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Biology, Academy of Sciences of the Czech Republic, Brno, Czechia, 5 Institute for Ecological Research and Pollution Control
of Plateau Lakes, School of Ecology and Environmental Science, Yunnan University, Kunming, China

Alternative reproductive tactics (ARTs) are behavioural, morphological, and physiological
traits associated with alternative reproductive phenotypes within a population or
species. ARTs are widespread in nature, and are a particular feature of teleost fishes.
However, few studies have examined egg buoyancy mechanisms in the context of the
evolution of ARTs in freshwater fishes. In marine fishes, egg buoyancy is achieved chiefly
through hydration. While the buoyancy of freshwater fish eggs has been suggested
to be determined primarily through the presence of oil droplets, the majority (60%) of
freshwater pelagic eggs do not possess an oil droplet. We applied a physical model of
buoyancy to understand the contributions of oil droplets and hydration to the buoyancy
of pelagic freshwater fish eggs. We further used phylogenetic regression to estimate
the effect of the relative size of the perivitelline space, habitat and parental care on
the occurrence of oil droplets, while controlling for non-independence among species
due to phylogenetic relatedness. Our analysis demonstrates that the probability of oil
droplets in freshwater pelagic eggs exhibits a significant negative relationship with the
size of perivitelline space, which may reflect a trade-off relating to energy allocation in
contrasting habitats. We also demonstrate a positive association between the probability
of oil droplets and the provision of parental care and occupancy of lentic habitats. These
findings indicates the evolution of contrasting buoyancy mechanisms as novel ARTs in
freshwater fishes. A theoretical model in combination with empirical analysis indicate the
evolution of novel ARTs in freshwater fishes as adaptive responses to flow conditions.

Keywords: alternative reproductive tactic, lipid, model, parental care, perivitelline space, phylogenetic regression

INTRODUCTION

Understanding the processes by which alternative phenotypes evolve and are maintained within
species, populations and taxa is a central objective in evolutionary biology (West-Eberhard, 1986;
Smith and Skúlason, 1996; Oliveira et al., 2008; Taborsky and Brockmann, 2010). Alternative
reproductive tactics (ARTs) are behavioural, morphological, and physiological traits associated
with contrasting reproductive phenotypes within a population or species, and represent striking
examples of population and taxonomic diversity (Stiver et al., 2015; Monroe et al., 2016). Despite
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extensive variation in ARTs in many taxonomic groups (Oliveira
et al., 2008), the evolution of ARTs is incompletely understood.
Since teleost fishes show the greatest variability of ARTs among
vertebrates, they represent an outstanding model system for the
study of the evolution of ARTs (Taborsky, 2008).

Teleost fishes express a reproductive tactic of high fecundity
and small egg size (Wootton and Smith, 2015). Within this
broad tactic, variation in the size, composition and distribution
of fish eggs can play a critical role in egg and larval
survival (Wootton, 1994; Kamler, 2005; Wootton and Smith,
2015). Some fishes produce pelagic eggs, while others produce
demersal or adhesive eggs (Kunz-Ramsay, 2013; Wootton and
Smith, 2015). Pelagic eggs appear to have evolved in response
to several selective forces, including nutrient enrichment,
nutrient concentration, propagule retention (Fundamental Triad
Process), and avoidance of larval competition and predation
(Loophole Process) (Hoagstrom and Turner, 2015). However,
pelagic egg buoyancy mechanisms in the context of the evolution
of ARTs in freshwater fishes are still unknown.

In the marine environment approximately 70% of teleost
species produce pelagic eggs (Baras et al., 2018). The osmolality
of marine eggs is lower than that of seawater, but higher than
that of ovarian fluid (Finn et al., 2002; Wootton and Smith,
2015; Sørensen et al., 2016). Thus in seawater, buoyancy can
be achieved through hydration of eggs in the ovary without
the need to invest in energy-rich oil droplets. The evolution of
effective egg hydration has been considered a major evolutionary
innovation by teleost fishes that has allowed them to populate
the open ocean (Wootton and Smith, 2015). While about 81%
of marine fishes produce pelagic eggs with oil droplets, the
average volume of these oil droplets is only 2% of total egg
volume (Baras et al., 2018). In addition, many marine pelagic
species lack oil droplets, while some species with demersal eggs
have lipid contents equivalent to those of pelagic species. These
observations suggest that in marine species egg buoyancy is
primarily achieved through hydration rather than the presence of
low-density oil droplets (Craik and Harvey, 1987; Thorsen et al.,
1996; Fabra et al., 2005; Sundby and Kristiansen, 2015).

For freshwater fishes, the osmolality of eggs is higher
than that of freshwater, which means that egg buoyancy is
less readily achieved by hydration alone. In this case, the
lipid content of freshwater eggs has been assumed to play
the primary role in achieving neutral or positive buoyancy
(Wootton and Smith, 2015; Baras et al., 2018). Among 351
freshwater fishes for which data were available, the proportion
of species with pelagic eggs was estimated to be 21% (Baras
et al., 2018), including many species of economic importance,
such as grass carp (Ctenopharyngodon idella) and bighead carp
(Hypophthalmichthys nobilis) (FAO, 2018). However, despite
the commercial importance of several freshwater species with
pelagic eggs, our understanding of egg buoyancy mechanisms
in freshwater species is incomplete. In particular, an unresolved
question is why only 40% of species with pelagic eggs possess
oil droplets and, by extension, what egg buoyancy mechanisms
operate in the eggs of the remaining 60% of freshwater species
with pelagic eggs that do not contain oil droplets (Baras et al.,
2018). Many freshwater species produce pelagic eggs that have

a specific density only slightly greater than that of water. In
these species the eggs become suspended in the water column
when experiencing flow. By remaining in the water column,
these pelagic eggs benefit from exposure to well-oxygenated
water, while avoiding abrasive damage from coarse substrates
(Mueller et al., 2013).

Here we explore the evolution of egg buoyancy mechanisms
in freshwater fishes by extending the model of Sundby and
Kristiansen (2015) to investigate the forces involved in egg
buoyancy. We compiled data for the volume of oil droplets and
perivitelline spaces of 55 of the 85 freshwater fishes with pelagic
eggs for which data were available, and used a phylogenetically-
corrected regression analysis to identify key variables associated
with the presence of oil droplets. We predicted that the volume
of oil droplets in an egg would correlate negatively with relative
size of the perivitelline space, reflecting two alternative egg
buoyancy mechanisms. Further, based on phylogenetic regression
we estimate the effect of the occupancy of lentic habitats and
provision of parental care on the occurrence of oil droplets, and
discuss the evolution of ARTs in freshwater fish pelagic eggs in
the context of condition dependence.

MATERIALS AND METHODS

Data
Information on scientific names, habitat preference and
expression of parental care were primarily obtained from
FishBase,1 with additional sources identified where relevant.
Of 85 freshwater fish species with pelagic eggs, data for pre-
and post-hydrated egg diameter and size of oil droplets, if
present, were compiled for 55 species from published studies
(Supplementary Table 1). Because pelagic eggs are uniformly
spherical, egg volume can be calculated from egg diameter as:

V =
πd3e
6

Where de is egg diameter. The total volume of oil droplets
was estimated as the sum of individual oil droplet volumes
(designated OD). The perivitelline space fills with water between
the chorion and the embryo and yolk (Figure 1). The relative
size of the perivitelline space (PS) volume was calculated as
the difference in volume between pre- and post-hydrated eggs
(Supplementary Table 1).

Phylogenetic Analysis
Using mitochondrial DNA sequences from GenBank, the
cytochrome b (Cyt b) gene sequences for 48 species of freshwater
fishes with pelagic eggs were collated, including Perciformes
(16 species), Clupeiformes (3 species), Cypriniformes (15
species), Siluriformes (2 species) and Characiformes (12
species) (accession numbers of all the sequences are listed in
Supplementary Table 1). Multiple alignments of sequences were
performed with MUSCLE (Edgar, 2004). Ambiguous regions
of alignments were removed in batches using Gblocks v.0.91

1www.fishbase.org
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FIGURE 1 | A schematic diagram of freshwater pelagic eggs after oviposition. G, gravity; FB, buoyant force; FC, current force; P, perivitelline space; C, chorion; Y,
yolk; E, embryo; O, oil droplet; 4ρ, buoyancy; ρe and ρc are the densities of egg and current.

(Talavera and Castresana, 2007). Substitution saturation of
sequence datasets was tested with DAMBE (Xia, 2013). Because
the index of substitution saturation (Iss) was significantly
lower than the critical index of substitution saturation (Iss.c),
the sequence dataset was little saturated and appropriate for
phylogenetic analysis. ModelFinder was used to choose optimal
models in PhyloSuite v1.2.2 (Kalyaanamoorthy et al., 2017;
Zhang et al., 2020). The best-fit model GTR+ I+ G was selected
using the Bayesian Information Criterion (BIC). MrBayes 3.2.6
was used to calculate posterior probabilities of recovered clades
with the best-fit model (Ronquist et al., 2012). Markov chains,
one cold and three heated, were run simultaneously for 2,000,000
generations. In the initial sample, trees were saved every 200
generations for a total size of 10,000. Graphical inspection
of tree log-likelihood indicated that stationarity was reached
within 200,000 generations, with the first 200,000 generations
(1,000 sampled trees) subsequently discarded as burn-in, and the
remaining 1,800,000 generations (9,000 sampled trees) used in
subsequent analysis. For the 9,000 remaining trees, a majority
rule consensus tree was calculated and used to determine
the posterior probabilities of clades. Maximum likelihood
phylogenies were performed using IQ-TREE v.1.6.8 (Nguyen
et al., 2015) under the model automatically selected by IQ-TREE
with 200,000 ultrafast bootstraps as well as the Shimodaira–
Hasegawa–like approximate likelihood-ratio test (Guindon
et al., 2010). The topologies of phylogenetic trees obtained by

Maximum likelihood and Bayesian inference analyses were
consistent (Supplementary Figure 1).

Phylogenetic Regression
We used phylogenetic regression (R package phylolm 2.6.2;
Ho et al., 2016) to fit two models to the data. The first
modelled the probability that a species produced pelagic eggs
containing oil droplets (>5% of egg volume) as a function
of the proportional increase in size of the perivitelline space
after hydration. In the second model, the probability of oil
droplets was modelled as a function of mode of parental care
(nonguarder vs. guarder) and habitat flow regime (lentic vs. lotic).
Both models were fitted using a Bernoulli GLM with logit link
function and controlled for non-independence between species
due to phylogenetic relatedness (Paradis and Claude, 2002). All
explanatory covariates could not be included in a single model
due to collinearity.

RESULTS

In freshwaters, the pelagic eggs of bony fishes achieve a balance
between the forces of gravity, buoyancy and flow to remain in
suspension (Figure 1), summarised as:

G = FB + Fc (1)
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Where G is gravity, FB is buoyant force, and FC is the sum
of vertical forces generated by current flow. FC is derived from
water flow, including the effects of drag and flow turbulence
(Garcia, 2008; Jia et al., 2020). FC is variable, since it depends
on local hydrology (Garcia et al., 2013, 2015; Liu et al., 2019).
As the force patterns of fish eggs are concordant in seawater
and freshwater, egg buoyancy is equal to the difference between
the densities of water current and the egg when the pelagic egg
remains in suspension. Based on Sundby and Kristiansen (2015),
the buoyancy (4ρ) of freshwater pelagic eggs can be expressed as:

4ρ = ρc − ρe =

ρc −
(ρem+y · Vem+y + ρp · Vp + ρo · Vo + ρch · Vch)

(Vem+y + Vp + Vo + Vch)
(2)

Where ρe, ρc, ρem+y, ρp, ρo and ρch are the densities of egg,
water current, embryo and yolk, perivitelline space, oil droplet
and chorion; while V represents the volume of each of these
elements. It is known that ρo and ρp (0.926 kg l−1 and 0.998 kg
l−1, respectively) are lower than ρemy and ρch (1.259 kg l−1

and 1.204 kg l−1, respectively) (Sundby and Kristiansen, 2015;
Baras et al., 2018). When ρc is constant, 4ρ can be increased

by reducing ρe. Thus, in order for an egg to remain in the
water column, selection must reduce egg density either through
increasing Vo or Vp, or both.

Pelagic eggs of the Anostomidae, Characidae,
Prochilodontidae (Characiformes), Cobitidae, Cyprinidae
(Cypriniformes) and Pimelodidae (Siluriformes) all exhibited
large perivitelline space volumes (mean of 93.5% of total egg
volume), but lacked an oil droplet (Figure 2). Pelagic eggs of
the Clupeidae (Clupeiformes), Hiodontidae (Osteoglossiformes),
Percichthyidae and Terapontidae (Perciformes) also showed
a relatively large perivitelline space (mean of 89.3% of total
egg volume), but with a small oil droplet (average 0.4%
of egg volume). In the Pantodontidae (Osteoglossiformes),
Anabantidae, Channidae, Latidae, Osphronemidae, Sciaenidae
(Perciformes) and Mastacembelidae (Synbranchiformes), oil
droplets comprised over 10% of total egg volume (Figure 2).
Threshold analyses show that in the 55 species of freshwater
pelagic eggs for which data were available, buoyancy varied from
−0.140 to−0.040 kg l−1 (Figure 3; Supplementary Table 1).

These patterns of perivitelline space and oil droplet size show
clear phylogenetic associations (Figure 3). In the Orders of
Characiformes, Siluriformes, Cypriniformes and Clupeiformes,
pelagic eggs exhibit the same reproductive trait of a large

FIGURE 2 | The mean proportion of egg volume occupied by oil droplet (black columns) and perivitelline space (grey columns) split by Order and Family for 55
species of freshwater fish with pelagic eggs. Details are shown in Supplementary Table 1.
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FIGURE 3 | Phylogenetic relationships of 48 species of freshwater fishes with pelagic eggs showing oil droplet (OG), perivitelline space (PS), buoyancy (4ρ)
(Supplementary Table 1). Colours from blue to red indicate the range of the proportion of oil droplet and perivitelline space from 0.00 to 100.00%; colours from
purple to yellow represent the range of buoyancy values from −0.14 to −0.02 kg l−1. The tree was constructed with Bayesian analysis of cytochrome b gene
dataset based on GTR+I+G model. Numbers at nodes represent posterior possibilities over 0.5. Asterisks indicate reproductive guild of aphrophils. Fish images are
from FishBase (https://www.fishbase.se/search.php).

perivitelline space, while the pelagic eggs of the Perciformes
possess a large oil droplet. The buoyancy of most perciform fishes
is lower than that of other taxa.

Phylogenetic regression showed a significant negative
association between the relative size of the perivitelline space and
the probability of oil droplets in the egg (Table 1 and Figure 4).
There was also a significant negative association between the

TABLE 1 | Summary of a Bernoulli GLM to model the probability of oil droplets in
the pelagic eggs of freshwater fishes as a function of relative size of perivitelline
space, modelled using phylogenetic regression.

Model parameter Estimate SE P

Intercept 5.13 1.65 0.002

Perivitelline space −10.07 2.69 < 0.001

probability of possessing oil droplets and occupancy of lotic
habitats, and a positive association with performance of parental
care of eggs (Table 2).

DISCUSSION

In freshwater teleost fishes with pelagic eggs, a general
assumption is that egg buoyancy is achieved through the presence
of low-density oil droplets in the egg. However, the majority
of these species either do not possess oil droplets in their eggs,
or the relative size of oil droplets is too small to effectively
provide buoyancy (Baras et al., 2018). A model of egg buoyancy
showed that close to neutral buoyancy could be achieved in
freshwater through an increased volume of oil droplets (Vo) or
perivitelline space (Vp). However, because the density of the
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FIGURE 4 | Mean fitted probability (solid line) of fish possessing oil globules in their eggs as a function of the relative size of perivitelline space (%) with 95%
confidence intervals (shaded area). Data were modelled by phylogenetic regression with a Bernoulli GLM.

perivitelline space (ρp) approximately matches current density
(ρc), the perivitelline space of pelagic eggs is capable of generating
near-neutral buoyancy (“semi-buoyancy”) in lotic habitats.

The pelagic eggs of Characiformes, Clupeiformes,
Cypriniformes, Hiodontidae (Osteoglossiformes),
Percichthyidae, Terapontidae (Perciformes) and Siluriformes
exhibited a large perivitelline space volume, with either no oil
droplet or a small oil droplet present. This large perivitelline
space is associated with hydration and reduced egg density,
though because the osmolality of eggs is higher than that of
freshwater, a large perivitelline space alone cannot generate
neutral buoyancy in freshwater. However, the energetic cost of
hydration is lower than that of sequestering lipid in eggs, which
makes a limited contribution to embryonic tissue formation
(Wiegand, 1996; Iwamatsu et al., 2008; Baras et al., 2018).
Because most species with pelagic eggs and a large perivitelline
space are associated with high-flow habitats, typical of the middle
and upper reaches of rivers (Table 2, Supplementary Table 1),
eggs remain suspended in the water column because the vertical
forces generated by water current flow (FC). Oil droplets in
the eggs of Pantodontidae (Osteoglossiformes), Anabantidae,
Channidae, Latidae, Osphronemidae, Sciaenidae (Perciformes)
and Mastacembelidae (Synbranchiformes) comprise over 10%
of total egg volume, which thereby contributes significantly

TABLE 2 | Summary of a Bernoulli GLM to model the probability of oil droplets in
the pelagic eggs of freshwater fishes as a function of habitat and mode of care
modelled using phylogenetic regression.

Model parameter Estimate SE P

Intercept 1.13 1.13 0.317

Habitat( lotic) −4.00 1.37 < 0.001

Mode of care(parental ) 2.29 1.19 0.012

to buoyancy. In these taxa spawning is associated with slow-
flowing or lentic habitats (Table 2 and Supplementary Table 1).
Because the density of oil droplets is lower than freshwater,
eggs can achieve positive buoyancy if they possess a relatively
large oil droplet when FC is low or zero, but at the cost of
sequestering lipid in eggs.

These general conclusions from the buoyancy model were
supported by phylogenetic regression analysis. We detected a
significant negative association between the relative size of the
perivitelline space of freshwater pelagic eggs and probability of
possessing oil droplets that exceeded 5% of egg volume (Table 1).
This association implies that eggs either possess a large volume
of oil droplets or a large perivitelline space, but not both. The
association also suggests a trade-off in these two buoyancy tactics,
possibly related to the energetic costs of using energetically
expensive oil droplets for buoyancy. It is striking that the volume
of oil droplets of marine pelagic eggs never exceeds 9% of
total egg volume and averages approximately 2% (Baras et al.,
2018). Because the osmolarity of marine eggs is lower than the
osmolarity of seawater, but is higher than that of ovarian fluid
(Finn et al., 2002; Wootton and Smith, 2015; Sørensen et al.,
2016), it appears more adaptive to achieve buoyancy through
hydration in the ovary, presumably because of the energetic cost
associated with allocating lipid to eggs.

Given that reproduction in fish is energetically costly, it is
assumed that energy is allocated among reproductive roles under
strong selective forces (Harshman and Zera, 2007; McBride et al.,
2015; Robertson and Collin, 2015; Muller et al., 2019). The
physiological processes associated with oil droplet formation
and hydration are recognized as energy demanding processes
(Marshall et al., 1999; Riis-Vestergaard, 2002; Cerdà et al., 2007;
Martin et al., 2017). Hence the negative association between
the possession of oil droplets and size of perivitelline space in
pelagic freshwater eggs is assumed to represent a bio-energetic
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trade-off (Morrongiello et al., 2012; Closs et al., 2013; Dani
and Kodandaramaiah, 2017). The model of buoyancy (4ρ)
(Equation 2) suggests that eggs must achieve a buoyancy that
exceeds −0.14 kg l−1 (Supplementary Table 1). Although the
threshold value of −0.14 kg l−1 may not be the minimum
for freshwater pelagic eggs, but it was the lowest estimate in
the species for which data were available and may represent a
lower limit for functional buoyancy in freshwater. The adaptive
significance for this threshold value is not clear, but presumably
serves to maintain an egg above the substrate sufficiently to
prevent abrasive damage. Although egg density (ρe) is always
higher than current density (ρc), freshwater eggs can approach
neutral buoyancy in flowing water when these two parameters are
similar in magnitude.

We detected a significant negative association between the
presence of large oil droplets and occupancy of lotic habitats
(Table 2). This finding supports the prediction, derived from
Equation 2, that hydration can function as an effective means
of buoyancy or “semi-buoyancy” if eggs experience water flow,
but not in lentic habitats where buoyancy can only be achieved
by allocating low-density lipids to eggs. The results indicate
the evolution of ARTs in pelagic freshwater fish eggs with
large oil droplets and a large perivitelline space is environment
dependent. This finding supports the view that the expression
of ARTs in many species is influenced by environmental
effects, including relative competitive ability (Foote, 1990),
population parameters (Kodric-Brown, 1986) and ecological cues
(Hamilton et al., 2006).

Phylogenetic regression analysis also showed that the presence
of large oil globules was associated with freshwater species
that perform parental care (Table 2). This finding is a logical
outcome of a proposed incompatibility between care of pelagic
eggs in lotic habitats; the wide dispersal of eggs exposed to a
strong current means that the opportunity for parental care is
limited. This finding also implies an extra cost associated with
the provision of parental care in addition to the costs typically
associated with parental care in fishes (Smith and Wootton, 1995;
Baldridge and Lodge, 2013), through the allocation of oil droplets
to eggs to facilitate buoyancy. Since many fish species display
parental care, the mode of parental care probably influences the
evolution of ARTs. Taborsky (1994, 1999) demonstrated that all
possible patterns of parental care, including no care, uniparental,
biparental, multiparent and alloparental care might in turn affect
the variability of ARTs in fish.

The pelagic eggs of the Characiformes, Siluriformes,
Cypriniformes and Clupeiformes are associated with fast-flowing
conditions (Supplementary Table 1), and these Orders appear to
have evolved the same reproductive trait of a large perivitelline
space. However, the pelagic eggs of the Perciformes are typically
spawned in slow-flowing freshwater (Supplementary Table 1),
and instead possess a large oil droplet. Although the buoyancy
of a majority of perciform fishes is lower, the reproductive
pattern for most of these fishes is of aphrophils, with eggs
deposited in bubble nests, which typically comprise a floating
raft of mucous foam that keeps the eggs at the surface while
guarded by a parent (Balon, 1975; Hostache and Mol, 1998;
Wootton and Smith, 2015). These egg buoyancy adaptations

suggest the evolution of ARTs in contrasting biotopes, which
potentially contributes to reproductive isolation (Taylor, 1999;
Funk et al., 2006; Reznick et al., 2021).

CONCLUSION

We applied an egg buoyancy model, combined with phylogenetic
regression, to understand the contribution of oil droplets and
hydration to the buoyancy of pelagic eggs of freshwater teleosts.
Our analysis showed that egg buoyancy is achieved with a
large perivitelline space or large volume of oil droplets under
different selective conditions, which potentially reflects a trade-
off in energy allocation. Phylogenetic regression showed that a
large perivitelline space was associated with lotic environments in
which semi-buoyancy of eggs can be achieved without incurring
energetic costs associated with allocating lipid to eggs. Freshwater
fishes with parental care were associated with eggs that possessed
a large volume of oil droplets in lentic habitats. These findings
demonstrate alternative tactics for buoyancy in freshwater fish
eggs, and offer a novel insight into the evolution of ARTs in teleost
fishes in contrasting biotopes.
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