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Abstract

Sperm length is highly variable within ejaculates, between males, among populations, and across species. While theory makes strong predictions
about expected mean sperm size, there is less clarity on variation in sperm, although studies have reported sperm-length variation consistent
with some theoretical expectations. Typically, the coefficient of variation (CV) is used in these investigations to control for mean-variance scaling.
However, a key assumption for this metric to be appropriate in controlling for mean sperm size is that the standard deviation in size scales linearly
with the mean. Unfortunately, sperm-length mean-variation relationships are rarely reported making it hard to assess the validity of using CV as a
way to compare mean-corrected sperm variation. Here, we investigate mean—variation relationships using 19,873 sperm length measures from
54 species and find little evidence of a consistent relationship between mean sperm-length and sperm-length variation among males within
species, meaning CV is not appropriate for comparing relative (mean corrected) variation in sperm size at this level. We also find significant
scaling of sperm-length variation with mean sperm-length across species, but the scaling exponent is consistently less than one, the exponent
required by analyses using CV to control for sperm size. Our assessment shows that sperm mean-variation scaling relationships are rare within
species and strong across species, but that neither supports the uncritical use of CV in studies of relative variation in sperm length.
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Introduction length variation relative to some measure of sperm compe-
tition risk while controlling for sperm size to test for adap-
tive explanations for size variation (e.g., Calhim et al., 2007;
Immler et al., 2008; Sharma et al., 2013). Against this selec-
tive backdrop, another explanation for sperm length varia-
tion is that it is an inevitable consequence of imperfect sperm
production, with developmental noise during spermatogene-
sis continually generating variation in sperm length (Cohen,
1967). This may explain some variation, but at least one study
has found no evidence that developmental instability is asso-

Sperm are highly specialized cells, characterized by extensive
size variation at both inter- and intraspecific levels (Pitnick
et al., 2008). Across species, sperm length varies four or-
ders of magnitude (Kahrl et al., 2021), from the extremely
short (e.g., ~6 um in the Asian redtail catfish Hemibagrus
nemurus, Muchlisin, 2004) to extraordinarily long (e.g., al-
most 6 cm in Drosophila bifurca, Pitnick et al., 1995). Within
species, considerable variation in sperm length occurs both
among males and within males, including within a single ejac-
ulate %Birkhead et al., 2005; léitzpatricl% et al., 2010% G;ge, ciated with variation in sperm length (Hosken et al., 2003).

1998: Holt & van Look. 2004: Malo et al.. 2006: Morrow & Additionally, postcopulatory sexual selection should improve
Gage: 2001; Pitnick et ?:ll., 2068; Sharma ,et al.,’2013; Ward production quality—here meaning sperm length mapping to

& Hauschteck-Jungen, 1993). However, despite obvious size selective optima—during and after spermatogenesis (Hunter

variation and much research, a thorough understanding of & Birkhead, 2002).

variation in sperm length is lacking (Pitnick et al., 2008; but It is also pqssible that some V.ariation- in sperm length
see Kahrl et al., 2021). could be explained by haplo-diploid conflict or the produc-

tion of multiple sperm types (Pitnick et al., 2008). Haplo-
diploid conflict arises when the sperm phenotypic optima dif-
fer between the haploid sperm and the diploid males that
produce them (Parker, 1993; Parker & Begon, 1993). How-
ever, once again sperm competition among genetically unre-
lated males should align the fitness interests of the haploid
sperm with those of the diploid males, leading to conver-
gent optimal sperm lengths (Parker & Begon, 1993; Pizzari
& Foster, 2008). Additionally, sperm length variation exists
in species that produce only one sperm type (Pitnick et al.,
2008), so this cannot be a general cause of sperm length vari-
ation, but at least some sperm-length variation is expected to

Postcopulatory sexual selection, and especially sperm com-
petition, is a major source of selection on sperm length (Parker,
1984, 1993), and should deplete intraspecific length variation
as sperm evolve towards an evolutionarily stable size (e.g.,
Calhim et al., 2007). Sperm competition theory suggests that
selection should favour numerous small sperm unless there is
some advantage to larger size (Parker, 1993), but sperm should
evolve towards optimal size in either case. This should ap-
ply within and between species, and the high levels of intra-
male sperm variation in the Bullfinch are thought to be due
to relaxed sperm competition, for example (Durrant et al.,
2010). More generally, studies frequently investigate sperm-
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relate to the general phenomenon of mean—variance scaling
(Lewontin, 1966; Sokal & Rohlf, 1981)—bigger things tend
to be more variable. If so, understanding the natural scaling
relationship between mean and variance is fundamentally im-
portant to adequately understand variation in sperm length,
because without understanding this relationship, it is not clear
how to control for sperm size in investigations of sperm-length
variation.

The most frequently employed method to account for
mean-variation associations is the coefficient of variation
(CV) (or in some cases its multivariate equivalent which
sums variation across traits) (Lande, 1977; Lewontin, 1966;
Pélabon et al., 2020; Van Valen, 2005; and e.g., Fitzpatrick &
Baer, 2011; Joly et al., 1989; Sharma et al., 2013). This statis-
tic is generated by dividing the standard deviation of the trait
in question by the trait mean (and in many cases multiply-
ing by 100 to express CV as a percentage). CV is an attrac-
tive scaled measure of variation because it is dimensionless
(mean and SD are measured in the same units of trait dimen-
sion) and hence it can be used to compare relative variation
across traits, populations or species. Once researchers have
generated CV values, they typically then assume that any size—
variation relationship has been accounted for and interpret
any difference in CV between groups as the signal of some-
thing “other than” natural scaling (e.g., Sharma et al., 2013;
reviewed in Pélabon et al., 2020). One under-appreciated, but
critical feature of CV is that it only equivalizes mean-scaled
variation if trait dimensions scale linearly (Lewontin, 1966;
Pélabon et al., 2020; Sokal & Rohlf, 1981) and this may
not be always true. That is, if variation (the standard devi-
ation: SD) does not scale to the mean linearly, then size cor-
rection can inflate or deflate relative variation, compromising
comparisons.

Unfortunately, the underlying scaling relationships of varia-
tion to mean are rarely reported in studies of sperm length, and
even when they are reported, CVs are still almost always used
in these investigations (e.g., Calhim et al., 2007; Fitzpatrick &
Baer, 2011; Immler et al., 2008; Joly et al., 1989; Kleven et al.,
2008; Sharma et al., 2013). This is fine when there is interest in
sperm variation as a proportion of mean size, but more prob-
lematic when controlling for mean-size. If the aim is to control
for size, a key CV assumption (standard deviation of the trait
scales linearly with the mean) needs to be met and this requires
testing mean-variation scaling. Here, we estimate the natu-
ral sperm length mean—variance scaling relationships within
and among species using a large number of invertebrate and
vertebrate taxa. We then zoom in taxonomically to estimate
how sperm length variation scales in 20 dungfly species and
27 species of Hymenoptera. This is the first widespread report-
ing of sperm mean—variation scaling and cautions against the
use of CV in comparing mean-controlled variation in sperm
length.

Methods

We use data sourced from an array of data-sets (Minder,
2002 (used in Sharma et al., 2013), unpublished data from
Fitzpatrick et al., 2010 and Fitzpatrick & Baer, 2011, and
from the published dataset in Simpson et al., 2014) in which
measures of total sperm length (in microns) are taken for mul-
tiple sperm from each of multiple males. This dataset consisted
of 19,873 sperm length measures, for 1,707 males, from 54

1549

species. We aggregate these data to yield mean and standard
deviation in sperm length per male.

We first examined how variance in sperm length is par-
titioned among the hierarchical scales within-male, among-
male, and among-species, using a simple random effects model
with no fixed predictors. We then examined within- and
across-species associations between mean and variation in
sperm length in a subset of taxa (9 species) deliberately cho-
sen to reflect the taxonomic breadth of our dataset, while
also capturing variation in total sperm length. This subsect
comprised of two marine invertebrates (Mytilus galloprovin-
cialis and Heliocidaris erythrogramma), two insects (Bombus
terrestris and Scathophaga stercoraria), two fishes (Poecilia
reticulata and Melanotaenia australis), one amphibian (Crinia
georgiana), one bird (Dromaius novaehollandiae), and one
mammal (Homo sapiens).

After log-transforming the means and dispersion measures
for multiple males from multiple species, we infer within-
and among-species mean—variation scaling using general lin-
ear models to describe associations between means and stan-
dard deviations. We do this initially using males as replicates,
grouped by species, to assess within-species scaling, and then
using species-average values of mean and standard deviation
in sperm length to assess among-species scaling. We use log—
log transformations in order to determine whether scaling re-
lationships are effectively linear (slope of 1), additive (slope
of zero), or power (slope greater than one, or less than one
and different from zero). We then considered how within-male
sperm-length variation scales within two distinct clades using
20 species of dungflies (Minder, 2002; Sharma et al., 2013)
and 27 species of Hymenoptera (Fitzpatrick & Baer, 2011)
chosen because of the large number of species within these
groups.

We do not use phylogenetic control because for many
species in these analyses there is no phylogeny (some species
are unnamed) and most phylogenetic tools consider phylo-
genetic structuring in the residuals of the regression, which
can cause a flattening of allometric relationships and hence
a deflation of allometric exponents. Any inclusion of phylo-
genetic signal would require complex and very careful con-
sideration of additional statistical artefacts, especially if the
goal is to understand how to handle natural scaling relation-
ships. Clearly, taxonomy is important in the structuring of
sperm mean size and measures of dispersion, but here our
point is simply to show that mean correcting variation is
complicated.

Throughout, our analyses use simple, weighted general lin-
ear models of log-log associations between standard devia-
tion and mean sperm length. Noting that estimates of within-
male variation in sperm size will be sensitive to sample size, we
weight each male’s contribution by the sample size of sperm
cells used to measure mean and dispersion. We report slopes
(£SEs), t-tests and F-tests of significance, and correlation co-
efficients where relevant. We do not regress CV against mean
in our analyses because the use of “mean sperm length,” as
both the explanatory variable and the denominator of the re-
sponse variable, risks the introduction of spurious statistical
artefacts. In Supplementary Material, we provide more syn-
thetic analyses of within- and among-species mean-dispersion
scaling, using mixed effects models that regress standard de-
viation against mean, and CV against mean, with species as a
random effect.


https://academic.oup.com/jeb/article-lookup/doi/10.1093/jeb/voaf103#supplementary-data

1550

Hosken et al.

@ Bombus terrestris
© Crinia georgiana
© Dromaius novaehollandiae
i 71 O Heliocidaris erythrogramma
(O Homo sapiens
O Melanotaenia australis
O Mytilus galloprovincialis
o~ _| © Poecilia reticulata

@ Scathophaga stercoraria

log(standard deviation in sperm length)

(@]

T T
3.0 35

T I T
4.0 45 5.0

log(mean sperm length)

Figure 1. Log-log relationships between sperm length standard deviation and mean sperm length among-males, within-species, in a broad range of
taxa. In most cases, there was no significant association and only in humans does sperm-length variation increase with mean sperm length. This
cautions against the use of the CV in comparing relative (= mean corrected) variation in sperm size.

Results

Sources of variation in sperm length

Variance-partitioning of the complete dataset, using a simple
random effects model, showed that the vast majority (99.8%)
of sperm length variation occurs among-species. The remain-
ing variation is mainly within-males (68.4%) compared to
among-males (31.6%), demonstrating that within-male varia-
tion is very small compared to taxonomic variation, but large
compared to variation among males within species.

Sperm mean-variation associations: broad
taxonomy

From our restricted (9 species) within-species survey, only two
taxa show significant within-species mean-variation associ-
ations (Figure 1), with the standard deviation in the sperm
of Homo sapiens increasing with mean length (£SE), with a
scaling exponent of 1.71 (40.63) (significantly greater than
zero, b7 = 2.72, P = 0.011; not significantly different from
one, 7 = 1.13, P = 0.208), while dispersion in the dungfly
Scathophaga stercoraria scales negatively with mean, with an
exponent of —4.60 (£2.10) (significantly less than zero, f,; =
—2.20, P = 0.040). The remaining seven species show no sig-
nificant within-species scaling of dispersion with mean sperm
length. Thus, the only species for which use of CV might be
deemed appropriate is Homo sapiens, because its scaling is
more than additive and cannot be distinguished from linear.
For all other species, the use of CV is inappropriate to com-
pare relative (mean controlled) sperm-length variation.
Comparing the mean—variation scaling relationship among
these 9 species used the mean of the per-male standard de-
viations and the mean of the per-male means. Across these

species, there was a significant mean-standard deviation rela-
tionship, and the slope of this association was 0.57 (£0.11)
(Figure 2), significantly greater than 0 (7 = 3.50, P = 0.001)
and smaller than the CV-expectation of 1 (#;7 = —3.94,
P = 0.004), but not significantly different from 0.5 (7 = 0.68,
P = 0.679). This means that comparisons of CV would not
differentiate between apparent changes in dispersion caused
by natural scaling vs. actual changes in the scatter around the
mean. The slope of ~0.5 tells us that variance scales near-
linearly with the mean (because the scaling exponent for vari-
ance will be twice the scaling exponent for standard devia-
tion), suggesting that comparisons of the coefficient of vari-
ance (i.e., variance scaled by the mean, CVar, rather than stan-
dard deviation scaled by mean, CV) might be adequate for use
in comparisons between species.

Sperm mean-variation associations
A survey of sperm measurements in 20 species of dungfly
yielded sufficient information (number of males >4) for 14
within-species regressions of sperm variation against mean
sperm length (Figure 3). In only one of these 14 species
(Scathophaga stercoraria: see above) did we find a signifi-
cant (but negative) association between (log) standard devi-
ation and (log) mean (slope = —4.60 (+2.10), t;0 = —2.20,
P = 0.040): all other regressions were non-significant (|| <
1.27; P > 0.21), and even the significant one does not survive
Bonferroni correction for multiple testing and Type I errors.
For none of these species would the use of CV be appropriate
to compare relative sperm variation across males.

The across-species regression of standard deviation against
mean length reveals a significant positive association, with a
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Figure 2. The relationship between sperm length standard deviation and mean size among species across broad taxonomic space. This relationship
suggests the use of CV might generate false inferences when the aim is to compare scatter around means across species.

<
<

log(standard deviation in sperm length)

1.0

O

among-species slope = 0.484, r = 0.696, p < 0.001

4.5

T T T T
55 6.0 6.5 7.0

log(mean sperm length)

Figure 3. Within- and among-species associations between standard deviation and mean sperm length, in 20 species of dungfly. Regression lines per
species have zero slope if non-significant. None of the within-species associations recommend use of CV. The regression of average standard deviation
against average mean length, per species, has a log—log slope of 0.453 and hence use of CV would not be appropriate in comparing data scatter around

the mean.
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Figure 4. Within- and among-species associations between standard deviation and mean sperm length, in 27 species of Hymenoptera. Regression lines
per species have zero slope if non-significant. None of the within-species associations recommend use of CV except perhaps Trachymyrmex sp. 3. The
regression of average standard deviation against average mean length, per species, has a log-log slope of 0.64 and hence use of CV would not be

appropriate in comparing data scatter around the mean.

log-log slope of 0.484 (£0.12), which is significantly greater
than 0 (#13 = 3.99, P < 0.001), significantly lower than
the CV-requirement of 1 (t13 = —4.25, P < 0.001) and not
significantly different from the slope of 0.5 found in our
broader taxonomic survey (f13 = —0.13, P = 0.390). Again
this provides tantalizing evidence that the linear scaling of
variance (not standard deviation) with mean sperm length,
among species, might hold across taxa. This requires further
research.

Sperm mean-variation associations: Hymenoptera

Now looking at 27 species of Hymenoptera (Figure 4), it
appears there were six significant associations between (log)
standard deviation and (log) mean sperm length: in Apis flo-
rea (slope = —34.48 (£8.96), t4 = -3.85, P = 0.018); Atta
sexdens (slope = 3.28 (£1.57), ts4 = 2.08, P = 0.042); Bom-
bus bypnorum (slope = 6.31 (+2.38), t35 = 2.98, P = 0.005);
Mycetophylax emeryi (slope = —7.86 (£2.75), to = —2.86,
P = 0.019); Sericomyrmex amabilis (slope = 2.58 (+0.95),
t33 = 2.73, P = 0.010); and Trachymyrmex sp. 3 (slope = 1.11
(£0.46), t100 = 2.39, P = 0.019). All other regressions were
non-significant, and of the significant slopes, only two would
fit the requirements of CV (slope not significantly different
from 1; Atta sexdens ts4 = 1.45, P = 0.139; Trachymyrmex
sp. 3 t100 = 0.23, P = 0.387), but significant slopes also go in
the “wrong” direction and none survive Bonferroni correction
for multiple testing and Type I errors. Therefore, for none of
these species would the use of CV be appropriate to compare
sperm variation across males.

The among species regression of standard deviation against
mean length reveals a significant positive association, with a
log-log slope of 0.54 (+0.095), which is significantly greater
than 0 (25 = 5.66, P < 0.001), significantly lower than the
CV-requirement of 1 (¢,5 = —4.89, P < 0.001) and not signif-
icantly different from the slope of 0.5, as found in our broader
taxonomic and dungfly surveys (t,5 = 0.38, P = 0.366). Again,
this contravenes requirements for use of CV in among-species
comparisons of sperm length dispersion.

Discussion

It is common in evolutionary ecology to compare trait vari-
ation, between groups or treatments, following correction by
mean trait size (reviewed in Pélabon et al., 2020) and this is
certainly the case in studies of comparing sperm-length varia-
tion (e.g., Calhim et al., 2007; Immler et al., 2008; Kleven et
al., 2008; Joly et al., 1989; Fitzpatrick & Baer, 2011; Sharma
et al., 2013). However, the presumption that this removes any
size-variance signal is only true when the standard deviation
of the trait scales linearly with the mean (i.e., with slope of 1
on a log-log plot and intercept of 0), a point that has been
made in other contexts (Pélabon et al., 2020; Tomkins &
Simmons, 2002; and see e.g., Eberhard et al., 1998; Hosken,
2008).

We have shown here that CV should not be used in compar-
isons of mean correct variation in sperm length without prior
testing of the underlying assumptions, a point made more gen-
erally recently (Pélabon et al., 2020). When such comparisons
are made within-species, our analyses suggest there should be
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no expectation of size-variation associations (but a minority
of species defy this pattern and deserve further scrutiny). Our
broad survey across species provides some evidence of linear
scaling of variance rather than of standard deviation. If this is
the case, the CVar, where variance is divided by mean, could
be used as a simple scaled measure of variation. This requires
further investigation. However, this coefficient loses the ben-
efit of being dimensionless (it has units of trait dimension),
and endorsing the use of CVar risks generating an assumption
that sperm have variance that scales linearly with the mean,
which may not always be the case. Investigators still need to
understand how mean and variance scale.

While trait variation frequently scales with the mean
(Pélabon et al., 2020), and this is true of body mass and clutch-
size, for example, the relationship is frequently not linear (re-
viewed in Pélabon et al., 2020). This is also what we found
for some sperm estimates. However, for many of the associa-
tions we investigated here, sperm-length variation does not
scale with mean sperm-size, or even scales negatively with
sperm length, and although there is no reason to expect within
species relationships to reflect across species relationship, our
findings reveal vast differences across comparisons and taxa.
All this means that when studies wish to compare variation
while controlling for sperm size, care is needed. As noted
above, if the aim is to compare variation as a proportion of
mean size, then CV can still be employed; however, just do
not assume it controls for (removes the effects of) sperm size
in an unbiased way. That is, the fundamental question being
addressed is critical in assessing the validity of employing CV
regardless of mean—variation scaling (discussed in Houle et al.,
2011), but when controlling for mean sperm size, CV does not
appear appropriate for the species we investigated here.

Collectively, our findings beg the question, what should
actually be used to make valid comparisons of samples of
mean corrected variation in sperm length? Comparisons are
often made between two treatment groups or two popula-
tions that are predicted to differ in mean trait value. One solu-
tion is to assume that the size—variation association displayed
in the “control” group can be extrapolated to the “treat-
ment” group (e.g., in experimental comparisons), hence we
recommend general linear modelling of log-log associations
between variance and mean, which allow the analyst to test
for differences in slope and intercept between groups (and
see Pélabon et al., 2020). We nonetheless caution that these
analyses come with an important warning, because extrapo-
lation of relationships beyond natural boundaries (e.g., from
control to treatment) can be risky. We demonstrate this by
showing that males within-species generally show no scaling
of variance with mean, while linear scaling of variance (but
not standard deviation) commonly occurs among species.

One way to compare the mean-controlled variation (scat-
ter) in sperm length that is not due to mean—variance scaling
is to establishing the actual scaling of variance to the mean
(regress variance on mean) for each taxon and take the resid-
ual variance (that not explained by the scaling relationship:
the least squares errors) and compare this across taxa. This
testing of residual variation tells us something about the rel-
ative tightness of the relationship in mean-variance scaling
(how much noise there is in sperm-length) across taxa, and
for example, if one were interested in whether sperm compe-
tition risk impacted variation in sperm length, then the vari-
ance residuals could be regressed against testes size with the
expectation that species with larger testes have smaller vari-
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ance residuals. However, these types of analyses will not reveal
why scaling relationships vary across taxa. We also add a seri-
ous cautionary note that including residuals to more complex
models (as outlined here) could introduce a new set of issues,
and lead to biased parameter estimation, a point that has been
made elsewhere (Freckleton, 2002). Caution is needed. Other
approaches could also potentially be used, possibly even data
transformations, but thought is also required when following
this route (e.g., Houle et al., 2011).

Two other cautions emerge from this data set, one related
to measurement error and one to trait scaling. For a num-
ber of species, very few sperm (<10) are measured per male
to estimate means and variances. This may be reasonable to
obtain an average sperm size, but to obtain more precise es-
timates of variation, larger sample sizes are required (we sug-
gest >30). Additionally, the repeatability of sperm size mea-
sures need to be assessed. While for some taxa means and vari-
ances seem to be consistent across measurers, studies, and time
(e.g., Scathophaga stercoraria: Ward & Hauschteck-Jungen
(1993); Dobler & Hosken (2010)), assessment of measure-
ment error is needed in studies of sperm variation. Finally,
many have noted that differences in trait scaling can gener-
ate differences in CVs that are independent of the natural dis-
persion of the data, even though interest is usually focused
on data scatter around the mean (e.g., Eberhard et al., 1998;
Fitzpatrick & Baer,2011; Hosken et al.,2005; Hosken, 2008).
That is, CV can vary because of dispersion or scaling and these
may reflect very different underlying biological phenomena.
For example, a greater CV in sperm size may be detected in
taxon A compared to taxon B either because of the underlying
scaling exponent of sperm size to testis size, for example (and
e.g., sperm size scales with testis size in Drosophila: Pitnick,
1996), or because the scatter of data around the mean is dif-
ferent, but this fundamental difference in causation is typically
ignored.

In summary, we have found wide variation in sperm-length
mean—variance scaling, with no evidence that sperm length
standard deviation generally scales linearly with mean length.
This renders the most common way to standardize variation
to mean sperm size, the CV, dangerous and we do not rec-
ommend its use unless accompanied by careful testing of the
validity of the assumption of linear scaling of variation (SD)
to mean. Why sperm show such variable mean—variance rela-
tionships remains to be established, adding another question
to those that need addressing if we are to fully understand
sperm length variation.

Supplementary material

Supplementary material is available at Journal of

Evolutionary Biology online.
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