
RESEARCH ARTICLE

Correlation between investment in sexual
traits and valve sexual dimorphism in
Cyprideis species (Ostracoda)
Maria Jomo Fernandes Martins1
, Gene Hunt1, Rowan Lockwood2, John P. Swaddle3,
David J. Horne4

1 Department of Paleobiology, National Museum of Natural History, Smithsonian Institution, Washington DC,
United States of America, 2 Department of Geology, College of William and Mary, Williamsburg, Virginia,
United States of America, 3 Department of Biology, College of William and Mary, Williamsburg, Virginia,
United States of America, 4 School of Geography, Queen Mary University of London, London, United
Kingdom

* fernandesmartinsm@si.edu

Abstract

Assessing the

https://doi.org/10.1371/journal.pone.0177791
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0177791&domain=pdf&date_stamp=2017-07-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0177791&domain=pdf&date_stamp=2017-07-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0177791&domain=pdf&date_stamp=2017-07-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0177791&domain=pdf&date_stamp=2017-07-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0177791&domain=pdf&date_stamp=2017-07-05
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0177791&domain=pdf&date_stamp=2017-07-05
https://doi.org/10.1371/journal.pone.0177791
https://doi.org/10.1371/journal.pone.0177791
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/
mailto:hunte@si.edu


https://doi.org/10.1371/journal.pone.0177791


https://doi.org/10.1371/journal.pone.0177791


https://doi.org/10.1371/journal.pone.0177791


3rd thoracic or walking leg (1A, 2A, Md and 3WL respectively; see Table 1 for landmark posi-
tioning, as illustrated in Fig 1). These dimensions were log-transformed and then averaged to
compute an overall measure of body size from soft

body walking

https://doi.org/10.1371/journal.pone.0177791.t001
https://doi.org/10.1371/journal.pone.0177791


Combining data from left and right sides and imputing missing data

We measured all variables on left and right sides of the body whenever possible, though in
some cases poor preservation or damage during dissection resulted in data from just the left or

https://doi.org/10.1371/journal.pone.0177791.g001
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with just one or two missing values, we imputed missing data using the R package Amelia [36],
which models observations as drawn from a multivariate normal distribution, an assumption
that is consistent with the original data set according to Royston’s test

https://doi.org/10.1371/journal.pone.0177791


males in that sample (Table 3). CVs are only slightly higher in the primary sexual characters
(Table 4, S3 Table).

Allometry

Measurements from non-sexual limbs tend to show negative static (within-species) allometries
in the species with the highest sample sizes (Table 5), with no trend evident in the species with

https://doi.org/10.1371/journal.pone.0177791.t002
https://doi.org/10.1371/journal.pone.0177791.g003
https://doi.org/10.1371/journal.pone.0177791


the lowest sample sizes, C. mexicana. Among hemipenis characters, the size of the basal capsule
is moderately correlated with body size but its allometric relation with respect to valve size var-
ies across all three species (Table 5). Measurements of the terminal extension

https://doi.org/10.1371/journal.pone.0177791.t003
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unknown phylogenetic relationship. We do observe that the basal capsule and the terminal
extension yield very different evolutionary allometries (Fig 5): the former have negative allom-
etry whereas the latter shows strong positive allometry, mostly driven by the very large termi-
nal extension in C. salebrosa, the largest of the three species.

Composite softpart size is highly correlated with valve area, both overall (r = 0.98, df = 146,
p << 0.001) and within each individual species (SALE: r = 0.82, df = 52, p << 0.001; TORO:
r = 0.88, df = 65, p << 0.001; MEXI: r = 0.79, df = 25, p << 0.001).

Fig 4. Left valves and outlines representing extremes in size and shape for male Cyprideis torosa. (A) From left to right, most
elongate male, least elongate male, and their overlain outlines. (B) From left to right, the largest male, the smallest male, and their overlain
outlines.

https://doi.org/10.1371/journal.pone.0177791.g004
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Fig 5. Evolutionary (evol) and static (sta) allometry of the variables representing size in the hemipenis
and valve area, used as a proxy for body size. The basal capsule is represented by the Basal Capsule
dorsal chitinous support length (HemiBCd L, upper panel); the terminal extension is represented by the
Copulatory process length (Hemi TE L, middle panel), and the Terminal extension area (HemiTE A, lower
panel). Abbreviations follow Table 1.

https://doi.org/10.1371/journal.pone.0177791.g005
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(~20%). We were not able to measure sperm size in the present study, but a significant positive
correlation was detected among sperm length, sperm pump size, and valve length within can-
donid ostracodes (though note that the sperm pump in candonids is a structure separate from
the copulatory apparatus, and not homologous with the basal capsule) [19]. Although not con-
sistent across all Ostracoda, this finding does suggest that the size of the sperm pump may be
related to sperm size in at least some groups. In other taxa such as Drosophila, longer sperm
can have higher fertilization success compared to smaller sperm [25, 38, 39].

Like the basal capsule, the area of the terminal extension of the hemipenis also shows signif-
icant partial correlations with male valve size for C. torosa and C. salebrosa; the same finding
for the length of the intromittent organ on the terminal extension holds for C. salebrosa only.
As these are the parts of the male genitalia in contact with females during mating, these struc-
tures are more likely to be influenced by sexual selection factors related to mate recognition or
sexual conflict with females. Martens [40] proposed that variation in sexual traits across line-
ages in Limnocythere, particularly parts of the copulatory complex that show clear species-spe-
cific shape, plays a key role in species recognition, supporting a scenario as envisioned in our
study system. The different patterns of static allometry between the basal capsule and the ter-
minal extension suggests that these structures may indeed experience distinct evolutionary
dynamics, as does the observation that the basal capsule is conserved across members of the
genus whereas the terminal extension is highly divergent in size and shape [30]. Similar
dynamics of genital evolution are known in Drosophila (e.g., [41]) and in the beetle Onthopha-
gus (e.g., [42, 43]). Further investigation of the shape of the copulatory process in Cyprideis,
and not just its size, has the potential to offer more insight. It is challenging to assess sexual
conflict in ostracodes because there have been few attempts to study female genitalia and con-
sequently the coevolution of male and female genitalia [20]. Unlike the male genitalia, female
reproductive structures are membranous (see [32]) and their size and shape are not easily
characterized.

Although we have shown here that the degree of valve sexual size dimorphism in Cyprideis
is partly related to the size of the male genitalia, genital size is only one of many factors that
may influence male body size. In addition to ecological and environmental factors

add(

https://doi.org/10.1371/journal.pone.0177791


shape was related to carapace shape in interstitial candonine ostracodes. We are unable to pur-
sue this angle in the present study because it turned out that all three species we examined had
very similar magnitudes of shape dimorphism (Fig 3). Broader sampling within the genus
Cyprideis may help to resolve the relationship between shape dimorphism and male invest-
ment in reproductive structures.

In C. torosa, males with more dimorphic secondary sexual trait (first walking leg) tend to
have more elongate valves. Because the right first walking leg is hypothesized to be a clasping
structure, this may suggest that valve shape may affect the mechanics of male-female copula-
tion. Little information on species-specific mating position is available in ostracodes [16, 27]
although species-specific differences may occur [16]. Within the genus Cyprideis no informa-
tion is available on courting and mating position and species-specific differences are unknown.
However, and while the

https://doi.org/10.1371/journal.pone.0177791
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