.38 (0.09)

0.05 (0.06)

a

MJB

4 (0)

3

–

1.04

0.83

5

2.50 (0.56)

–

0.58 (0.21)

0.40 (0.16)

0.36 (0.13)

-0.17 (0.16)

MSAa

2 (5)

1

–

0.00

0.00

2

1.33 (0.21)

–

0.19 (0.12)

0.17 (0.11)

0.17 (0.11)

-0.33 (0.00)

ONT

26 (17)

1

2.36

0.00

0.00

25

3.17 (0.48)

2.78 (0.43)

0.79 (0.15)

0.39 (0.07)

0.48 (0.08)

0.13 (0.07)

PET

109 (238)

7

3.21

1.37

0.7

31

3.00 (0.73)

2.76 (0.60)

0.77 (0.23)

0.38 (0.11)

0.44 (0.12)

0.11 (0.08)

SAL

99 (70)

2

1.96

0.57

0.39

40

2.50 (0.76)

2.03 (0.47)

0.44 (0.19)

0.23 (0.10)

0.25 (0.10)

0.11 (0.05)

SLD

46 (0)

2

1.98

0.6

0.42

30

2.67 (0.76)

2.51 (0.68)

0.65 (0.27)

0.36 (0.16)

0.36 (0.14)

0.08 (0.08)

Number of B. plicatilis s. s. diapausing eggs genetically characterized (N; between parentheses, number of eggs found for other
species of the B. plicatilis complex), number of haplotypes/alleles (Na), number of haplotypes/alleles corrected by rarefaction (rNa),
Shannon–Weaver index (I), observed heterozygosity (Ho), unbiased genetic diversity (h for mitochondrial, and He for
microsatellites), and fixation index (F). For microsatellites, values are average across loci with its standard error between
parentheses is shown
a

Populations that were not considered for further population genetic analyses

t test: t = 0.643, df = 10, P value = 0.535, and
t = 1.093, df = 10, P value = 0.300 respectively).
In the four lakes, where eggs were found in both shore
and center and B. plicatilis s. s. co-occurred with other
species of the complex, B. plicatilis s. s. was found in
higher frequency on the shore than in the center in
three of them, but this difference was significant only
in one lake (SAL; based on 95% binomial confidence
interval) (Suppl. Fig. 2).
We found the expected positive correlation
between total egg density for the species complex
and lake area (R2 = 0.81, P value one-sided hypothesis \0.001). However, no correlation was found
between lake area and B. plicatilis s. s. egg density
(R2 = 0.21, P value = 0.103).
Mitochondrial DNA diversity
We extracted and analyzed a total of 665 diapausing
eggs for 16S and 549 for COI. To this, we added data
from gene 16S from 347 diapausing eggs of the
species complex from Pétrola obtained in a previous
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study (Montero-Pau et al., 2011), and we genotyped
the same eggs additionally for COI in B. plicatilis s. s.
A total of four haplotypes for 16S and five for
COI were found in B. plicatilis s. s. The concatenation
of both mitochondrial fragments resulted in a total of
eight B. plicatilis s. s. haplotypes, three of them only
found in Pétrola lake, one only found in Salobrejo, and
another only in Hoya del Monte (Table 2, Suppl.
Tables 1, 2; Fig. 3). Pétrola lake had the highest
number of haplotypes, seven, and highest haplotype
diversity (Table 2), whereas HTU, despite a large
sample size (40), had a single haplotype.
Microsatellite diversity
We found evidence of either null alleles or scoring
errors in HYR, ATA, SLD, and PET for microsatellite
Bp3 (raw data in Suppl. Table 3). Therefore, this locus
was excluded from further analysis. Samples sizes,
allelic diversity, and expected and observed heterozygosity are shown on Table 2 and Suppl. Table 1. Loci
were polymorphic in most populations, although locus
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Bp4a that was only polymorphic in HYB, HYR, and
ONT, and loci Bp1, Bp5, and Bp6 were not variable in
HTU and SLD, SAL and HTU, respectively. Mean
expected heterozygosity was highest in ONT (0.475)
and lowest in SAL (0.252). Statistically significant
evidence for linkage disequilibrium was found
between loci Bp2 and Bp3c in ONT, Bp3c and Bp5
in HYM, and Bp2 and Bp6 in SLD (data not shown).
No evidence of H-W disequilibrium was found for any
lake, either if sampling points within lake were
considered separately or if they were merged.
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sampling points is 1.04%, while the variance
explained among lakes is 24.30%.
No significant differences were found for the
genetic diversity between shore/center sampling
points (paired t test: t = 1.703, df = 3,
P value = 0.187 for microsatellites; t = 1.430,
df = 3, P value = 0.248 for the concatenation of
mitochondrial genes) (Suppl. Fig. 3). No evidence of
isolation by distance was found (Suppl. Fig. 4) neither
for the mitochondrial genes nor microsatellites.

Population structure and isolation by distance

Relationships between B. plicatilis s. s. diapausing
bank size, lake area, and genetic diversity

Populations with less than nine diapausing eggs of B.
plicatilis s. s. genotyped (HYC, HYE, MJB, and MSA)
were not used in analyses of population structure and
isolation by distance. Population genetic structure was
very high (Fig. 4), with pairwise Fst for concatenated
mitochondrial genes ranging from 0 to 0.762 and
global Fst was 0.477 (Table 3). According to MANOVA, the variance explained by the differentiation
between sampling points (shore, center) is 1.69%,
while the variance explained among lakes is 46.04%.
For microsatellites, population differentiation ranged
from 0.054 to 0.584 and global Fst was 0.253. The
variance explained by the differentiation among

For microsatellites, no significant correlation was
found between genetic diversity (using either
expected heterozygosity, He, or number of alleles
corrected by rarefaction, rNa) and B. plicatilis s. s.
diapausing egg bank size or lake size (Fig. 5; Suppl.
Table 4). In contrast, for mtDNA, significant correlations were found between the rarefaction-corrected
number of haplotypes (rNa) on the one hand and
lake area and B. plicatilis s. s. diapausing egg bank
size, on the other hand (Fig. 5). As lake area and
size of B. plicatilis s. s. diapausing egg bank have a
skewed distribution, correlations were also assessed
using the log-transformation of both variables to

Fig. 3 Geographical
haplotype distribution for B.
plicatilis s. s. and haplotype
network for the
concatenation of
mitochondrial genes 16S
and COI, and. Numbers in
the haplotype network are
the abundance of each
haplotype
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Fig. 4 Non-metric multidimensional scaling based on genetic distance of B. plicatilis s. s. populations. Genetic distance was calculated
for six microsatellite loci (Fst) (a) and haplotypes for mitochondrial genes COI and16S (Ust) (b)

Table 3 Pairwise genetic differentiation among lakes
ATA
ATA
CAM

CAM

HTU

HYB

HYM

HYR

ONT

PET

SAL

SLD

0.099

-0.003

-0.017

0.613***

0.320***

-0.013

0.290***

0.622***

0.669***

0.170

0.152

0.514***

0.228*

0.119*

0.541***

0.519***

-0.002

0.631***

0.345***

0.000

0.303***

0.670***

0.692***

0.670***

0.384***

-0.011

0.374***

0.646***

0.740***

0.604***

0.182***

0.710***

0.052*

0.314***

0.082**

0.507***

0.130**

0.264***

0.642***
0.466***

0.650***
0.162***

0.516***

0.107

HTU

0.290***

0.535***

HYB

0.069***

0.367***

0.159***

HYM

0.210***

0.362***

0.275***

0.117***

HYR

0.155***

0.451***

0.204***

0.054***

0.137***

ONT
PET

0.331***
0.301***

0.342***
0.351***

0.276***
0.273***

0.196***
0.161***

0.140***
0.140***

0.214***
0.189***

0.038**

SAL

0.584***

0.483***

0.531***

0.414***

0.333***

0.431***

0.278***

0.294***

SLD

0.253***

0.433***

0.253***

0.110***

0.124***

0.088***

0.150***

0.086***

0.152***

0.762***
0.373***

The upper hemi-matrix shows /ST values for the concatenation of 16S and cox1, and the lower hemi-matrix, the FST values for the
six microsatellite loci. Population CAM was not analyzed for microsatellites due to low sample size
Significant values are denoted with asterisks, * P value \0.05; ** \0.01, *** \0.001

reduce this effect. When using log-transformed
variables, statistical significance only was found
between rNa and lake area (Fig. 5). Pétrola, the
largest lake by far, and also the lake that held the
largest B. plicatilis s. s. diapausing egg bank, also
has the highest heterozygosity and allelic diversity.
To assess the effect of this potential outlier in our
results, we repeated the analyses removing Pétrola
from the dataset no significant effects were found
(Suppl. Fig. 5).
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The partial least squares path modeling analysis of
the relationship among latent variables (lake area,
population size, and mitochondrial genetic diversity)
revealed that lake area had a highly significant effect
on B. plicatilis s. s. population size (direct path
coefficient = 0.891; P value \0.001; Fig. 6),
although not on genetic diversity (direct path coefficient = 0.265; P value = 0.626). Population size did
not have a direct significant effect on rNa (direct path
coefficient = 0.535; P value = 0.338). Altogether,
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Fig. 5 Relationship between the number of alleles/haplotypes
corrected by rarefaction and B. plicatilis s. s. egg bank size (two
superior panels) and lake size (two inferior panels) for
microsatellites (left panels) and mitochondrial concatenate

(right panels). Lines were fitted using least squares linear
regression using untransformed (dashed line) or log-transformed (solid line) population size proxies

lake area resulted in a strong total effect of lake area on
rNA (indirect path coefficient = 0.265, total path
coefficient = 0.744). However, after excluding Pétrola, the explanatory power of the model weakened
(R2 dropped from 0.764 to 0.442), and none of the
direct effects were significant (area on population size:
direct path coefficient = 0.638, P value = 0.064; area
on genetic diversity: direct path coefficient = -0.151,
P value = 0.772; population size on genetic diversity:

direct path coefficient = 0.423, P value = 0.428).
Also, total effect (direct and indirect) of area on rNa
dropped from 0.744 to 0.119.

Discussion
Our results suggest that although lake area is a better
predictor of population genetic diversity than the size
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Fig. 6 Results from partial
least squares path modeling
showing the direct effect
(solid arrows) of model
latent variables (circles).
Dotted arrows show the
weights of the measured
variables (rectangles) on
each latent variable of the
model. ***: P value of direct
effects \0.01

of B. plicatilis s. s. diapausing egg banks, this effect
was only significant when population genetic diversity
was estimated for mtDNA, but not for nuclear DNA,
and was due to a disproportionate effect of the largest
lake Pétrola.
Diapausing egg bank densities, lake area,
and competitive interactions
Superficial diapausing egg bank densities of B. plicatilis
s. s. and the absolute sizes of their egg banks showed an
enormous large range of variation (i.e., eight orders of
magnitude for total diapausing eggs banks) and reached
comparable sizes to those estimated for other zooplanktonic organisms (De Meester et al., 2004). The fact that
larger lakes hold higher diapausing egg bank densities of
the species complex suggest that they might be more
ecologically suitable for these rotifers, possibly through
higher environmental stability. However, we did not
find an effect of lake size on B. plicatilis s. s. egg density,
what may reflect its competitive relationships with B.
manjavacas, a common species in this group of lakes
with similar ecological requirements (Gabaldón et al.,
2013). These competitive relationships result on strong
fluctuations, with an alternation in dominance between
these two species reflected in their diapausing egg banks
(Montero-Pau et al., 2011). Indeed, the trend of B.
plicatilis s. s. to have higher density on the shore when
coexisting with B. manjavacas might be reflecting
dominance of B. plicatilis s. s. in episodes of lake filling
associated to lower salinity and reflecting B. manjavacas better adaptation to higher salinity (Gabaldón et al.,
2015).
Population structure and isolation by distance
As previously observed in rotifer populations at larger
geographical scales (Gómez et al., 2000b; Mills et al.,
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2007), population structure was remarkable, with high
genetic differentiation between lakes and global Fst of
0.477 for mtDNA. Similarly, for microsatellites,
population differentiation was high, although not as
much as for mtDNA with global Fst was 0.239. We
found no evidence of an ‘isolation by distance’ pattern
neither for the mitochondrial genes nor for microsatellites, in contrast to previous regional or global
assessments (Gómez et al., 2002a; Mills et al.,
2007). Sequential colonization effect might work at
larger scales (regional/continental), but it is less likely
to work at local scales, where a highly dynamic
process of extinction and recolonization might be
dominant.
Population size and genetic diversity
We found no effect of proxies of population size on
microsatellite diversity, contrasting with significant
effects of two proxies of population size (lake area and
diapausing egg bank size) on mtDNA number of
haplotypes. As the effective population size of
mtDNA markers is four times smaller than in nuclear
DNA markers, mtDNA suffers from stronger genetic
drift, and therefore smaller lakes holding small
populations might lose mtDNA diversity faster than
nuclear DNA (Ballard & Whitlock, 2004). Given the
effort involved in estimating diapausing egg banks,
our results suggest that lake area, which is easily
estimated from maps or aerial imagery, could be the a
very cost-effective estimator of population size,
especially if there are strong time fluctuations in the
size of the diapausing egg bank. This has been shown
to be the case, for example, when two competing
species might strongly alternate in abundance due to
changing ecological conditions, like in the case of B.
plicatilis s. s. and B. manjavacas in Pétrola (MonteroPau et al., 2011). Therefore, competitive processes
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resulting in strong interannual species fluctuations will
reduce the usefulness of superficial diapausing egg
bank sizes as proxy of effective population sizes and
therefore weaken any correlation with genetic
diversity.
We must be cautious, however, in not overstating
our results as the statistical significance of the
relationship between mtDNA and proxies for population size relies on the large effect of Pétrola, the
largest lake in the dataset. Unfortunately, in the
sampled system, there was no additional pond
similar in size to Pétrola, so that a caveat exists
on whether the high genetic diversity harbored in
Pétrola is due to its size or to an unknown different
singularity. Nevertheless, the ponds included in the
study are in a small geologically and geomorphologically very homogeneous area, so that pond
differences not due to size are unlikely factors
affecting to genetic diversity. By contrast, it is
possible that large lakes have a disproportionate
effect on genetic diversity, mediated by their larger
population sizes, and lower ecological stochasticity,
but the confirmation of this effect will require
further study. The generality of our results should
be assessed by including more lakes and investigating the relationship between genetic diversity
and lake area in other zooplanktonic organisms. In
addition, in order to resolve the effects of large
population sizes and ecological stochasticity on
genetic diversity, estimates of population ages,
possibly based on paleolimnological studies, would
be very informative.
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Gómez, A., 2005. Molecular ecology of rotifers: from population differentiation to speciation. Hydrobiologia 546:
83–99.
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