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Abstract

The empirical study of the role of sperm competition in the evolution of sexual traits has historically been problematic through the
inability either to measure sperm competition levels directly in the present or to reconstruct changes in the evolutionary past.
Here, we develop and test a procedure based on paternity data that potentially permits both. For our pilot study, we use the rate of
change of the seminal protein gene SEMG?2 for catarrhine primates published by Dorus et al. (Nat Genet 36:1326-1329, 2004).
From their data, Dorus et al. proposed a two-part hypothesis: (1) sperm competition plays a role in the evolution of the SEMG2
gene and (2) higher levels of sperm competition generate more positive selection for change in SEMG2 than lower levels. Dorus
et al. were limited, however, by being able to use only proxy measures of sperm competition and only seven “recent” segments of
catarrhine primate phylogeny. Here, we develop a “timeline procedure” that permits the Dorus hypothesis to be tested using data
from across the whole of catarrhine phylogeny. Our analysis supports part (1) of the Dorus hypothesis but questions part (2),
suggesting instead that changes in level of sperm competition have a more powerful influence on the rate of evolution of traits
than the level of sperm competition itself. We conclude that the timeline procedure developed here could be a valuable inves-
tigative tool in the role of sperm competition in the evolution of sexual traits measured over evolutionary time such as SEMG2.

Significance statement

The empirical study of'the role of sperm competition in the evolution of sexual traits has historically been problematic through the
inability to measure sperm competition levels directly in the present and to reconstruct changes in the evolutionary past. Here, we
test a “timeline procedure” based on paternity data that potentially permits both. For our pilot study, we use the rate of change of
the seminal protein gene SEMG?2 for catarrhine primates published by Dorus et al. (Nat Genet 36:1326—1329, 2004). Whereas
Dorus et al. were limited to using proxy measures for only “recent” segments of catarrhine primate phylogeny, our method
permits direct measures of sperm competition to be applied across the whole of Catarrhine phylogeny. We conclude that this new
procedure could be valuable for investigation of the role of sperm competition in the evolution of a wide range of sexual traits.
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tract, an influence known as cryptic female choice (Eberhard
1996; Liipold and Pitnick 2018).

Despite theoretical progress in certain areas (Parker 2016),
the empirical study of the influence of sperm competition in
evolutionary processes has encountered major difficulties.
The most notable are an inability to measure sperm competi-
tion in real terms (i.e., males/conception) in the present and to
estimate figures for the evolutionary past.

In primates, early empirical studies of sperm competition as
a factor in the evolution of sexual characteristics concentrated
on traits such as relative testes size (Short 1979) that could be
assessed at only one point in time, the present. Recently, how-
ever, an increasing number of molecular studies have been
conducted that measure the change in a trait, such as a seminal
protein gene, over time (e.g., Dorus et al. 2004). Some of these
changes seem to relate to current sperm competition level
(e.g., Dorus et al. 2004) but others do not (e.g., Good et al.
2013). However, as Wong (2010, 2014) has noted, a lack of
correlation could result from the methods of measurement.
Not only were proxy measures of sperm competition used
(i.e., socio-sexual structure and/or relative testes size), but also
those measures reflected the modern outcome of evolution,
not the changes in sperm competition that occurred during
the time over which the molecular changes occurred. If such
traits are to be evaluated appropriately in relation to sperm
competition, there is a need for a procedure that allows the
changes in sperm competition level along different segments
of individual phylogenetic lineages to be expressed numeri-
cally (for the purposes of this article, a segment is defined as
that section of a lineage from one specified internal phyloge-
netic node to another or from a specified internal node to an
extant or extinct single species).

In two recent articles, we developed a method for the direct
measurement of current levels of sperm competition using
paternity data (Baker and Shackelford 2018a, b). The new
metric has the advantage that it measures the level of sperm
competition at the moment bouts conclude at conception. The
metric therefore automatically weights not only all the male
contributions but also cryptic female choice. For a full descrip-
tion, see Baker and Shackelford (2018a). Now, we build on
this method to develop a numerical procedure for estimating
the changes in level of sperm competition in the evolutionary
past. In combination, these two methods allow the relating of
such changes to changes in the expression of a trait. We refer
to this procedure as a “timeline procedure.”

Application of the timeline procedure to a particular phy-
logenetic group requires three sets of data: (1) paternity data
for a sufficient number of representative species; (2) a consen-
sus molecular phylogeny; and (3) sufficient measures of evo-
lutionary changes in a trait. For this pilot article, we have
chosen to develop, test, and illustrate the procedure using the
catarrhine primates as a test group and the molecular structure
of the seminal protein gene, SEMG?2, as a test trait.
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The ejaculate of all catarrhines appears to coagulate
soon after ejaculation, showing at least some trace of
gelatinous consistency or coagulation (Dixson and
Anderson 2002). The two genes SEMGI and SEMG?2
are expressed in the seminal vesicles and encode nearly
half of the protein in the ejaculate (Hurle et al. 2007).
After ejaculation, these SEMG-encoded proteins undergo
cross-linking to become the principal structural compo-
nent of the coagulum (Robert and Gagnon 1999). The
proteins encoded by SEMGI (Robert and Gagnon 1999)
and at least a portion of SEMG2 (Dorus et al. 2004) are
thought also to be involved in the inhibition of sperm
motility.

SEMG1 and SEMG?2 have been investigated from an evo-
lutionary perspective. Such studies have included the calcula-
tion of the number of nonsynonymous substitutions (dy)
(which change the amino acid sequence) and synonymous
substitutions (ds) (which do not change the amino acid se-
quence). The ratio (dn)/(ds) (termed w) is then calculated as
a measure of the rate of protein evolution scaled to mutation
rate (Yang 1998).

In this pilot article, for the purposes of the develop-
ment, testing, and showcasing of the timeline procedure,
we focus on the convenient dataset published by Dorus
et al. (2004) which also provides a benchmark analysis
against which the timeline procedure can be judged.
This dataset comprises values of w for 19 different seg-
ments of catarrhine phylogeny, some internal, some ter-
minal. Dorus et al., however, could only analyze seven
“recent” segments.

To benchmark and showcase the novel aspects of our time-
line procedure, we proceed in three steps: (1) we repeat the
analysis of the seven “recent” segments defined by Dorus
et al. (2004) but substitute their proxy measure of sperm com-
petition level with our point-in-time measure from paternity
data; (2) we then repeat this analysis yet again but this time use
the timeline procedure to replace the point-in-time levels of
sperm competition with change-over-time measures, thus re-
moving the mismatch in data type (see Wong 2014); and (3)
we apply the timeline procedure to all the phylogenetic seg-
ments defined by Dorus et al., internal as well as terminal, to
show the variety of analyses that the timeline procedure
affords.

Methods

All field data used in this article were collected and published
by other authors for their own purposes with no knowledge of
how they were to be used here. To minimize bias, the subse-
quent selection, recording, and analysis of these data used
blinded methods wherever relevant.
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Species referenced

A full taxonomic list of the names of all 32 species/subspecies
referenced in this article is provided in Table E-1 in the
Electronic Supplementary Material file (ESM_ 1.pdf) that ac-
companies this article (Online Resource 1).

All table and section numbers in Online Resource 1 are
prefixed with E-. References such as Table E-1 and §E-1
etc. therefore all direct to Online Resource 1. Tables, figs,
and sections referenced without this prefix are located in the
published article.

Paternity data

The collection of paternity data from populations of primates
involves obtaining genetic material from a sample of individ-
uals and their potential parents, and then assigning paternity.
A full list of sources, details, and raw paternity data for the 83
study groups that form the basis of this article is given in
Table E-2. The criteria for selection of studies are as in
Baker and Shackelford (2018a, b). These criteria plus full
details of the additions, updates, and minor differences be-
tween the data used here and in these earlier publications are
itemized in §E-1.

Calculation of current levels of sperm competition
from paternity data

The procedures and equations used here were developed, de-
scribed, and discussed by Baker and Shackelford (2018a, b).
Only a summary of the main terms and the equations them-
selves is provided here.

Main data: designated-male and other-male paternity

The paternity of each female’s offspring is expressed
with respect to an individual male, here termed the des-
ignated male, chosen usually by the original field re-
searchers from within that female’s range of potential
mating partners. Ideally, the designated male has a high
(preferably ~ 100%) probability of having sperm present
inside the female when she conceives. If the female
conceives to her designated male, the offspring is
scored as a case of designated-male paternity. All other
males within a female’s range of potential mating part-
ners are here termed other males. The designated male
for one female can sometimes be an other male for
another female. In this article, we express the paternity
data for a study group as the percentage of young with
other-male paternity (OMP %) (Table E-2).

Subsidiary data

Although designated-male paternity and other-male paternity
are the primary data for further analysis, the formulae below
(“Equations”) also require values for two subsidiary variables
(i.e., subsidiary in the sense that if no usable field data exist,
default values can be allocated). The variables are (1) percent-
age of other-male matings that are multiple matings (POM,
default = 100, meaning that all other-male matings are multi-
ple matings insofar as the sperm transferred encounter sperm
from at least the designated male) and (2) fertilization bias
(i.e., the ratio of observed to randomly expected “wins” by
designated males during sperm competition) (FB, default =
1.0, meaning that the sperm set from the designated male
and the sperm set of the average other male have an equal
chance of fertilizing the egg). When FB > 1.0, this implies
that the sperm set of the designated male has the greater
chance of fertilizing the female’s egg. When FB < 1.0, the
converse is true.

A full description of these variables plus a discussion of
caveats and their contribution to the signal-to-noise ratio in the
calculation of sperm competition levels is provided in Baker
and Shackelford (2018a, b). The precise procedure for calcu-
lating fertilization bias, however, has of necessity changed
over the three publications. The current article raises a partic-
ular challenge because it accommodates variation in fertiliza-
tion bias between different study groups of the same species.

A detailed description of the variation in methodology for
calculating fertilization bias across the three articles, the field
data used in this article (Table E-3), and a statistical compar-
ison of the results obtained in the three studies (Table E-4) are
all presented in §E-2.

Equations

The three equations used to calculate the level of sperm com-
petition from paternity data in this article are:

FSC = {100} *{[OMP]*[POM/100]*[1 + (FB/(ISC~1))]}/{DMP + OMP}

(1)
ISC = [{FB}/{[((DMP + OMP)*FSC)/(OMP*POM)|-1}] + 1 (2)
LSC = 1 + [(FSC/100)*(ISC1)] (3)

where FSC is the frequency of sperm competition (i.e., the
proportion of offspring, range 0-100%, whose conception
follows a bout of sperm competition between two or more
males); DMP is the number or percentage of designated-
male paternities; OMP is the number or percentage of other-
male paternities; POM is the percentage of other-male matings
that are multiple matings; ISC is the intensity of sperm com-
petition (i.e., the number of males, range 2 to n, and including
the designated male, which have sperm inside the female at
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conception); FB is the fertilization bias; and LSC is the level
of sperm competition (i.e., the mean number of males, range 1
to n, whose sperm are present at each conception, including
occasions when no sperm competition occurs).

Although we can conceive of situations in which it may be
of interest to analyze FSC and ISC independently, we antici-
pate that in most studies of sperm competition, as here, LSC
will be the variable most often used.

A full account of the development, rationale, and procedur-
al use of these formulae along with a detailed exposition of
caveats, signal-to-noise ratio, relationship to theoretical for-
mulations by others (e.g., Parker 2016), and other consider-
ations is provided in Baker and Shackelford (2018a, b).

Sampling bias and correction

Although the basic units for analysis in this article are the 83
study groups in Table E-2, a final analysis requires a value for
each parameter at the level of either the species or subspecies,
as appropriate. It would be inappropriate, however, simply to
calculate an unweighted average for each species from the
different study groups for that species. None of the study
group values for OMP % presented in Table E-2 was calcu-
lated from primary samples that involved structured sampling
designed to yield data representative of a population. We have
discussed this issue previously (Baker and Shackelford
2018a) and there employed such corrective procedures as pos-
sible whenever these could lead to a reduction in sampling
bias. Here, as in Baker and Shackelford (2018b), we use up
to three factors (depending on data availability) to achieve
such a reduction in bias for the measure of sperm competition
level (Table E-5).

Reconstruction of past levels of sperm competition
for the Catarrhini

Considerable progress has recently been made not only in
compiling molecular phylogenetic trees but also in using these
trees for statistical analyses that control for phylogenetic arti-
facts and uncertainty (e.g., Felsenstein 1985; Lutzoni et al.
2001; Pagel and Lutzoni 2002). Procedures have also been
developed (e.g., COEVOL (Lartillot and Poujol 2011),
Forward Genomics (Hiller et al. 2012), and PhyloAcc (Hu
et al. 2019)) that attempt to identify associations between pat-
terns of convergent evolutionary rate shifts and convergent
changes in environment or traits.

Such methods undoubtedly signpost the future of phyloge-
netic analysis. At the same time, it is acknowledged (e.g.,
Kowalczyk et al. 2018) that there is still room for improve-
ment, particularly in ease of both visualization and down-
stream analysis. Attempts to remedy the situation are ongoing
(e.g., RERconverge; Kowalczyk et al. 2018), but it remains
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the case that no method is suitable for all situations, and the
situation reported in this article is an example.

The SEMG?2 data provided by Dorus et al. (2004) yield
information for a variety of internal and terminal phylogenetic
segments. To replicate their study properly using our measure
of sperm competition level, it is necessary to isolate the
change in sperm competition level for those specific seg-
ments. Even when data are not collected in this way, it will
often be of interest to delve into the evolutionary past to com-
pare changes at specific stages of phylogeny. The method
developed here allows such investigations, as this article
illustrates.

While seeking to harness the power of the Bayesian meth-
odology at the heart of recent methods, we also needed a
procedure that (1) is simple and transparent enough to bench-
mark our approach against historical data and analyses; (2)
allows easily visualized downstream analysis to generate
new hypotheses; and, in particular, (3) will allow us in the
future easily to switch from testing hypotheses generated via
traits based on molecular change against traits that are not. The
timeline procedure now to be described (Fig. 1) meets all these
requirements.

First, we use Version 3 of the 10k Trees Website (see Arnold
et al. 2010) to generate the consensus phylogeny, in Nexus
format, for the primate species for which we have relevant data.
This phylogeny (with branch lengths) has been sampled from a
Bayesian phylogenetic analysis of genetic data and is illustrated
in Fig. 2. For analyses, we use version 3.0.1 (November 2017)
of BayesTraits (Pagel and Meade 2017).

Among the procedures available in BayesTraits is the fa-
cility to estimate the numerical value of a trait, in this case
sperm competition level, not only at the root node but also at
particular nodes internal to the phylogeny. The former is the
phylogenetically corrected mean of the data, whereas an inter-
nal node is the most recent common ancestor of a specified
group of species (Pagel et al. 2004). To calculate the latter, we
use the random walk model and Markov chain Monte Carlo
(MCMC) method.

A full reconstruction of potential levels of sperm competi-
tion at nodes throughout catarrhine evolution (insofar as can
be calculated from the species for which we have paternity
data) using BayesTraits is presented alongside the phylogeny
in Fig. 2.

For simplicity, Fig. 2 shows only the levels of sperm com-
petition at different nodes and current endpoints. These levels,
however, also provide the means to quantify changes from the
beginning to the end of particular lineage segments. For ex-
ample, the difference between the current sperm competition
level (s) for a species and the level (g) of that species’ generic
ancestor is a measure of the change in sperm competition over
that defined segment of the lineage. If the change is expressed
as s — g, then positive changes signify that sperm competition
level has increased over that segment of the lineage and
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Fig. 1 The five steps of the
timeline procedure

Timeline Procedure

3. Calculateincrease or
decrease in trait value

2. Use ancestral state
reconstruction methods to

1. Collect point-intime
trait values (e.g. Level of
Sperm Competition) for
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:> calculate values for all
phylogeneticnodes that

the data allow

|:> from one phylogenetic
node to an evolutionarily
later node

4. Express these increases or
decreases as a net change,
percentage change, or rate
of change as appropriate for
further analysis

5. Compare these changes
with those of other traits
(e.g., molecular change)
across the same phylogenetic
segments

=)

negative values that the level has decreased. This procedure
can be applied to the segment between any two nodes for
which paternity data allow calculation of the two nodes them-
selves. This yields an advantage over most alternative
methods because ancestral segments can then transparently
be analyzed in the same way as terminal segments.

It is a moot point whether the changes in sperm competition
level calculable from Fig. 2 should be expressed as net
change, proportional change, or rate of change. However, as
an exploratory article such as this is not particularly threatened
by multiple hypothesis testing, we prefer to present analyses
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covering all viewpoints, thus providing a basis for future dis-
cussion, rather than to exclude one approach or another in
advance. The different measures reflect different nuances of
change in level and it could be of interest how those nuances
compare in practice. The data necessary to calculate all three
measures of change in sperm competition level over the
phylogenetic segments for which Dorus et al. (2004) mea-
sured changes in the seminal protein gene SEMG?2 are collect-
ed in Table E-6.

We should stress that whichever measure of change is used,
our timeline procedure, like all methods based on Brownian
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Fig. 2 Constructed phylogenetic timeline of level of sperm competition
for 31 species of the Catarrhini. Tree organization and branch lengths
extracted from Version 3 of the consensus molecular tree for primates
in 10kTrees (Armold etal. 2010). Level of sperm competition at nodes and
tips expressed as mean number of males with sperm in a female’s ampulla
at conception. Values for extant species are calculated from paternity data
(Baker and Shackelford 2018a, b). Values for root or internal nodes (the
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most recent common ancestor of the species evolutionarily downstream)
are calculated using the random walk model and Markov chain Monte
Carlo (MCMC) method offered in version 3.0.1 of BayesTraits (Pagel
and Meade 2017). The latter values are the mean of 20,000 iterations over
20 separate runs. Although for display purposes the figures are rounded to
two decimal places, all calculations use raw data expressed to 5 decimal
places. —, no paternity data available for species
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movement, assumes a uniform change in trait value along a
segment. So, too, do a multitude of other measures, such as the
w measure for molecular change used here. Like all these
others, therefore, the timeline procedure could mask a series
of evolutionary bursts and constraints during the course of a
phylogenetic segment. Unlike other methods, however, the
timeline procedure (when data allow calculations for multiple
nodes along a lineage) permits longer segments to be broken
into shorter segments. This potentially allows analysis of the
rate and nature of changes in sperm competition level in these
shorter segments with changes in value of some other trait,
such as w, over the same segments. The timeline procedure,
therefore, offers the potential for a more transparent, flexible,
and finely grained analysis of evolution across a phylogeny
than other methods.

Statistics
The timeline procedure, data independence, and analysis

The analytical problems raised by phylogenetic inertia are
well known, and many elegant solutions and calculation aids
have been developed, such as the BayesTraits collection used
here (Pagel and Meade 2017). General issues that relate to the
timeline procedure are described in §E-3.

Non-phylogenetic procedures

All standard parametric and non-parametric analyses in this
article were generated using the Real Statistics Resource Pack
software (Release 5.4; Zaiontz 2018). Tests of the difference
between two dependent correlations with one variable in com-
mon used Lee and Preacher (2013), following Steiger (1980).
Tests of the difference between two independent correlations
used Preacher (2002), following Cohen and Cohen (1983).

When calculating probability values, we use the following
protocol. If there is no clear direction to the hypothesis being
tested, we present 2-tailed values. When there is a clear direc-
tion to the hypothesis being tested, we do not present 1-tailed
p values but instead follow Rice and Gaines (1994) and pres-
ent pg; values with v/« set to 0.8.

Phylogenetic procedures

Correlation analyses with phylogenetic correction were per-
formed for extant species as described by Pagel and Meade
(2017). For the primate species for which we have relevant
data, we use Version 3 of the 10kTrees Website (Arnold et al.
2010) to generate the consensus phylogeny in Nexus format.
We then use the Independent Contrasts facility in version
3.0.1 (November 2017) of BayesTraits (Pagel and Meade
2017) for correlation analysis. The generated statistic
(logBF) is then interpreted as showing either “no positive
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evidence,” “positive evidence,” “strong evidence,” or “very
strong evidence,” following Raftery (1996).

Phylogenetic studies using Bayesian processes often de-
fault to using log-transformation of quantitative variables,
and where appropriate, we follow this protocol here.

Steps in evaluating and using the timeline procedure
Benchmarking

The first step in evaluating the timeline procedure is to bench-
mark the relationship between w and the traditional proxy
measure of sperm competition. We then compare this bench-
mark with that obtained using the new metric (mean males/
conception) derived from paternity data (Baker and
Shackelford 2018a, b).

Dorus et al. (2004) published values of w for SEMG?2 for 19
segments of catarrhine phylogeny. They were unable, howev-
er, to use their full dataset to test for an association with sperm
competition level because they had measures of sperm com-
petition (in the proxy form of relative testes size) only for
segments at the phylogenetic tips. To circumvent this prob-
lem, Dorus et al. reduced their data for w to just seven such
recent segments (Table E-6, selection A).

The measurements of relative testes size used by Dorus
et al. (2004) were residuals from a regression of testes weight
on body weight (both log-transformed) published by
Anderson and Dixson (2002). When plotted against w, these
residuals show a positive correlation for which the * value
was 0.52 and to which Dorus et al. attached a (one-tailed) p
value 0f 0.035 (n = 7). A (positive) * value of 0.52 as reported
by Dorus et al. translates into a correlation coefficient of r =
0.721 (pgir = 0.044; n = 7). This is the historic benchmark
value, therefore, against which any other correlation coeffi-
cients for the same seven segments can be judged.

For the next benchmark, we replace the proxy measure of
relative testes size with the new paternity data metric for
sperm competition level (mean males/conception)
(Table E-6, selection A, “End” column). This gives a figure
of r=0.744.

Evaluation of benchmarks in the absence of a known “true”
correlation

The benchmarking exercise just described results in two cor-
relation coefficients (0.721 and 0.744; see Table 1, row 1;
“point-in-time” columns) for which the comparison of main
interest is relative performance. It is a simple matter to calcu-
late the probability of each being different from zero. It is also
a simple matter to calculate the probability of the two being
different from each other (see “Non-phylogenetic procedures”
and “Benchmarks”). Beyond that, though, further interpreta-
tion is problematic.
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Table 1 Summary of correlation

coefficients between w and Row ID  Data selected n Point-in-time analyses Change-over-time analyses
measures of level of sperm
competition RTS LSC Net % rate
w—untransformed
1 A—full data set 7 0.721 * 0.744 * 0.737 * 0.745 * 0.899 ##*
2 A—without data caveat 6  n/a 0.741™ 0.718 ™ 0.733™ 0.911 s
w—log-transformed
3 A—full dataset 7 0.780 **  0.798 ** 0.797 #*  0.804 ** 0.888 ***
4 A—without data caveat 6 n/a 0.804 * 0.783 * 0.799 * 0.909 ¥
5 B—full data set 15 - 0.291 ™ 0.528* 0.562 ** 0.445™
6 B—without data caveats 12— 0.486 ™ 0.633%#* 0.676 ***  (0.594 *
7 B—Hominoidea 9 - (0.567 ™) 0.799 ##%  0.811%**  (.792 ***
8 B—Cercopithecoidea 6 - (—0.163™) 0289 ™ 0314 ™ 0.168 ™
9 B—internal 7 - (0.377™) 0.394™ 0439 ™ 0425™
10 B—terminal 8 - (0.054 ™) 0.552™ 0.627 ™ 0.390 ™
11 Since 10 mya 8 - (0.322™) 0.728 * 0.769 ** 0.622™
12 Length < 10 my 11 - (0.192™) 0.575 * 0.612 * 0430 ™
13 Length > 10 my 4 - (0.913 ™) 0.976 **  0.950 * 0.958 *

Data listed are Pearson’s parametric correlation coefficients (r) for a variety of analyses of association between w
(or logw) and different measures of sperm competition. Values in parentheses are listed for completeness and
show that analyses that compare logw with levels rather than changes in level of sperm competition are not
significant. These data, though, are not discussed further in the text. Row ID, row number for ease of reference
from main text. Data selected (for details, see Table E-6). A, B, and caveats as itemized in Table E-6. Hominoidea,
all segments for which data exist between the catarrhine root node and extant hominoids; Cercopithecoidea, all
segments for which data exist between the catarrhine root node and extant cercopithecoids; internal, segments that
end at an internal node; terminal, segments that end with an extant species; since 10 mya, segments that both start
and end within the last 10 million years; length < 10 my, segments shorter than 10 million years; length > 10 my,
segments longer than 10 million years. n, number of segments. Point-in time analyses. RTS, sperm competition
measure based on relative testes size from Dorus et al. (2004); LSC, level of sperm competition measure (mean
males/conception) from paternity data, using values from Table E-6, “End” column. Change-over-time analyses.
Change in level of sperm competition (mean males/conception) from timeline procedure (see Figs. 1 and 2),
expressed as either net change (from “change” column in Table E-6), % change, or rate of change, calculated
from data, and as described, in Table E-6

wrate of molecular change in the seminal protein gene, SEMG?2 (from Dorus et al. (2004); — not calculable; n/a not

applicable

P, values: ™ not significant; *< 0.05; **< 0.02; **#< 0.01

Ideally, the two values would be used to answer the ques-
tion of which measure of sperm competition level—relative
testes size or males/conception—is “better,” but this cannot be
done. The default assumption is that the stronger the correla-
tion the more accurate the measures that produce the correla-
tion, but this is not necessarily the case. The “true” correlation
between w and level of sperm competition for a sample size of
7, as here, is unknown. If the “true” » value were very high,
approaching 1.0, then the males/conception measure, as it
yields a nominally higher correlation coefficient, could be
considered marginally better. However, if the “true” value
were low (say < 0.7), then the converse would hold and the
relative testes size measure could be considered to have the
edge. Without knowing the “true” value, no judgment can be
made on the matter.

Although the “true” correlation between w and sperm com-
petition level is unknown, the current consensus (e.g., Dorus

et al. 2004; Wong 2014) is that sperm competition level does
have a significant influence on seminal gene evolution. As a
consequence, any analysis that fails to yield a significant rela-
tionship between the two is likely to be judged to reflect a
weakness in either the measures or the method. The result will
tend to be considered a false, not a true, negative. Until or
unless sperm competition is demonstrated to have no influ-
ence on seminal gene evolution, this is likely to remain the
case. Beyond that, though, we cannot legitimately interpret
further given current knowledge.

This problem of interpretation could potentially arise at a
number of points in the following sections. As it happens,
though, although there are occasions in our evaluation of the
timeline procedure on which one method is significant and
another not, there is no occasion on which two correlations
for key measures or procedures are significantly different. At
no point, therefore, is a judgment required over which
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measure or method is the “better.” It is sufficient in this article
to accept that the two measures or methods being compared
are equally suitable for the purpose.

Point in time and change over time

Although the two benchmark calculations described in
“Benchmarking” are an important starting point in the evalu-
ation of the timeline procedure, they are both potentially in-
appropriate (see Wong 2014). In both cases, they are a com-
parison of an across-segment measure (for w) and a point-in-
time end-taxon measure (for sperm competition). Ideally, to
be comparable with w, the metric for sperm competition
should also be an across-segment change-over-time measure
which has never before been available. Such a measure can be
generated by the timeline procedure as in Table E-6.

The next step in evaluating the reliability of the timeline
procedure, therefore, is to compare the benchmark measures
described in “Benchmarking” against correlations between w
and timeline-generated measures of change in level of sperm
competition across the same segments (see “Comparison of
point-in-time and change-over-time metrics for sperm
competition”).

Use of the timeline procedure to dissect relationships
across a phylogeny

Although Dorus et al. (2004) published values of w for 19
phylogenetic segments spread across catarrhine phylogeny,
the authors were unable to conduct analyses with respect to
sperm competition for more than seven recent segments. Even
then three of these segments required a preliminary modifica-
tion of the original data in order to be analyzable. Partly this
reduction in number of segments was because Dorus et al. had
to reject four segments with a value of infinity. Primarily,
though, it was because the authors had no means of obtaining
usable measures of sperm competition for segments internal to
catarrhine phylogeny (i.e., not ending with an extant species).
The timeline procedure solves this latter problem and hence
allows us to analyze much more of the dataset published by
Dorus et al. than previously possible. Moreover, the timeline
procedure removes the requirement to modify some data, thus
allowing analysis of the original values.

All 15 of' the usable values of w (Table E-6, selection B) are
independent mathematically (see “The timeline procedure, da-
ta independence, and analysis”). So, too, are the changes in
level of sperm competition across the same 15 segments. The
result is a dataset that covers catarrhine phylogeny from root
to tips. This allows us to evaluate the timeline procedure’s
potential to dissect the relationship between sperm competi-
tion and w at different stages and along different branches of
the phylogeny. Sample sizes are inevitably low, and the eval-
uations presented in “Use of the timeline procedure to dissect
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evolution across a phylogeny” are more to illustrate potential
future use than to provide firm answers.

Generating and testing of hypotheses and the use of both
parametric and non-parametric statistics

A particular feature of the timeline procedure is that the mea-
sures of change, generated for individual segments across a
phylogeny as above, can be separated, isolated, and then an-
alyzed using standard statistical methods. In “Use of the time-
line procedure to identify questions and to generate and test
new hypotheses,” we present just a few illustrations of the
procedure being used to frame questions and to generate and
test hypotheses. These include in “Do changes in sperm com-
petition level generate positive, stabilizing, or relaxed selec-
tion on the evolution of SEMG2?” an example of the ease of
switching to non-parametric methods when deemed
necessary.

Results

The full list of phylogenetic segments to be analyzed and the
appropriate data for w and sperm competition level is provided
in Table E-6.

Sections “Benchmarks” to “Use of the timeline procedure
to dissect evolution across a phylogeny” involve the calcula-
tion of parametric correlation coefficients between w and
sperm competition level for several datasets taken from
Table E-6. To provide an overview of these analyses, to facil-
itate comparisons, and to minimize the need to present signif-
icance levels and sample sizes for every comparison made
below, we have collected these correlation coefficients togeth-
er in a single table (Table 1).

Benchmarks

The two benchmark correlation coefficients () between w and
sperm competition for the seven recent phylogenetic segments
defined by Dorus et al. (2004) were 0.721 (obtained by Dorus
et al. using residual relative testes size as a proxy measure of
sperm competition) and 0.744 (obtained by ourselves using
the different metric of mean males/conception from paternity
data) (Table 1, row 1, “point-in-time” columns). Both corre-
lation coefficients are significant (but not (row 2) if the data
point with a caveat (see Table E-6) is excluded). The correla-
tions also show “very strong evidence” for a relationship be-
tween w and level of sperm competition when a phylogenetic
correction is applied (logBF > 10 in all cases). However, none
of the differences between 7 values are significant (p_iaijeq >
0.5 for any pairwise comparison).

We conclude, therefore, that (1) use of a new measure of
sperm competition calculated from paternity data provides
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independent support for the hypothesis (henceforth the Dorus-
1 hypothesis) that level of sperm competition has an influence
on SEMG?2 evolution and (2) the new measure of sperm com-
petition is as suitable for such a study as the traditional proxy
measure based on relative testes size.

Comparison of point-in-time and change-over-time
metrics for sperm competition

Calculations such as performed for the two benchmarks are
potentially inappropriate because whereas w is a change-over-
time measure, those for sperm competition are both point in
time (see Wong 2014). The timeline procedure, however, gen-
erates a measure for sperm competition (Table E-6, “change”
column) that, because it expresses change over time, is poten-
tially more appropriate. The correlation of this measure with w
can thus be compared with the two benchmarks from
“Benchmarks.”

First, for direct comparison, we follow Dorus et al.
(2004) and use untransformed values of w for the same
seven recent segments (Table E-6, selection A). The
change in level of sperm competition across a segment
can be expressed in three different ways: net, percent-
age, and rate. The respective correlation coefficients are
0.737, 0.745, and 0.899. All three correlations are sig-
nificant (Table 1, row 1, “change-over-time” analyses)
and alter only marginally (though two just lose signifi-
cance) if the data point with a caveat is excluded (row
2). All correlations also show “very strong evidence”
for a relationship between w and level of sperm compe-
tition when a phylogenetic correction is applied (logBF
> 10 in all cases). However, no pairs of values are
significantly different, either from each other or from
either of the two benchmarks (p;_iajleq > 0.05 in all
cases). We conclude, therefore, that (1) use of a more
appropriate change-over-time metric for sperm competi-
tion still supports the Dorus-1 hypothesis, and (2) the
change-over-time values generated by the timeline pro-
cedure are as suitable for investigative use as were the
point-in-time measures used to calculate the benchmark
values.

Next, instead of using untransformed measures of w, we
switch (see “Phylogenetic procedures™) to using log-
transformed measures. The r values change little (compare
rows 1 and 3, and rows 2 and 4; Table 1) and all are signifi-
cantly greater than zero. Still, though, no given pair of corre-
lation coefficients is significantly different. All correlations
also continue to show “very strong evidence” for a relation-
ship between w and level of sperm competition when a phy-
logenetic correction is applied (logBF > 10 in all cases). We
conclude, therefore, that neither the support for the Dorus-1
hypothesis nor the suitability of the timeline procedure is in-
fluenced by the log-transformation of w.

Use of the timeline procedure to dissect evolution
across a phylogeny

We stress that the following statistics are primarily illustrative,
a demonstration of how the timeline procedure can be used.
Sample sizes are small and correlations are sometimes not
significant. The biological conclusions, therefore, should be
considered preliminary. The technique, though, could have
far-reaching applications.

We now switch from analyzing the seven recent segments
defined by Dorus et al. (2004) to analyzing their whole usable
dataset (Table E-6, selection B). In this section (“Use of the
timeline procedure to dissect evolution across a phylogeny”),
we are concerned only with the change-over-time analyses in
Table 1.

Analysis of the whole dataset shows that two of the three
measures of change in the level of sperm competition (net and
percentage) have a significant positive association with logw
(Table 1, row 5). If we exclude the three data points with
caveats described in Table E-6 and marked in Fig. 3, the
correlations alter only marginally (compare rows 5 and 6,
Table 1; no differences significant, p 1.4 > 0.05) but all are
now significantly different from zero.

We conclude that extending analysis to use the whole
dataset continues to provide support for the Dorus-1 hypoth-
esis. The timeline procedure, however, has the potential to do
much more than extend this support. It also allows us to begin
to dissect the association of sperm competition with w at dif-
ferent stages and along different branches of the phylogeny.
The results are collected together in Table 1 (rows 7 to 13).
Sample sizes vary from 4 to 11. All correlation coefficients are
positive and there are no significant differences between

7 oA
6 —
5 |
2 4
3 - o
2 o B
1 (I)o .(S)C I'SWIoo Ooon I I I
-2 -1 0 1 2 3
decrease increase

Change in sperm competition level

Fig. 3 Change (w) across a phylogenetic segment in the seminal protein
gene, SEMG?2, plotted against the net change in level of sperm
competition (mean males/conception) across the same segment. Open
circles, data without caveats. Filled circles, data points with caveats (see
Table E-6 for full details): A, outlier; SC, Colobus vellerosus paternity
data substituted for C. guereza; SM, Macaca assamensis paternity data
substituted for M. nemestrina
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relevant pairs (e.g., rows 7/8, 9/10, and 12/13). Some correla-
tions are significant and some are not, but as we are not seek-
ing firm conclusions in this section, multiple hypothesis test-
ing is not a concern. The aim is to illustrate the potential of the
timeline procedure and to provide a general impression of
selection across the phylogeny. When we apply a phylogenet-
ic “correction” to the seven terminal segments (row 10), we
obtain logBF > 2 (“positive evidence”) for all three measures
of change.

The primary impression is that the relationship between
sperm competition and SEMG?2 evolution has remained rela-
tively constant across catarrhine phylogeny. For all subdivi-
sions of the data, an increase in level of sperm competition
across a segment is associated with a nominally higher value
of w, sometimes significant, sometimes not. There is neither a
statistical difference (p,_jleq > 0.05) nor even a suggestion of
a difference in the relationship between segments no matter
whether they are internal or terminal (rows 9 and 10), are less
than or greater than 10 million years long (rows 12 and 13), or
have both started and finished within the last 10 million years
(row 11). There is perhaps a hint worthy of future attention
that the influence of sperm competition on w may have been
stronger within the Hominoidea than the Cercopithecoidea
(rows 7 and 8), but the differences are not at present signifi-
cant. More paternity data for more species, particularly for a
wider range of cercopithecoids, are needed before this hint can
be judged further.

Use of the timeline procedure to identify questions
and to generate and test new hypotheses

Which is the more important in SEMG2 evolution: level
of sperm competition or change in level of sperm
competition?

All analyses so far have provided support for the Dorus-1
hypothesis. We now apply the timeline procedure to the more
specific hypothesis (henceforth Dorus-2) that higher levels of
sperm competition generate more positive selection for
change in SEMG?2 than lower levels.

Dorus et al. (2004) based this second part of their hypoth-
esis on the fact that the correlation between w and their relative
testes size point-in-time measure of sperm competition had a
positive sign (= 0.721; Table 1, row 1, “RTS” column). Our
re-analysis of these same species and segments (selection A)
using log-transformed values of w and a different (i.e., mean
males/conception) point-in-time metric for sperm competition
yielded a correlation coefficient of 7 = 0.798 (Table 1, row 3,
“LSC” column). At first sight, this supports the Dorus-2 hy-
pothesis, but further investigation using the timeline proce-
dure reveals a problem.

The analyses shown in Table 1 (row 3) indicate that, as
stated in Dorus-2, higher values of sperm competition at the
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end of a segment are indeed associated with higher values of w
over the course of a segment. However, the same data (row 3)
show that it is equally true that higher values of w are also
associated with greater increases in level of sperm competi-
tion. This is because for the seven segments in selection A
(Table E-6), there is a strong cross-correlation between the
level of sperm competition at the end of the segment and the
change in level along the segment (net, » = 0.982; %, r =
0.991; rate, » = 0.869; ps_taitea < 0.01 in all cases; n = 7). It
follows, therefore, that although selection on w could be gen-
erated by sperm competition level (as measured at the tip and
as hypothesized in Dorus-2), it could equally well be generat-
ed by the change in sperm competition level along the
segment.

The timeline procedure allows the situation to be investi-
gated further. Not only does it allow us to extend the analysis
to use the full dataset (Table E-6, selection B) but it also
allows us to use a more targeted analysis that can answer
specific questions.

Analysis of the full dataset (see Table 1, row 5, “LSC”
column) shows that there is no longer a significant correlation
between logw and the level of sperm competition at the end of
a segment. There remains, however, a significant correlation
between logw and two of the different expressions of change
in level (Table 1, row 5, “change-over-segment” columns).
This hints that change in level of sperm competition across a
segment may be the more important, or even the only impor-
tant, factor associated with logw. However, in no case is the
difference between the correlation for sperm competition level
(row 5, “LSC” column) and the different correlations for
change (row 5, “change-over-time” columns) significant at
the ps_aileq = 0.05 level, so a simple examination of correlation
coefficients cannot settle the matter.

A more targeted approach is needed, and to illustrate the
analysis, we use the data for net change in sperm competition
level (r = 0.528: Table 1, row 5, “net” column). Residuals
from the regression line of logw on the net change in sperm
competition level (x males/conception) across a segment (i.e.,
logw=0.113x+0.084; R*=0.278; F} 13 =5.023; pai = 0.028;
type III sums of squares) show no significant correlation with
the end-of-segment level (» = — 0.074; ps_taileq = 0.396; n =
15). Nor does the addition of end-of-segment level add signif-
icantly (p.titeqa > 0.700) to the 27.8% (R?) variance already
explained by net change in level across the segment alone
(raising the explained variance to only 28.6%). Moreover,
the VIF of the two factors (net change and end-of-segment
value) is 1.8. This is low enough (< 5.0; Ringle et al. 2015)
for us to conclude that the result is not unduly influenced by
multicollinearity.

We conclude, therefore, that the Dorus-2 hypothesis needs
modification. It is not sperm competition level that is the im-
portant factor in SEMG2 evolution, but change in level. This
conclusion remains the same if we use the mean level of sperm
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competition across a segment (Table E-6) instead of end-of-
segment level. It also stays the same if we use percentage
change or rate of change of sperm competition level
(Table 1, row 5, columns “%” or “rate”) instead of net change.
Having led to this conclusion, the timeline procedure now
allows the investigation to continue even further.

Do changes in sperm competition level generate positive,
stabilizing, or relaxed selection on the evolution of SEMG2?

As a final illustration of the breadth and flexibility of the
timeline procedure, we investigate the association between
changes in sperm competition level and the value of w in more
detail. At the same time, we demonstrate the ease with which
analysis can use non-parametric statistical methods when
deemed necessary.

Although qualifications exist, values of w that are higher
than 1.0 indicate positive selection for change and values low-
er than 1.0 indicate stabilizing selection (Yang 1998). Values
around 1.0 indicate relaxed (or no) selection. From the con-
clusion in “Which is the more important in SEMG2 evolution:
level of sperm competition or change in level of sperm com-
petition?” we would predict, therefore, that increases in level
of sperm competition across a segment would produce values
of w > 1.0 whereas decreases in level would not. Whether
decreases in sperm competition should produce values of w
that are lower than 1.0 (stabilizing) or simply values not dif-
ferent from 1.0 (relaxed) is a moot point.

The 15 lineage segments in Table E-6, selection B, can be
divided into two groups that allow these expectations to be
investigated. There are those segments for which the change
in sperm competition level is positive (the “increase in sperm
competition” group; n = 7) and those for which the change is
negative (the “decrease in sperm competition” group; n = 8).
As the data in some representations of these groups depart
from a normal distribution (d’Agostino-Pearson test: p <
0.05), we switch to the use of non-parametric procedures for
one- and two-sample tests.

The distribution of values of w and changes in levels of
sperm competition (Table E-6, selection B; see also Fig. 3)
are such that in the increase in level of sperm competition
group, the value of w is > 1 on 6 occasions and < 1 on 1
occasion. In the decrease group, the value of w is > 1 on only
1 occasion and < 1 on 7 occasions (chi-squared = 8.958; p,.
tailed = 0003, df = 1)

Comparison of the increase and decrease groups shows that
the median value of w (1.31, range 0.82—7.05) in the increase
group is significantly higher than that in the decrease group
(0.85, range 0.58-1.73) (Mann-Whitney test: U;g = 9; z =
2.199; ps_taited = 0.036). Moreover, the median w for the in-
crease group is significantly higher than 1.0 (Wilcoxon
signed-rank test for a single sample: T = 2; ps_iteq = 0.042;

n = 7). In contrast, the median for the decrease group is not
significantly lower than 1.0 (7' = 8; ps_ajleq = 0.196; n = 8).

We hypothesize, therefore, that an increase in sperm com-
petition level across a segment leads to positive selection on
SEMG?2 evolution and a decrease leads to relaxed (or no)
selection.

Discussion

The timeline procedure: signal-to-noise ratio, analyt-
ical power, and functionality

The timeline procedure, as developed here, builds on recently
developed formulae that transform paternity data into a mea-
sure of sperm competition level in terms of mean males/
conception (Baker and Shackelford 2018a, b). The signal-to-
noise ratio of this measure has been discussed in detail else-
where (Baker and Shackelford 2018b), and the conclusion
was reached that the sources of noise in the base data were
insufficient to prevent signal strength (e.g., interspecific vari-
ation) from showing through. In this article, however, the
production of the timeline procedure (Figs. 1 and 2) has added
a further source of noise: the Bayesian reconstruction of a trait
across a phylogeny that spans up to ~ 30 million years.

If the additional noise generated by the reconstruction pro-
cess, based on the procedures in BayesTraits (Pagel et al. 2004,
Pagel and Meade 2017), had been great enough to swamp any
signal in the data, there would be no reason other than chance or
artifact to obtain the significant correlations shown in Table 1 in
the change-over-time columns. Changes in sperm competition
level and values for w would not have correlated so strongly, nor
are these variables likely to become correlated due to cryptic
methodological artifacts. We therefore conclude that the signal-
to-noise ratio for the timeline data in Fig. 2 is strong enough for
the procedure to be a valuable investigative tool in the role of
sperm competition in the evolution of sexual traits measured over
evolutionary time, such as SEMG?2.

The next important question is whether the timeline procedure
as based on our new metric for sperm competition level is as
powerful as could perhaps be achieved using the previous proxy
metric of relative testes size (which itself suffers from noise in
data collection; see discussion in Baker and Shackelford 2018b).
We have argued previously that because the two measures cor-
relate strongly, then if relative testes size is considered powerful
enough for exploring a role for sperm competition in the evolu-
tion of a trait then so should the measure from paternity data
(Baker and Shackelford 2018a, b). At the same time, we accept-
ed that in principle there was one reason for considering relative
testes size to be the more appropriate of the two measures. This
reason was that although relative testes size itself is a point-in-
time tip-taxon measure, a given relative testes size does have the
advantage that it evolved over the course of a phylogenetic
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segment alongside the test trait, such as the SEMG2 gene.
Potentially, therefore, relative testes size could reflect the
across-segment influence of sperm competition better than the
purely tip-segment measure from paternity data that we used in
previous publications. The timeline procedure, however, renders
the two measures more equivalent.

For the seven phylogenetic segments shown in Table E-6
(selection A), the measures of relative testes size used by
Dorus et al. (2004) produced a correlation with w of » =
0.721. By comparison, three different measures of change in
sperm competition level generated by the timeline procedure
yielded correlations of 0.737, 0.745, and 0.893 (“Comparison
of point-in-time and change-over-time metrics for sperm com-
petition”). There is no indication in these figures that relative
testes size is any way more suitable a reflection of changes in
sperm competition level than the measure that can be extract-
ed from paternity data by the timeline procedure. Added to
this observation is the fact that, as illustrated in “Use of the
timeline procedure to dissect evolution across a phylogeny”
and “Use of the timeline procedure to identify questions and to
generate and test new hypotheses,” when used as part of the
timeline procedure, the males/conception measure has a much
more varied functionality.

In fact, relative testes size, when measured as a residual, can-
not be used to measure changes through phylogeny. Residual
values are specific to the assemblage of species for which they
are calculated. Add or subtract even a single species to or from
the assemblage and the residual value for each species in the
analysis changes. Residual relative testes sizes cannot therefore
be compared through phylogeny because the assemblage of spe-
cies from which the residuals could be calculated automatically
changes. A residual value, say, of 2.0 for a tribal ancestor cannot
be considered equivalent to a value of 2.0 for a generic ancestor.
Moreover, it is not possible even to calculate a residual value at
the root node because there is only one species. Only if relative
testes size is measured as a percentage could it then be subjected
to the timeline procedure and used for across-phylogeny analy-
ses, a possibility that we intend to explore in a future article.

Overall, therefore, we suggest that whenever sufficient pa-
ternity data are available, they provide, within the timeline
procedure, a much more flexible metric than relative testes
size for the investigation of a role for sperm competition in
the evolution of sexual traits.

Sperm competition and the evolution of sexual traits:
will absolute level or change in level generally be
found to be the more important?

The main aim of this article was to develop, evaluate, and
illustrate the timeline procedure as an analytical tool in the
evolution of sexual traits using the SEMG2 gene as a test trait
and the Catarrhini as a source of appropriate data. In pursu-
ance of this aim, however, we discovered that irrespective of
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actual level of sperm competition an increase in level gener-
ates positive selection for change in a trait whereas a decrease
generates relaxed (or no) selection.

How generally in the evolution of sexual traits a change in
sperm competition level is more important than the absolute
level itself must await the investigation of other traits in the
Catarrhini and other taxa. We might expect that when a trait
(such as the w measure of SEMG?2) is measured as a rate, then
change in sperm competition level will be the more important
factor, but that when a trait (such as relative testes size) is
measured as a point-in-time value, then the converse may be
true. In both types of trait, however, it might be expected that
absolute level and change in level of sperm competition might
interact in some multi-factorial manner, though in this study of
SEMG2 we found no evidence of such an interaction (“Which
is the more important in SEMG2 evolution: level of sperm
competition or change in level of sperm competition?”).
Analysis of a variety of traits using the timeline procedure
with a view to addressing this question is an obvious next step.
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