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one. Further, diapausing eggs on the finer substrate 
were more exposed to the wind than those over the 
coarser one, and therefore higher departure rates were 
observed in the former. Overall, results show that 
wind is a relevant dispersal vector for the rotifers of 
the B. plicatilis species complex, with egg morpho-
logical traits and substrate granulometry being impor-
tant factors modulating their dispersal. This study is 
a proof of concept for the departure phase of disper-
sal. Further studies on transfer and settlement phases 
are needed to get a complete picture of the dispersal 
potential of these organisms.

Keywords  Aeolian dispersal · Brachionus plicatilis 
species complex · Departure propensity · Diapausing 
eggs · Biometric traits · Substrate granulometry · 
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Introduction

Dispersal is an important life-history trait that allows 
survivorship of demes (Bonte & Dahirel, 2017). In a 
landscape of aquatic water bodies, especially when 
some of them are temporary, metapopulation extinc-
tion is avoided by the migration of individuals from 
nearby sources (Vanschoenwinkel et  al., 2013) In 
zooplankters, the dominant dispersal propagule is 
generally the sexually produced diapausing egg. Pas-
sive spatial dispersal of propagules can occur through 
different biotic and abiotic agents (Havel & Shurin, 
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2004) such as water connections (hydrochory; e.g., 
Michels et al., 2001), animals (zoochory; e.g., Frisch 
et  al., 2007), or wind (anemochory; e.g., Brendonck 
& Riddoch, 1999; Cáceres & Soluk, 2002; Cohen 
& Shurin, 2003; Havel & Shurin, 2004; Vanschoen-
winkel et  al., 2009). The latter is also recognized to 
influence the horizontal distribution of zooplankters 
over one water body (Thackeray et  al., 2004), but it 
is a crucial vector for the effective transport of small 
metazoans among discrete, unconnected habitats 
(Sirianni, 2017; Vanschoenwinkel et al., 2008a).

Despite its critical importance, measurements of 
wind dispersal in zooplankton groups are rare com-
pared with other organisms (e.g., plants), but increas-
ingly growing in recent decades (Tesson et al., 2015). 
The net displacement between locations is deter-
mined by three stages of dispersal: departure, transfer 
and settlement (Bonte & Dahirel, 2017). Most studies 
on zooplankton dispersal rely on the third stage using 
gene flow measurements as direct evidence of popu-
lation colonization and establishment (Louette et al., 
2007; Ortells et  al., 2012, 2014). Direct estimates 
of wind-borne transfer are challenging because they 
involve intercepting propagules by means of traps and 
windsocks (Vanschoenwinkel et  al., 2008a, b; Van-
schoenwinkel et  al., 2009). To determine the capa-
bility of departure from the aquatic habitat by being 
airlifted, two nonexclusive approaches are applicable: 
installing propagule traps on the edges of the source 
water body and using wind-tunnel experiments under 
controlled conditions in the lab (Graham & Wirth, 
2008; Pinceel et al., 2016; Rivas, et al., 2018). Wind-
tunnel experiments further enable to search a rela-
tionship between dispersal capacity and specific 
propagule traits. It has been suggested that specific 
differences in egg size, shape or ornamentation may 
influence buoyancy, animal attachment or adhesion 
to the substrate (Cáceres et  al., 2007; Pinceel et  al., 
2016; Vanschoenwinkel et  al., 2009). Making use 
of a wind tunnel in a laboratory experiment, Pinceel 
et al. (2016) found differences in dispersal propensity 
among crustacean eggs of different size and shape on 
three distinct surface types. In their study, larger eggs 
were more easily airlifted and the rougher substrate 
offered spaces for wind protection. By contrast in the 
field, with the use of traps and windsocks, Vansch-
oenwinkel et al. (2009) found larger propagules over 
the substrate and smaller ones lifted above the rocky 
surface.

Recently, there have been important efforts to 
quantify wind dispersal (Sirianni, 2017; Ptatscheck 
et al., 2018; Rivas et al., 2019), but the overwhelm-
ing emphasis has been placed on large aquatic inver-
tebrates (e.g., nematodes, water mites branchio-
pods, cladocerans, tardigrades), despite that small 
zooplankters—less than 300  µm—like rotifers are 
expected to be most readily dispersed by wind (Lopes 
et  al., 2016; Moreno et  al., 2016; Brendonck et  al., 
2017). Until now, direct measurements of rotifer wind 
dispersal are scarce (Jenkins & Underwood, 1998; 
Cáceres & Soluk, 2002; Lopes et  al., 2016; Moreno 
et  al., 2016; Ptatscheck et  al., 2018; Rivas et  al., 
2019), and little is known on variation in dispersal 
propensity among rotifer species and in the features 
of their propagules.

The so-called resting or diapausing eggs of 
monogonont rotifers are encysted embryos, whose 
development is arrested, and encased in a three-lay-
ered shell that protects them from external stressors, 
like desiccation and temperature extremes (Wurdak 
et al., 1978; Clément & Wurdak, 1991; García-Roger, 
et al., 2019). The external characters of the diapaus-
ing egg—shape, size, color, and sculpturing (orna-
mentation)—appear to be species specific (Pourriot 
& Snell, 1983; Walsh et al., 2017; Guerrero-Jiménez 
et al., 2020). Eggs are either ovoid, as in Brachionus, 
or spherical, as in Asplanchna (Walsh et  al., 2017; 
Guerrero-Jiménez et  al., 2020). While there is lit-
tle variation in the shape of the diapausing eggs, this 
is not the case for their size. In a metadata analysis, 
Walsh et  al. (2017) estimated an average volume of 
rotifer diapausing eggs of 6.8 × 105 µm3 with a vari-
ation range from 0.11 × 105 to 97.4 × 105 µm3. The 
outer layer of the egg is a thick opaque shell which 
in some species may bear knobs or spines observable 
by scanning electron microscopy (Walsh et al., 2017; 
Guerrero-Jiménez et al., 2020).

Variation in the features of diapausing eggs 
appears to exist even between morphologically very 
similar species such as the cryptic species com-
plex Epiphanes senta (Schröder & Walsh, 2007) 
and Brachionus plicatilis. For the latter, differences 
in size, shape and surface topography of their dia-
pausing eggs have been reported for some species 
(Ciros-Pérez et  al., 2001; Guerrero-Jiménez et  al., 
2020). However, it is unknown whether interspecific 
variation in these features might determine different 
wind-mediated dispersal capabilities of these cryptic 
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species, which otherwise share most of their biology 
and ecology. Investigating these aspects will allow to 
characterize factors and processes in relation to dis-
persal and successful colonization in rotifers. Apart 
from the features of the propagules, substrate has also 
been recognized as an important factor in wind dis-
persal of zooplankton (Graham & Wirth, 2008; Van-
schoenwinkel et al., 2010; Pinceel et al., 2016). The 
texture of the substrate influences the degree of expo-
sure of the eggs and thus the wind speed necessary 
to lift them. Although there are some comparative 
studies among branchiopod groups (i.e., anostraca, 
notostraca, cladocera and spinicaudata) regarding the 
interaction between substrate grain and features of 
dormant stages (Pinceel et al., 2016), to date there are 
no data on the effect of type of substrate and its gran-
ulometry on the ability to disperse by wind in rotifers. 
The difference in the size of the diapausing eggs of 
the species of the B. plicatilis complex could inter-
act with the grain size of the substrate, either favoring 
dispersal or generating shelters from the wind. This 
question has never been explored before.

In this study we focussed on wind dispersal of two 
related rotifer species belonging to the B. plicatilis 
complex. We performed a wind tunnel experiment 
with rotifer diapausing eggs to answer the following 
questions: Are there differences in the capacity of dis-
persal between rotifer species? And, to what extent 
variation in diapausing egg properties and substrate 
grain influences the propensity to be dispersed?

Methods

Production of experimental diapausing eggs

The diapausing eggs used in the experiments were 
produced under controlled laboratory conditions by 
monoclonal cultures of the species Brachionus pli-
catilis s.s. (six clones) and Brachionus rotundiformis 
(three clones). Differences in diapausing egg size 
between the two species can be observed in Fig.  1. 
The studied clones were established from the hatch-
lings of diapausing eggs isolated from the sediment 
egg bank of a temporary pond, Poza Sur, located in 
the East coast of Spain (Prat de Cabanes-Torreblanca 
Marsh Nature Reserve, Castellón, 40.089170 N, 
0.101480 E). This is a small brackish pond (salinity 
range: 10–32  g l−1), roughly rectangular (10 × 7  m), 

and shallow (1 m, average depth), that typically dries 
out in summer (Gómez et  al., 1995; García-Roger 
et al., 2008). The Cabanes-Torreblanca Marsh forms 
a coastal barrier-lagoon system with permanently 
flooded areas in an almost flat space located in the 
Oropesa Coastal Plain (Carmona et al., 2014; Segura-
Beltran & Pardo-Pascual, 2019). This type of habitat 
is considered a highly dynamic environment where 
wind exposure, especially due to the sea breeze, is a 
very relevant factor (Blondel et al., 2010).

In Poza Sur, B. plicatilis and B. rotundiformis, 
which belong to the B. plicatilis cryptic species 
complex (Gómez et  al., 2002; Suatoni et  al., 2006), 
appear together in the water column during extended 
time periods (Gómez et al., 1995; Ortells et al., 2003; 
García-Roger et  al., 2008; Gabaldón et  al., 2017). 

Fig. 1   Microphotographs of diapausing eggs of the two spe-
cies studied. Brachionus plicatilis in the upper panel and B. 
rotundiformis in the bottom panel
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Diapausing eggs morphologically identified as puta-
tively belonging to the B. plicatilis complex were iso-
lated from the sediment samples by the sugar flotation 
technique described in (García-Roger et  al., 2005). 
Diapausing egg hatching was induced by individually 
transferring the eggs into 96-multiwell plates contain-
ing 150 µL of 6 g l−1 saline solution made with syn-
thetic sea salts (Instant Ocean®; Aquarium Systems) 
and incubating the plates at 25 ºC under constant illu-
mination (~ 160  µmol quanta m2 s−1) (García-Roger 
et  al., 2006). The wells were checked for hatchlings 
every 24 h and 50 µL of rotifer culture medium were 
added to each well where a newborn female was 
observed. This medium consisted of a culture of the 
microalgae Tetraselmis suecica, used as food source 
to rotifers, and adjusted to a concentration of 250,000 
cells ml−1. Microalgae were grown in 12 g l−1 modi-
fied F/2 medium (Guillard, 1975) prepared with syn-
thetic sea salt (Instant Ocean®; Aquarium Systems) 
(hereafter, standard conditions). Microalgae density 
was estimated by using an automated cell counter 
based on image analysis (Celeromics Technolo-
gies). After a few days of clonal propagation from 
the diapausing egg hatchlings, the rotifer clones were 
transferred to test tubes with 15  ml of medium and 
maintained as stock cultures under standard condi-
tions. B. plicatilis and B. rotundiformis clones were 
taxonomically identified according to their body size 
and shape, and dorsal spine morphology (Ciros-Pérez 
et  al., 2001). From stock cultures—and in order to 
produce the diapausing eggs to be used in the experi-
ments—mass cultures for each clone were started 
at low density by randomly transferring 50 females 
to flasks containing 500  ml of culture medium (ini-
tial density = 0.1 females ml−1). These cultures were 
raised under standard conditions and the microalgae 
concentration was monitored daily. If the microalgae 
concentration was lower than 250,000 cells ml−1, it 
was restored to this initial concentration by adding 
microalgae concentrated by centrifugation (1500×g, 
10 min) to a low volume (< 1 ml). Pre-experimental 
cultures were also monitored daily for first males’ 
appearance (an indicator of the initiation of sexual 
reproduction). Once initiation of sexual reproduc-
tion was observed, the eggs produced within three 
days were harvested in B. plicatilis cultures, and 
within six days in the cultures of B. rotundiformis 
(where the production was slower). The aim was to 
gather an enough number of diapausing eggs for the 

experiments that were as similar in age as possible. 
The diapausing eggs were collected by filtering each 
culture through a 30-µm Nytal mesh sieve, which 
retained rotifers and eggs. Afterwards, the eggs were 
rinsed in 12 g l−1 saline solution and isolated under a 
stereomicroscope (Olympus SZX10) into Eppendorf 
tubes containing 40 g l−1 saline solution. Until their 
use in the experiments, these tubes were stored in 
the dark and 4 ºC to avoid the hatching of diapausing 
eggs. Before carrying the wind tunnel experiment and 
the measurements of weight and biometry, the dia-
pausing eggs were soaked and rinsed sequentially in 
solutions of decreasing salinity up to distilled water.

Biometric traits of diapausing eggs

The length and width of 50 diapausing eggs from 
each clone and species were measured from micro-
photographs taken under an optical microscope 
Olympus BX51 at ×400 magnification, fitted with an 
Olympus ColorView IIIu 5 photocamera, and using 
cellˆP software (version 5.1, build 2600; Olympus) 
for image analysis. From these measurements, the 
volume was estimated using an ellipsoid approxima-
tion following the expression V = (π/12) (3 WL—W), 
where L is the length and W the width of the egg 
(Serrano et al., 1989).

The dry weight per egg was estimated for a mini-
mum of three replicated batches of 40 eggs to a maxi-
mum of six replicated batches of 200 eggs, depending 
on the available eggs for each of the studied clones 
and species. Batches of eggs were isolated in pre-
weighted aluminium foil containers made using the 
wells of 96-well tissue culture plates (Nunc™) as 
template. Then, they were dried in the oven at 55 ºC 
overnight and afterwards weighed. All measurements 
were carried out to the nearest 1.0  µg in a Thermo 
Cahn C-35 microbalance (Thermon Electron Coop-
eration) with the help of forceps. The average weight 
of a single egg was calculated within each batch. In 
all cases, we verified that coefficients of variation in 
weight estimate did not vary strongly among clones.

Wind‑tunnel experiments

Aeolian dispersal of diapausing eggs was simulated 
in a wind tunnel built at the Laboratory of Aquatic 
Ecology, Evolution and Conservation (KU Leuven, 
Belgium). The tunnel is powered by a dual inlet 
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centrifugal fan (D2E146-HT67-02, EBM-papst), 
mounted in a wooden frame and positioned at a 22° 
angle toward the presentation platform. The wind 
flow was directed through a Perspex tube with a diam-
eter of 9 cm and a length of 23 cm until the platform, 
where the microscope slides with the diapausing 
eggs corresponding to each trial were placed. Real-
ized wind speed was verified before each trial at the 
position of the presentation platform with an AN200 
anemometer with a circular vane probe (AN200, 
EXTECH instruments). The wind tunnel device has 
the possibility to mount a fabric sock to collect the 
propagules lifted by the wind. However, the small 
size of Brachionus diapausing eggs does not allow 
them to be recovered afterwards. Therefore, instead 
of recording the number of eggs lifted from the slide 
by the wind and recovered in the sock, the number 
of eggs remaining on the slide was recorded follow-
ing (Parekh et  al., 2014). Consequently, our experi-
ments focused on the dispersal departure of diapaus-
ing eggs (i.e., the first phase of the dispersal process). 
In a previous trial, the optimal wind speed for an 
observable outcome was found to be 6 km h−1. Con-
sequently, wind velocity was set at this value using an 
in-line speed controller (REE 50, EBM-papst). This 
wind speed was in the same order of magnitude than 
the average wind speed in the wild for the natural 

populations from which experimental clones were 
isolated (data for 2021–2022; State Meteorological 
Agency—AEMET—Spanish Government).

To simulate the rough texture of the pond’s sandy 
sediment and study the effect of substrate particle 
size on wind dispersal, the lift-off of the eggs was 
tested on sandpaper of two different grain sizes, p80 
(coarser grain, average diameter size = 200  µm) and 
p180 (finer grain, average diameter size = 80 µm) fol-
lowing Pinceel et  al. (2016). These grain sizes cor-
respond respectively to the fine and very-fine sand 
sediment granulometry (Wentworth, 1922). The 
granulometry of the pond sediment from which the 
eggs were isolated were 60–2000 µm. For each grain 
size, eight replicates were performed on each of the 
six clones of B. plicatilis, while in the three clones 
of B. rotundiformis, for which fewer eggs were avail-
able, the number of replicates ranged between two 
and eight.

For each wind tunnel trial (corresponding to the 
combination of 2 species × 3–6 clones × 2 grain sub-
strate sizes × 2–8 replicates), 40 healthy-looking eggs 
were placed one by one, with the aid of a single-hair 
brush, in the center of a microscope slide lined with 
the sandpaper (Fig.  2). During each trial, the slide 
with the eggs was exposed to 6  km  h−1 wind for 
a series of time intervals of 3, 5 and 10  min. After 

Fig. 2   Microphotogra-
phy of the two types of 
sandpaper, p80 (coarser 
grain, average diameter 
size = 200 µm) in the left 
panels and p180 (finer 
grain, average diameter 
size = 80 µm) in the right 
panels, showing the 
diapausing eggs of the two 
species (arrows): B. plica-
tilis in upper panels and B. 
rotundiformis in the bottom 
panels
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each exposure interval, the slide was checked under a 
stereomicroscope to count the remaining eggs. Then, 
the slide was placed again in the wind tunnel for 
the next wind exposure time period. The number of 
eggs remaining in the slide after each exposure cor-
responds to those eggs that were not airlifted. From 
these records, the number of dispersed eggs at each 
experimental time interval was estimated.

Data analysis

We constructed a generalized linear mixed effect 
model (GLMM) to investigate whether there are dif-
ferences in wind dispersal departure capacity of dia-
pausing eggs between (1) species (B. plicatilis and 
B. rotundiformis), (2) the granulometry of substrate 
(p80 and p180 sandpaper), and (3) among different 
exposure times to wind (3, 5 and 10 min), all (1–3) 
taken as fixed-effect explanatory variables. Clone 
(nested within species) and egg (nested within clone) 
were considered as random-effect factors, the lat-
ter accounting for the fact that repeated observations 
(i.e., at the three-time intervals of wind exposure) 
were performed on each individual egg revealing its 
status (i.e., whether it dispersed or not). A binomial 
distribution of errors was assumed, and logit was 
used as link function in the GLMM. Significance of 
effects was tested after single term reductions of the 
full model (i.e., that including all the above-men-
tioned explanatory variables) followed by compari-
sons between reduced and the full models via likeli-
hood ratio tests (LRTs). The significance level was set 
at P < 0.05.

In order to study whether the diapausing eggs 
within a given clone showed signs of differential dis-
persal departure capacity, we fitted linear regression 
models of the log-transformed counts of non-dispers-
ing eggs (i.e., those remaining in the slide exposed to 
wind) against time in a clone-by-clone fashion. The 
logarithm of the initial number of diapausing eggs of 
a given clone exposed to the wind was set as a fixed 
intercept in each model. Then, the time distribution 
of the residuals of the data against each model (taken 
as a reference of constant dispersal rate) was used to 
estimate whether there are sets of eggs within a clone 
that dispersed from or remained in the experimental 
plates more than expected. Note that this approach 
is like the well-known survivorship curve analysis in 
ecology (Pearl, 1928) for which type II survivorship 

is taken as a reference (i.e., a constant proportion of 
individuals dying at each age interval).

The relationship between diapausing egg traits, 
weight and volume, and between these and their dis-
persal departure capacity (measured from the propor-
tion of non-dispersing eggs) was explored by means 
of correlation analysis using the average values of 
each clone.

Analyses to investigate wind dispersal departure 
capacity of diapausing eggs of B. plicatilis and B. 
rotundiformis in relation to substrate grain and expo-
sure time to wind were performed in R studio 3.5.3 
(R Core Development Team) using the glmer and 
anova functions from package “lme4” (Bates et  al., 
2015), respectively for GLMM fitting and LRTs. Lin-
ear regression and analysis of residuals for the study 
of differential dispersal capacity at the within-clone 
level, as well as correlational analyses for diapausing 
egg traits, were carried out in Excel.

Results

Biometric traits of diapausing eggs

Diapausing egg linear dimensions (length and width), 
as well as volume, showed differences between the 
two species, with B. plicatilis consistently exhibit-
ing greater values than B. rotundiformis (Table  1). 
Overall, the average values of B. plicatilis were 
152.8 ± 1.7 µm for egg length and 113.6 ± 0.7 µm for 
egg width, while average values for B. rotundiformis 
were 112.0 ± 0.6 µm for egg length and 76.7 ± 0.6 µm 
for egg width. The average volume estimated from 
these measures was 13,613.5 ± 194.8 µm3 in B. pli-
catilis and 5,045.7 ± 145.2 µm3 in B. rotundiformis. 
The weight of B. plicatilis diapausing eggs averaged 
0.41 ± 0.02  µg and those of B. rotundiformis aver-
aged 0.18 ± 0.03  µg. In all cases, ranges were con-
sistently wider among B. plicatilis clones. A positive 
and significant correlation was observed between the 
volume and the weight of diapausing eggs (Pearson’s 
r = 0.917, P  < 0.001). 

Wind tunnel experiment

The percentage of eggs dispersed at a moderate 
wind speed of 6 km h−1 during a period of ten min-
utes ranged from 19 to 89% for B. plicatilis, and 
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from 6 to 74% for B. rotundiformis depending on 
substrate granulometry. Dispersal departure capac-
ity of B. plicatilis and B. rotundiformis clones on 
substrates of different granulometry are depicted in 
Fig.  2. GLMM-based analyses revealed significant 
differences between the dispersal capacity of the 
diapausing eggs of both species (LRT’s χ2 = 243, 
P < 0.001); B. plicatilis dispersing more than B. 
rotundiformis, even with a light wind. Regarding 
substrate granulometry, the finest grain assayed 
(p180 sandpaper) resulted in higher dispersal rates 
than the coarsest (p80 sandpaper) for both species 
(RT’s χ2 = 1275.54, P < 0.001). Time exposure to 
wind had a significant positive effect on the dis-
persal capacity of the two species studied (LRT’s 
χ2 = 2272, P < 0.001). None of the interactions 
between fixed-effect explanatory variables were 
significant. Intraspecific variation in the dispersal 
departure capacity of diapausing eggs was observed 
(Fig.  3), with significant differences between the 
different clones of each species (LRT’s χ2 = 5550.2, 
P < 0.001), as well as between the eggs of a same 
clone (LRT’s χ2 = 345.14, P < 0.001).

At this within-clone level, the analysis of the 
deviations of the residuals of underlying linear 
models assuming constant dispersal rates with 
exposure time revealed differences between the dia-
pausing eggs of a same clone with respect to their 
probability of being lifted by wind (Fig. 4). The dif-
ferences were more pronounced for the clones of 
B. plicatilis—the species that dispersed the most—
than for B. rotundiformis, and became more evident 
on p180 sandpaper. Diapausing eggs of B. rotundi-
formis dispersed at a constant rate on both substrate 
granulometries, whereas B. plicatilis diapausing 
eggs only dispersed at a constant rate on the coarser 
substrate (p80 sandpaper). When placed on the finer 
substrate (p180 sandpaper), the diapausing eggs of 
B. plicatilis dispersed more than expected under a 
constant rate during the first five minutes and less 
than expected after ten minutes of wind exposure.

Results showed a negative correlation between 
the percentage of remaining diapausing eggs after 
ten minutes of wind exposure and egg volume 
(Pearson’s r = − 0.488, P = 0.040) and weight (Pear-
son’s r = − 0.407, P = 0.094).
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Discussion

Our findings provide empirical evidence that wind is 
a relevant dispersal vector for small sized zooplank-
ters such as the rotifers of the B. plicatilis species 
complex. In this manner, the diapausing eggs of the 
natural populations studied were effectively lifted in 
the established wind tunnel setup. Despite that small 
sized taxa are expected to disperse easily (Brooks 
& Dodson, 1965; Finlay, 2002) and that wind has 
been long recognized as a major dispersing vector 
for zooplankton dormant propagules over short dis-
tances (Cáceres & Soluk, 2002; Cohen & Shurin, 
2003; Havel & Shurin, 2004; Vanschoenwinkel et al., 
2008b; Lopes et al., 2016; Moreno et al., 2016), there 
are very few studies that have engaged in quantifying 
rotifer dispersal. Most of these studies have focused 
on population establishment based on manipu-
lated mesocosms (Cáceres & Soluk, 2002; Cohen & 
Shurin, 2003), and some have adventured to catch 

rotifer propagules up in the air (Lopes et  al., 2016; 
Moreno et al., 2016; Rivas et al., 2019). To date, there 
is only one previous study addressing wind dispersal 
of rotifer dormant propagules under controlled condi-
tions (Rivas et al., 2018), and to our knowledge, none 
has quantified the differential dispersal output capaci-
ties of closely related species in relation to the biom-
etric characteristics of their diapausing eggs.

Wind dispersal departures differed between the 
two species studied, which appears to be associated 
with differences in diapausing egg size and weight. 
The diapausing eggs of B. plicatilis, larger and heav-
ier than those of B. rotundiformis (Munuswamy et al., 
1996; Ciros-Pérez et  al., 2001), were more prone to 
be airlifted than the eggs of B. rotundiformis even at 
low wind speed. The diapausing eggs of the two spe-
cies studied differed in size. The mean diapausing egg 
volume of B. plicatilis was approximately 2.7 times 
that of B. rotundiformis, even though the volume of 
both species lies in the lower volume range of rotifer 

Fig. 3   Number of diapausing eggs remaining in the slides 
(i.e., not lifted) after each wind exposure time interval dur-
ing the experiment for the clones studied of B. plicatilis 
(upper panel) and B. rotundiformis (lower panel). Note that 
this number of eggs is complementary to the number of eggs 
dispersed. Each line represents the dispersal dynamics of the 

diapausing eggs of a trial within a clone. Data are shown for 
two substrate granulometries, simulated with sandpaper of 
two different grain sizes, p80 (coarser grain, average diam-
eter size = 200  µm) and p180 (finer grain, average diameter 
size = 80 µm)
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diapausing eggs according to data reported by Walsh 
et al. (2017). The percentage of eggs dispersed after 
10 min of exposure to wind was consistently higher 
for B. plicatilis than for B. rotundiformis for both 
types of substrate granulometry. These results coin-
cide with those of Pinceel et  al. (2016) who found 
that larger propagules in several species of branchio-
pod crustaceans were more easily lifted by wind than 
smaller ones. Since the weight of diapausing eggs of 
both rotifer species showed a positive correlation with 
volume, this greater capacity of the heavier eggs to 
be lifted by the wind—like in Pinceel’s et al. (2016) 
study—is contrary to the rational expectation of a 
positive relationship between mass and airlifting. As 
these authors argue, a larger diameter (i.e., the two 
diameters in the case of the ellipsoidal diapausing 
eggs of Brachionus) provides a larger wind contact 
surface and thus can result in a stronger wind boost 
on the egg, which could compensate for the increased 
aerodynamic resistance and adhesion forces resulting 
from the larger size of the propagule. To our knowl-
edge, except for the previous study by Pinceel et  al. 

(2016), the relationship between zooplankton prop-
agule mass and wind-dispersal departure has not 
been analyzed under controlled conditions. There 
are, however, previous reports stating that passively 
dispersed propagules tend to be smaller than active 
dispersers, and that their dispersed distances are not 
related to propagule mass (see Jenkins et  al., 2007 
for meta-analysis in several taxa including protists, 
Fungi, Plantae and Animalia). Because in this study 
we have emphasized on the departure phase of the 
dispersal process in rotifers, we do not have data on 
the distances reached based on the biometrical traits 
of the diapausing eggs of the species studied. More-
over, whether or not these wind uplift differences 
imply differences in the height attained and the dis-
persal distance traveled between the diapausing eggs 
of the two species studied cannot be ascertained from 
our study. It has been suggested that the higher ease 
for airlifting of bigger-sized eggs could result in fre-
quent, short distance dispersal by tumbling near 
ground level, whereas smaller eggs could be airlifted 
longer and thus travel larger distances (Brendonck & 

Fig. 4   Average of the deviation of the residuals for the dia-
pausing egg dispersal rate at each wind exposure interval time 
in relation to a constant dispersion rate. Results are shown 
for each clone of the two species studied (B. plicatilis: Bp; B. 

rotundiformis: Br) in the two substrate granulometries assayed, 
p80 sandpaper (coarser grain, average diameter size = 200 µm) 
in blue and p180 sandpaper (finer grain, average diameter 
size = 80 µm) in red. The error bars represent the standard error
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Riddoch, 1999; Vanschoenwinkel et al., 2009). How-
ever, studies investigating the relationship between 
passive dispersal distance and propagule mass are 
not conclusive in this respect (Jenkins et  al., 2007; 
Fontaneto, 2019; Alzate & Onstein, 2022). On the 
other hand, a previous wind-tunnel study by Rivas 
et  al. (2018) reported that most diapausing eggs of 
B. plicatilis and the congeneric freshwater species 
Brachionus calyciflorus, whose diapausing eggs are 
of similar size and morphology, reached distances of 
several hundreds of meters, and that some could even 
travel up to 1,000 km, when exposed to a wind speed 
of ~ 40 km h−1.

Besides differences between species, signifi-
cant differences in dispersal capacity were observed 
between clones of the same species. These differences 
may be related to variation in volume and weight of 
the diapausing eggs. Previous studies have reported 
variations of 30% in diapausing egg volume among 
clones within other species of the genus Brachionus 
(Liu & Niu, 2010). The coefficient of variation of dia-
pausing egg volume of clones of the species studied 
was 9.1% for B. rotundiformis and 8.6% for B. pli-
catilis. Given that all eggs were produced under the 
same conditions, differences between clones must be 
genetically determined. Similarly, among clonal dif-
ferences found in dispersal capacity can also have a 
genetic basis. On the contrary, within clonal differ-
ences are strictly due to environmental conditions, in 
this case, the egg being more or less exposed to the 
wind. It is precisely in this sense that the granulom-
etry of the substrate emerges as a factor of influence 
on the dispersal capacity of rotifer diapausing eggs, 
as we show below.

Our findings showed that the grain size of the sur-
face on which eggs were laid is relevant for disper-
sal. We used two different substrate granulometries, 
framed in the granulometry range of the sediment in 
the dried pond bed and areas of exposed soil from the 
margin of the pond during periods of low water in 
our study area, and from which diapausing eggs are 
expected to disperse away. Dispersal rate was higher 
in the finer grain sandpaper (p. 180) for both spe-
cies than in the coarser grain one (p80), in a manner 
consistent with the findings by Pinceel et  al. (2016) 
for several branchiopod crustacean propagules. The 
average grain-to-grain distance in the coarser grain 
sandpaper is 400 µm, whereas it is 130 µm in the finer 
grain sandpaper. Therefore, the diapausing eggs of 

both species can be interspersed between the grains 
of the coarser grain sandpaper. However, only the 
diapausing eggs of B. rotundiformis, smaller in size 
(112.0  µm ± 0.6), can be interspersed between the 
grains on the finer grain sandpaper, while the dia-
pausing eggs of B. plicatilis lied down on the top of 
the grains of this substrate. As a result, the eggs of B. 
plicatilis were more exposed to wind when deposited 
on this substrate.

In the wind tunnel, diapausing eggs were dispersed 
at low wind speeds (6 km h−1). In the field, this wind 
speed is at the lower limit of the range reported for 
the region where the natural populations of B. plica-
tilis and B. rotundiformis studied are found, accord-
ing to the records of the nearest meteorological sta-
tion (39.95514157509477, − 0.07379782107939019; 
approx. 30  km from the study site). In the last two 
years, the maximum wind speed was 75.96  km  h−1 
and, having days without wind, the average wind 
speed was 8.1 km h−1. This indicates that natural dis-
persal of rotifer diapausing eggs would be likely even 
on days with light winds. For larger zooplankters, 
such as branchiopods and cladocerans, Graham & 
Wirth (2008) demonstrated with a portable wind tun-
nel, that wind velocities necessary for cyst movement 
in branchiopods were within the range of velocities 
experienced in the field, and minimum wind speed 
thresholds for dispersal have been estimated ranging 
from 5.28 to 12.4 km h−1 (Parekh et al., 2014). Parekh 
et al. (2014) estimated that a speed of 17.2 km h−1 for 
10  s would be required to disperse 80% of the eggs 
of a branchiopod species. Regarding cladocerans, the 
range for minimum wind speed thresholds for disper-
sal have been estimated from 8.1 to 10.9 km h−1 (Pin-
ceel et al., 2016). Furthermore, Pinceel et al. (2020) 
showed that when exposing ephippia for 210 min at 
a wind speed of 32.5 km  h−1 the percentage of dis-
persed eggs ranged from 2 to 12%, and that this per-
centage increased from 5 to 30% when using a wind 
speed of 70  km  h−1. Regarding our results, for a 
series of pre-experimental tests of wind speeds, val-
ues above 10  km  h−1 provoked the loss of the vast 
majority of rotifer diapausing eggs (C. Arenas, pers. 
obs.), so we could not provide comparative data of 
wind speeds as those reported for the other groups of 
organisms. However, we have been able to provide 
data on the numbers of airlifted diapausing eggs at 
various time intervals over a total exposure period 
of 10  min. These data have shown how eggs have 
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different probabilities of being lifted into the air, and 
that this probability varies over time depending on 
the availability of spaces sheltered from the wind and 
the effect of the wind speed itself to remove the eggs 
from the shelters.

Another methodological issue in our experiment 
has to do with the placement of the eggs on the sub-
strate. This was carried out on dry substrates aiming 
to mimic conditions experienced by diapausing eggs 
during the dry season in temporary ponds, which is 
the period when eggs may be more exposed to the 
wind (Bilton et  al., 2001; Vanschoenwinkel et  al., 
2008b; Tuytens et al., 2014; Moreno et al., 2016). It 
is worthy to mention that the ponds inhabited by B. 
plicatilis and B. rotundiformis are brackish, so the 
formation of a salt precipitate with the evaporation 
of water is a common circumstance in the dry period 
that would fix the diapausing eggs to the substrate 
and make it difficult to lift them. The effective wind 
speed for the dispersal of rotifer diapausing eggs in 
these systems should be one which lifts particles of 
dust and salt, even sediment fragments in which the 
eggs are embedded (Vanschoenwinkel et  al., 2009), 
for which probably a wind speed higher than that 
tested here would be needed. Finally, the salinity of 
the water could also be a relevant aspect for a situa-
tion not initially considered here, namely the disper-
sal of floating or suspended eggs in the water column. 
In this sense, dispersal would not be restricted only 
to dry periods –although these could still be the most 
important– but also to the moment of the reflood-
ing of the ponds. Note that diapausing eggs in con-
tact with air could float more easily at that moment 
since their outer shell is porous, but denser or more 
viscous water may exert a greater impediment to lift-
ing eggs through the air. Therefore, we call for the 
need to carry out experiments in a wind tunnel plac-
ing the eggs on water to test whether a higher speed is 
required for their effective dispersal.

This study represents a proof of principle on dif-
ferences in dispersal capabilities among species and 
clones of rotifers due to diapausing egg features and 
substrate type. The controlled conditions in the lab-
oratory do not mimic completely those occurring in 
the field, and our results represent only dispersal rates 
from the departure phase. Clearly, field quantification 
with wind traps and studies on colonization and com-
munity build up will enrich the picture with transfer 
and establishment processes like maintenance in the 

air or effective dispersal. However, it is a first step 
that we believe will encourage many more to come, 
bringing rotifer knowledge to the mainstream pool of 
dispersal studies.
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