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Pre- and postcopulatory competition affect testes mass and
organization differently in two monophyletic mole-rat species,
Georychus capensis and Fukomys damarensis
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Sperm competition results from postcopulatory continuation of male—male competition for paternity. The level of
sperm competition is predicted to be highest in species with greater polyandry and weakest in monogamous pairs.
Sperm competition levels can be indexed using traits that reflect male investment in fertilization, particularly rel-
ative testes mass (RTM). However, the relationship between RTM and levels of sperm competition may also be
influenced by precopulatory competition selecting for higher levels of testosterone, also produced by the testes.
To test the relationship between RTM and both pre- and postcopulatory male-male competition we compared
two bathyergid mole-rat species, the promiscuous Georychus capensis and the monogamous eusocial Fukomys
damarensis. The promiscuous species had not only larger RTM, but also a greater proportion of spermatogenic
tissue, maximizing germ cell production as well. Conversely, the eusocial species had smaller testes, but a higher
proportion of interstitial tissue (which contains the androgenic Leydig cells) and higher levels of testosterone.
Consequently, testicular traits as well as testes mass may be under selection, but these are not normally measured.
More research is required on relative investment in different testicular traits in relation to both pre- and postcop-

ulatory selection pressures.
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Postcopulatory sperm competition represents hidden, but bio-
logically important, intermale competition, whereby sperm of
rival males compete for fertilization in the female reproductive
tract (Parker 1970). The risk of sperm competition is predicted
to be lowest among monogamously breeding species, and to
increase with the degree of polyandry (e.g., Kvarnemo and
Simmons 2013). The prediction can be tested in divergent social
systems, provided a reliable indicator of sperm competitive-
ness can be measured (Kenagy and Trombulak 1986). Potential
candidate measures represent male investment in fertilization
success—including ejaculate and sperm traits, penis traits, and
testes size (Mgller 1998)—although each measure relies on key
assumptions about their link to sperm competitiveness.

Intense sperm competition should select for traits that
increase competitiveness, including increased spermato-
zoa size, velocity, and motility, or even the rate and type of

spermatozoa defects (Breed and Taylor 2000; Lemaitre et al.
2012a). However, the sperm traits under selection are hard to
predict as they vary within and between species (Fitzpatrick
and Liipold 2014). Other potential indicators of sperm com-
petition are penis traits (Lemaitre et al. 2012b) which may be
confounded by precopulatory selection pressures, particularly
female choice (Mautz et al. 2013).

Testes size is therefore the most commonly used indicator of
sperm competition risk (Kenagy and Trombulak 1986; Ramm
and Schirer 2014). Given that testes primarily produce sperm,
testes mass should increase with higher sperm competition
to enable a competitive advantage through the production of
more sperm or more competitive sperm (Ramm and Schérer
2014). Furthermore, testes have few other functions, so testes
mass is presumed to be unaffected by other selection pres-
sures (Birkhead and Pizzari 2002), except the production of
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androgens, with almost all male sex hormone production occur-
ring in the testes interstitium (Stocco and McPhaul 2006). As
with most mammalian sexually selected traits, testes mass has
a positive allometric relationship with body size, which can be
accounted for by calculating relative testes mass (RTM; Kenagy
and Trombulak 1986). Positive relationships between RTM and
degree of polyandry have consistently been demonstrated in
multispecies comparisons (Harcourt et al. 1981; Kenagy and
Trombulak 1986; Breed and Taylor 2000; Montoto et al. 2012),
confirming RTM as a reliable indicator of sperm competition
risk. However, despite the confidence regularly placed in RTM,
there are some potentially confounding variables (Ramm and
Schirer 2014)—particularly androgen production—that may be
associated with sperm traits, but is also linked to precopula-
tory competition through factors such as aggressive behavior
(Ramm and Schérer 2014).

Even when increased RTM is selected by sperm competition,
there is still potential for confounding variables to have an influ-
ence as a result of coevolved traits. As with sperm traits, there
are several alternative testicular traits that could be selected in
addition to, or independent of, testes size. Testes are composed
of many seminiferous tubules, each comprising spermatogenic
epithelium for spermatogenesis, and internal lumen space for
storage and transport of spermatozoa, as well as interstitial
tissue that surrounds the tubules and contains Leydig cells for
testosterone production (Ramm and Schirer 2014). Increases
to the rate of spermatogenesis through an increased rate of mei-
osis (delBarco-Trillo et al. 2013), as well as large RTM, have
been reported in many promiscuous mammals (Parapanov et
al. 2007; Ramm and Stockley 2010). Emerging evidence, how-
ever, suggests that testicular tissue organization may be selected
independent of RTM (Ramm and Schirer 2014; Firman et al.
2015), because different testicular areas are used for spermato-
genesis and androgenesis (Stocco and McPhaul 2006). RTM
may consequently underestimate or overestimate the level of
sperm competition.

In birds, the ratio of spermatogenic to androgenic testicu-
lar tissue is related to sperm competition (Liipold et al. 2009),
but in mammals, histological work has focused on seasonality
and maturation (e.g., Balarini et al. 2012) rather than sperm
competition (Harcourt et al. 1981; Montoto et al. 2012).
However, the ratio of spermatogenic to interstitial tissue does
vary (interspecific—Russell et al. 1990; Ramm and Schérer
2014; intraspecific-Firman et al. 2015; Peirce et al. 2022). The
proportion of nonspermatogenic tissue is highly variable (e.g.,
67% in Marmota monax to 7% in Octodon degus; Russell et
al. 1990), with androgenic Leydig cells composing up to 60%
of testes volume (Fawcett et al. 1973). Precopulation competi-
tion increasing aggression or development of secondary sex-
ual characteristics may influence the proportion of androgenic
tissue more than postcopulatory competition, confounding the
influence of sperm competition on testes size, if testes tissue
architecture is not also considered. For example, in capyba-
ras (Hydrochoerus hydrochoerus), testes size is independent
of sperm traits or sperm competition, but associated with both
dominance (Moreira et al. 1997a, 1997b) and scent gland size

(Costa and Paula 2006). Thus, the amount of interstitial tissue
may indicate precopulatory competition, whereas increased
spermatogenic tissue may only occur with high postcopulatory
competition.

Furthermore, an intrinsic problem with large, multispecies
comparisons that have been performed is a lack of phylogenetic
control (Harcourt et al. 1981; Kenagy and Trombulak 1986),
although later studies have performed analyses controlling
for phylogenetic effects (e.g., Baker et al. 2020; Firman et al.
2022). delBarco-Trillo et al. (2013) showed that spermatogenic
testicular tissue increased with relative testes size and was sen-
sitive to sperm competition after accounting for phylogeny, but
may be constrained by metabolic rate. Meta-analyses are lim-
ited due to variances in study design and methodology, and so
there is a pressing need for a controlled investigation into the
possibility of selection of testicular traits beyond just testes size
(Ramm and Schérer 2014), and the relationship of these traits
to RTM.

Controlling for the confounding effects of potential selec-
tion pressures arising from environmental variation of female
choice, while simultaneously controlling for phylogeny,
requires RTM comparisons within a family with nonvisible
internal testes, and yet a variety of mating systems, with dif-
ferent precopulatory and postcopulatory competition. The
Bathyergidae—a family of subterranean African mole-rats—are
ideal to test sperm competition predictions, as they have both
internal testes (eliminating female preference), and consider-
able diversity of sociality (Bennett 2009), enabling us to test
closely related species. Here we test whether interspecific dif-
ferences in testicular tissue organization and RTM are related to
precopulatory intermale competition and postcopulatory sperm
competition. We predict that both precopulatory and postcopu-
latory competition will influence testes size but will influence
testicular tissue organization differently through effects on
androgenic (precopulatory competition) and spermatogenic
(postcopulatory) regions of the testes.

MATERIALS AND METHODS

Cape mole-rats (CMR), Georychus capensis, are solitary, terri-
torial, and aggressive toward conspecifics outside the breeding
season (Bennett and Jarvis 1988a). Territoriality and aggres-
sion stop during a short breeding season in May—June (Bennett
and Jarvis 1988a; Oosthuizen and Bennett 2009) when males
signal to females by drumming with their hind feet (Bennett
and Jarvis 1988a)-both males and females may mate with
multiple partners (Oosthuizen and Bennett 2009)—and females
are induced ovulators (van Sandwyck and Bennett 2005).
There is therefore a high rate of female multiple mating, with
female-biased operational sex ratios in populations across dif-
ferent geographic areas (Visser et al. 2017), reducing male
competition for females and precopulatory aggression. Testes
size is correlated with the number of females in the popula-
tion, suggesting that males mate multiply (Visser et al. 2017),
and females mate multiply with a series of brief copulations
(Bennett 1988; Bennet et al. 2006). Low male precopulatory
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competition is further supported by either a lack of sexual size
dimorphism (Visser et al. 2017), or even females reported as
larger (Thomas et al. 2012), since males are normally larger in
mole-rat species with high male-male competition for mating
(Thomas et al. 2012; Visser et al. 2017). Males also lack fat
padding on their neck, another trait associated with high rates
of precopulatory fighting (Scantlebury et al. 2006; Visser et al.
2017). Instead, females have a larger zygomatic arch (Thomas
et al. 2012) which may be linked to female—female competition
over mates, as in the Cape Dune mole-rat (Thomas et al. 2009).
Postcopulatory competition is suggested by sharpened penile
spines in males, which is associated with species in which
females mate multiply (Parag et al. 2006).

Damaraland mole-rats (DMR), Fukomys damarensis, live in
familial colonies of up to 40 individuals (Bennett and Jarvis
1988b; Jarvis and Bennett 1993), consisting of a single repro-
ductive female (with induced ovulation; Voight et al. 2021)
who controls a strict breeding hierarchy (Bennett and Jarvis
1988b; Bennett and Navarro 1997). All subordinate members
of DMR colonies are offspring of the dominant pair (Bennett
and Jarvis 1988b). Breeding males are identified by brown-
stained mouth bristles (Bennett and Jarvis 2004), and a larger
body size (Bennett and Jarvis 1988b). Thus, DMRs are either
monogamous (breeders) or nonbreeding, but there can be com-
petition between males before copulation as more than one
male may exhibit spermatogenesis and the reproductive female
may show interest in more than one male, but will then only
mate with one male (Bennett and Jarvis 1988b; Bennett 1994).
Furthermore, the DMR dispersal strategy may generate male—
male competition, since male breeders face a higher turnover in
tenure caused by challenges by males from outside the colony
(Torrents-Ticé et al. 2018). Breeding occurs year-round when
conditions are favorable, and recent evidence suggests that this
species is an induced ovulator (Voight et al. 2021).

All mole-rats were captured with modified Hickman live
traps (Hickman 1979) in Darling, Western Cape Province
(CMR, n = 8; 33°22’S, 15°25’E), and in Kathu, Northern Cape
Province (DMR, n = 28, 10 breeders, 16 nonbreeders, and two
juveniles, excluded from further analysis; 27°42’S, 23°03’E),
between May and June 2015, which encompasses the breeding
season for CMR (van Sandwyk and Bennett 2005). Animals
were sacrificed by decapitation; due to restraint difficulties and
to avoid stress, animals were anesthetized with halothane inha-
lation immediately prior to decapitation. To minimize effects of
circadian rhythms, all animals were euthanized in the morning,
although mole-rats generally lack robust circadian rhythms due
to their fossorial lifestyle (Oosthuizen and Bennett 2022). Post
death, 500 ul blood was collected into heparin-coated test tubes,
centrifuged, and separated. Serum was frozen at —40°C for tes-
tosterone assays. Physical measurements taken included body
mass, and (using digital calipers) anogenital distance (AGD),
hind right pes length, and hind right digit lengths (Dressler and
Voracek 2011). Each testis was removed, cleaned of connective
tissues, weighed, measured, and identified with a blind ID.

Frozen plasma samples were thawed and testosterone
assayed using a commercially available coated-tube assay kit

(Coat a-Count, Diagnostic Products Corporation, Los Angeles,
California). All samples were run in one assay, and validated
using serial doubling dilutions of unextracted plasma over the
dilution range (1:1 to 1:64). The assay has been previously val-
idated for use in the DMR (Lutermann et al. 2013) and was
validated for the CMR following a logit transformation, with
no difference in slope of the lines (ANCOVA; F o= 232, P =
0.62). Sensitivity of the assay (90% binding) was 63.4 ng/dl,
with a detection limit of 0.5 ng/dl, resulting in values for eight
CMRs and 21 DMRs, with eight breeders and 13 nonbreeders.
The antiserum is highly specific for testosterone and has a low
cross-reactivity with other naturally occurring steroids except
dihydrotestosterone which is 5.1%. All samples were assayed
in duplicate and the intra-assay coefficient of variation was
4.3%.

The longitudinal ends of each testis were incised to ensure
complete permeation with Bouin’s fixative solution. Tissues
were soaked in 12 ml fixative for 12-24 h depending on the
size of the testis, and then multiply rinsed in four ml of 70%
ethanol to remove picric acid, which interferes with histologi-
cal staining (Smith and Bruton 1977) with both species treated
equivalently so any effects of Bouin’s fixative on testicular
architecture would be consistent. Specimen embedding and
sectioning was conducted by Royal Hobart Pathology Services,
Tasmania. Tissues were embedded in paraffin wax and sec-
tioned transversally by automatic microtome. Five nonserial
mid-section five-um-thick slices from each left testis were
mounted on glass slides and labeled with the blind identifier.
Tissues were stained with hematoxylin and eosin prior to imag-
ing. Images were taken using a Nikon DS-Fi2 camera mounted
on a calibrated compound microscope fitted with a 1x magnifi-
cation scope tube. Four images were taken per slide, one at 4x
magnification and three at 10x magnification. Areas to be pho-
tographed were selected randomly. Absolute and proportional
tissue measurements were obtained using ImageJ v1.49 soft-
ware (Schneider et al. 2012), calibrated for each image accord-
ing to magnification level.

Absolute seminiferous tubule measurements were obtained
from the 4x magnification images. Four tubules per image (n =
20 per testis) were selected randomly by overlaying a 50,000-
um grid and systematically selecting histological cross sec-
tions rather than longitudinal sections located on grid crosses.
Measurements included tubule and lumen circumference, area,
length, and width. Epithelium height was calculated by, respec-
tively, subtracting lumen length or width from tubule length or
width, and dividing by four. Proportional measurements of tes-
ticular tissue types were obtained from the 10x magnification
images. A 50,000-um grid was projected onto each image and
one grid square per image was randomly selected to measure
(n = 15 per testis) with grid area, interstitial area, and lumen
area recorded. Tubule area was calculated by subtracting inter-
stitial area from grid area, and epithelial area was calculated
by subtracting lumen area from tubule area. The proportion of
spermatogenic tissue was calculated by dividing epithelial area
with grid area, and the proportion of interstitial area by divid-
ing interstitial area with grid area. The median value of each
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measure per testis was used for statistical analysis as there was
high within-individual variability, and the median values fol-
lowed a normal distribution.

The 2D:4D digit ratio is an indication of prenatal testoster-
one exposure, and calculated by dividing the second and fourth
digit (Dressler and Voracek 2011). Anogenital index (AGI) was
calculated by dividing AGD with the cube root of body mass
to account for body size (Mitchell et al. 2015). Body condition
was calculated from the residuals of an ordinary least squares
regression of body mass (dependent variable) and pes length
(independent variable; Schulte-Hostedde et al. 2005b), using
the laboratory body mass. RTM was calculated to account for
allometric relationships between testes mass and body mass
(Kenagy and Trombulak 1986).

Data analysis.—All statistics were performed using Rv3.1.3
software (R Core Team 2014). One adult DMR was excluded
due to incomplete data.

Q-Q plots of numeric variables were visually inspected for
normality, which was deemed the most appropriate test due to
small sample sizes. All testes mass, length, and width variables
were log transformed, and testosterone level was square-root
transformed. Numeric variables were centered to a mean of
zero, and Pearson’s correlation was used to exclude co-predic-
tor variables when r > 0.7, based on sample sizes. Testosterone
analyses used data sets that excluded values which had low
confidence due to high variance between replicates. Two data
subsets were created: ‘sperm competition data’ that included
only the breeders of both species (n = 18) to test sperm com-
petition hypotheses, and ‘Damaraland data’ that included the
breeding and nonbreeding DMRs only (n = 26) to test the effect
of social role on testicular development.

We used multiple linear regression models using the pack-
ages ‘ImerTest” (Kuznetsova et al. 2017) and ‘lme4’ (Bates
et al. 2015). We tested sperm competition hypotheses using
breeder’s-only data, and social role hypotheses using DMR-
only data with colony identification as a random variable.
The models tested for predictors of variation in the response
variable, particularly effects due to species or breeding
status. In each case, a single response variable was tested
against several biologically meaningful predictor variables.
We excluded interaction terms due to small sample sizes
(Bolker et al. 2009). We reduced models by removing all
nonsignificant variables (P > 0.05), and comparing the full
and reduced model via analysis of variance (ANOVA). When
the difference was statistically nonsignificant we accepted
the reduced model, otherwise we reduced the full model by
removing individual variables that contributed the least to
response variation (P > 0.09) in the full model. We sequen-
tially compared reduced models using ANOVA to find the
model of best fit, one step prior to a significant ANOVA
result. Additional statistics, including #-tests and correlations,
have been reported where relevant.

Ethical statement.—All procedures were approved by the
University of Pretoria in South Africa, under ethics approval
ECO070-14, acknowledged by University of Tasmania
A0014519. The protocols follow ASM guidelines (Sikes et al.

2016), and the legal requirements in both Australia and South
Africa.

RESULTS

CMRs had significantly greater RTM (4.95 + 0.55 mg/g body
mass) than DMR breeders (1.25 + 0.28 mg/g body mass; Fig.
1; Table 1; F&m =256.61, P <0.01), which was positively influ-
enced by body condition (F, = 11.85, P <0.01). Neither AGI
(F8 10 =0.19, P=0.67) or digit ratio (F&m =0.05, P=0.83) were
related to RTM.

CMRs had a higher median proportion of seminiferous epi-
thelium in the testes (0.83 = 0.01) than did DMR breeders
(0.71 £ 0.01; Fig. 2; Table 1; Fy, = 43.39, P < 0.01), which
was also positively influenced by body condition (Fy = 4.83,
P = 0.04), although body mass was not related (F810 = 2.6,
P =0.13). AGI (F; , = 0.68, P = 0.43) and digit ratio (F|
= 1.34, P = 0.27) also had no explanatory power for median
proportion of seminiferous epithelium. The absolute size of
seminiferous tubules did not differ by species when measured
as surface area (F&m = 0.001, P = 0.97), circumference (F =
0.002, P = 0.96), or epithelial height (F = 0.32, P = 0.58).
However, absolute testes mass is positively, albeit weakly in
one case, associated with surface area (F&m =4.04, P =0.06),
circumference (Fg, = 4.49, P = 0.05), and epithelial height
(Fy,,=10.33, P =0.01).

Mean testosterone levels of CMRs were very low
(2.53 £ 1.37 ng/dl), and not detectable for three individuals
(<0.5 ng/dl) (Table 1). Furthermore, CMR testosterone levels
were significantly lower (F,, = 40.91, P <0.01) with consider-
ably less variance than that of DMR breeders (36.98 + 13.07 ng/
dl). There was a strong interaction between proportion of inter-
stitial area and species when predicting plasma testosterone
levels, with a strong positive relationship for DMR breeders
and no relationship for CMRs (Fig. 3; F,, = 8.83, P = 0.02),
although interstitial area and testosterone were related for the
whole data set (F, = 17.0, P < 0.01). Body condition (F
0.07, P =0.80), AGI (Fy,=3.58, P=0.09), and digit ratio (F
=0.25, P=0.63) were not related to plasma testosterone levels

Breeding DMRs have significantly greater RTM
(1.25 = 0.28 mg/g body mass) than helpers (0.99 + 0.24 mg/g
body mass; Fig. 4; F, = 1298, P < 0.01). Body condition
(FIO16 0.62, P = 0.44), colony size (Fm,m =0.95, P = 0.34),
AGI (F = 1.47, P = 0.24) and digit ratio (F = 0.11, P =
0.74) had no explanatory power on RTM.

There is no significant difference in the median proportion
of seminiferous epithelium in testes of breeding (0.71 = 0.01%)
and helper (0.71 + 0.02%; F, = 1.65, P = 0.22) DMRs.
Absolute testes mass (F, 016 = =2.17, P = 0.16), body condition
=0.32, P = 0.58), body mass (F = 0.003, P = 0.96),
colony size (F . =0.37, P=0.55),AGI (Fm,m =0.32,P=0.58),
and digit ratio (F, = 0.04, P = 0.84) also had no explanatory
power. The absolute size of seminiferous tubules does not differ
by breeding status when measured as surface area (F, = 0.76,
P =0.39), circumference (F 016 = =0.66, P =0.43), or epithelial
height (F, . =0.95, P =0.33). However, absolute testes mass is
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Fig. 1.—Promiscuous Cape mole-rats (n = 8) have significantly larger relative testes mass than eusocial breeding Damaraland mole-rats (n = 10).

an important positive predictor of surface area (F
< 0.01), circumference (va16 =25.14, P < 0.01), and epithelial
height (F = 26.18, P < 0.01). There was no significant dif-
ference between mean plasma testosterone levels of breeding
(36.98 + 13.07 ng/dl, n = 8) and helper (30.00 = 5.41 ng/dl, n
=13; Fmv13 = 3.08, P = 0.12) DMRs. When both breeders and
helpers were considered, there was also no significant relation-
ships between plasma testosterone level and interstitial tissue
(Flmﬁ = 0.05, P = 0.82), absolute testes mass (Fm,m =1.65 P
= 0.24), body condition (F = 0.01, P = 0.93), colony size
(F,y,,=0.71, P=0.66), AGI (F = 0.04, P = 0.85), and digit
ratio (F | =0.05, P =0.82).

Indices of prenatal androgen measures do not differ signifi-
cantly between DMR breeders and helpers when measured as
digit ratio (¢,, = 0.08, P = 0.94) or AGI (z,, = 0.18, P = 0.86).
There is a significant difference between digit ratios of CMRs
and breeding DMRs (¢, = 2.62, P = 0.02), but not AGI (¢, =
0.06, P =0.93).

1016 = 2348, P

DiSCUSSION

Our results support our prediction that higher sperm competi-
tion is associated with larger RTM, and more testicular sper-
matogenic tissue. Where there is very low potential for sperm
competition in the cooperatively breeding DMR, there was a
smaller overall RTM, but a higher ratio of interstitial tissue
which contains the androgenic Leydig cells and is associated
with levels of testosterone in the blood, indicating higher

production of testosterone in the testes, likely due to high pre-
copulatory aggression and competition. Although we were not
able to directly measure testosterone production in the testes
or the proportion of Leydig cells in this study, a similarly high
proportion of interstitial tissue, with a high density of Leydig
cells, has been reported on a small sample of eusocial naked
mole-rats (Heterocephalus glaber; Fawcett et al. 1973), mirror-
ing our results here. These findings have implications for cur-
rent research practices, whereby the level of sperm competition
is often inferred from RTM without testing the existence of a
causal relationship, and without considering the androgenic role
of interstitial tissue (Ramm and Schéarer 2014). Furthermore,
we have detected few morphological or physiological differ-
ences between male reproductive groupings in eusocial DMRs,
consistent with recent works showing a lack of individual spe-
cialization in cooperative activities (e.g., Thorley et al. 2018).

The CMRs had significantly greater RTM compared to
the breeding DMRs. Greater testes investment under higher
polyandry relative to monogamy is predicted and previously
reported (Kenagy and Trombulak 1986; Harcourt et al. 1995;
Montoto et al. 2012). The low rates of aggression and precop-
ulatory competition indicated by female-biased operational sex
ratios and promiscuous breeding (Visser et al. 2017) suggest
that the main influence on RTM in CMRs is sperm competition,
supported by the low ratio of interstitial:spermatogenic tissue.
Our results support using RTM (Kenagy and Trombulak 1986;
Ramm and Schirer 2014) as an index of the level of sperm
competition where other influences are minimal.
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Fig. 2.—Promiscuous Cape mole-rats (n = 8) have a significantly higher proportion of seminiferous epithelium than eusocial breeding Damaraland
mole-rats (n = 10).

Table 1.—Breeding season measurements of testes in Cape mole-rats (CMR), Damaraland mole-rat breeders (DMR-breed) and nonbreeders

(DMR-nonbreed). Values are expressed as mean + standard error.

CMR DMR-breed DMR-nonbreed
Absolute testes mass (g) 6.93 £ 0.60 2.11 £0.19* 1.24 £0.14"
Relative testes mass (g) 4.95 +£0.55 1.25 £0.28%* 0.99 +0.24"
Proportion of seminiferous epithelium 0.83 +0.01 0.71 £0.01* 0.71 £0.02
Proportion interstitial tissue 0.12+0.01 0.20 = 0.02* 0.79 £ 0.02"
Proportion spermatogenic tissue 0.88 +0.01 0.80 + 0.02* 0.21 £0.02
Seminiferous tubule area (Lm?) 38167 = 3416 31340 + 2395 22470 +2028"
Seminiferous tubule circumference (pm) 695 + 31 627 =24 533 +24"
Seminiferous epithelial height (jm) 82.64 £ 4.57 70.20 £2.78 64.12 +£3.32
Testosterone (ng/dl) 2.53+1.37 36.98 = 13.07* 26.05 £4.58

*Significant difference between CMR and DMR breeders.
"Significant difference between DMR breeders and nonbreeders.

CMRs had proportionally more testicular seminiferous
epithelium, lower variance within individuals and between
individuals, and more homogeneous tubule shape and tissue
structure compared to breeding DMRs. These factors signal
greater optimization of testicular tissues, which would fur-
ther increase spermatogenic potential (Ramm et al. 2014).
Interestingly, both previous studies that explicitly test the
effects of sperm competition on mammalian testicular histol-
ogy show similar results (delBarco-Trillo et al. 2013; Firman
et al. 2015). Thus, selection for more optimized tissues may be

widespread in mammals, which would result in RTM under-
estimating the level of sperm competition (Ramm and Schirer
2014).

Both RTM and epithelial proportions of CMRs and
breeding DMRs were influenced by the level of sperm
competition and individual body condition. The positive
relationship with body condition was expected because it
measures excess energy resources available for nonessen-
tial growth, including reproduction (Schulte-Hostedde et al.
2005a). Body condition has been shown to be an important
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Fig. 3.—There is a positive relationship between median proportions of interstitial tissue and plasma testosterone levels for breeding Damaraland
mole-rats (solid dots/line, n = 10), but not Cape mole-rats (open dots/line, n = 8).

determinant of testes size in many mammals (Schulte-
Hostedde et al. 2005a; Brito et al. 2007; Sarasa et al. 2010)
and evidently, condition also influences investment in testic-
ular tissues. Also implicated in mammalian testicular devel-
opment is prenatal androgen exposure (e.g., Herman et al.
2000). However, there was no effect of androgens on RTM
or epithelial proportions, despite a significant difference in
digit ratio—but not AGI—between the species, which are
usual markers of prenatal androgen exposure (Hurd et al.
2008). Likewise, adult testosterone levels differed between
species, but not in the intuitive direction, and with variable
effects on RTM and epithelial proportions.

Larger RTM is often associated with higher levels of testos-
terone (e.g., Malo et al. 2009; Preston et al. 2012), but instead
CMRs have exceedingly low testosterone levels. In contrast,
breeding DMRs have high testosterone and small RTM, with
no apparent selection for epithelial tissue proportions or tissue
structure—lack of selection was expected due to reproduc-
tive monogamy and oligospermy in this species (Faulkes et
al. 1994; Maswanganye et al. 1999). Interestingly, there was
a positive relationship between testosterone levels and the pro-
portion of interstitial tissue, not epithelial tissue. It seems that
the absence of sperm competition has freed breeders to increase
hierarchical control via investment in testosterone-producing
tissues, without negative effects from reduced spermatogenic
investment. This would be beneficial for breeders because they
engage in dominant and aggressive behaviors (Bennett and
Jarvis 1988b), which are usually driven by high testosterone
(e.g., Malo et al. 2009). Therefore, selection for interstitial

tissue in breeding DMRs appears to be related to social tes-
tosterone requirements, whereas selection for spermatogenic
tissue in CMRs is driven by sperm competition.

Breeding DMRs had significantly larger RTM than helpers.
This contrasts with sperm competition predictions, whereby
subordinates should invest in greater RTM to enable mating
when, and if, opportunities arise (Parker 1990; Neff et al. 2003;
Sarasa et al. 2010). However, unlike other breeding systems,
eusociality and cooperative breeding enforces a strict breeding
hierarchy where there is an almost complete absence of mat-
ing opportunities for male helpers. Thus, low RTM of helpers
likely represents resource conservation in the face of negli-
gible reproductive opportunities. The proportion of epithelial
tissue in the testes did not differ between reproductive group-
ings, although the seminiferous tubules of breeding males
were more compact and regular in shape than the more vari-
able helpers. Additionally, there were no intraspecific testos-
terone differences between breeders and helpers that both had
high levels, similar to previous studies (e.g., Maswanganye et
al. 1999; Voigt et al. 2016), and no differences in AGI or digit
ratio.

We have shown that the degree of polyandry predicts
RTM in African mole-rats, which supports our predictions
based on sperm competition (Parker 1990). Critically, we
have also demonstrated an effect beyond testes size, with the
proportion of spermatogenic tissue in testes of the promis-
cuous species being greater than that of the eusocial species
in which sperm competition was absent. The significance
of these key findings is 2-fold. Our study first supports the
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Fig. 4.—Breeding Damaraland mole-rats (n = 10) have significantly greater relative testes mass than non-breeders (n = 16).

widespread use of RTM as a proxy measure of the level
of sperm competition, and secondly reiterates Ramm and
Schirer (2014) by emphasizing the need to be cautious when
using RTM alone to infer the amount of sperm competition.
Finally, we show that different types precopulatory and post-
copulatory competition both influence testes organization,
which may complicate a simple measure of RTM as an index
of sperm competition.
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