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ABSTRACT

Reproductive suppression is a defining feature of cooperative breeding, yet the hormonal mechanisms regulating
infertility in non-breeding individuals remain poorly understood. This study examines associations between
circulating prolactin (PRL) and faecal metabolites of androgens (fAM), glucocorticoids (fGCM), and progesterone
(fPM) in relation to socially induced infertility in two closely related cooperatively breeding mole-rat subspecies:
the highveld (Cryptomys hottentotus pretoriae) and Natal mole-rat (C. hottentotus natalensis). Our results reveal a
fundamental dichotomy in reproductive suppression strategies. Highveld mole-rats exhibited seasonally elevated
circulating PRL in non-breeders during the dry season, coinciding with reduced pituitary responsiveness to
exogenous gonadotropin-releasing hormone (GnRH) and lower gonadal steroid metabolites. These associations
are consistent with PRL involvement in physiological suppression of the hypothalamic-pituitary-gonadal (HPG)
axis, but causality cannot currently be inferred. In stark contrast, Natal mole-rats showed relatively low and
stable PRL levels across reproductive groups and seasons, with breeders exhibiting higher androgen and pro-
gesterone metabolites compared to non-breeders, a pattern consistent with behavioural suppression through
incest avoidance, aggression or social dominance. These findings highlight the adaptive flexibility of coopera-
tively breeding systems and provide new insights into the hormonal architecture of reproductive suppression.
Although the present findings do not establish causality, they delineate key hormonal and behavioural pathways
that warrant future investigation.

1. Introduction

(Ben Mocha et al., 2023; Bennett and Faulkes, 2000; Clutton-Brock,
2021; Jarvis and Bennett, 1993; Sherman et al., 1995).

Mammals exhibit a wide variety of group-living strategies and social
structures, with cooperative breeding being one of the most intriguing
(Clutton-Brock, 2021). In this social system, individuals apart from the
parents help raise offspring, and this complex social behaviour is shaped
by specific behavioural and physiological adaptations (Solomon and
French, 1997). While its exact definition has been widely debated, three
widely accepted criteria classify a species as a cooperative breeder,
namely, delayed dispersal of offspring beyond reproductive maturity,
socially induced infertility in subordinate adults (helpers), and the
provisioning of alloparental care and other cooperative behaviours by
helpers (Solomon and French, 1997). Only a small subset of mammalian
species meet these criteria, resulting in diverse social systems that range
from solitary living through to highly cooperative groups, with some
even resembling the eusocial organisation seen in certain insect species
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While delayed dispersal (Koenig et al., 1992; Nelson-Flower et al.,
2018) and cooperative care (Gachomba et al., 2024; Griesser et al.,
2025) are relatively common in social mammals, the defining feature of
cooperative breeding, is socially induced infertility in subordinate adults
(Bennett et al., 1996; Dunbar and Shultz, 2021; Lukas and Clutton-
Brock, 2012), which poses an apparent paradox in light of natural se-
lection (Darwin’s, 1859). In these systems, reproduction is monopolised
by a dominant breeding pair, leading to significant reproductive skew
(Bennett and Faulkes, 2000; Saltzman et al., 2009). Helpers perform
essential group maintenance tasks and provide alloparental care, but do
not reproduce (Bennett and Faulkes, 2000; Saltzman et al., 2009). This
reproductive suppression occurs primary through two mechanisms:
behavioural suppression, which includes inbreeding avoidance and so-
cially enforced mating inhibition (often associated with androgen-
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mediated aggression but not exclusively so), and physiological sup-
pression, where disruption of the hypothalamic-pituitary-gonadal (HPG)
axis prevents gametogenesis and ovulation (Abbott, 1984; Bennett and
Faulkes, 2000; Wasser and Barash, 1983). These mechanisms are not
mutually exclusive, and their relative importance varies across taxa. For
example, in meerkats (Suricata suricatta), dominant females frequently
suppress subordinate behaviourally through aggression, eviction, and
infanticide, yet subordinate females also show reduced fertility associ-
ated with stress-axis activation and impaired gonadal hormone pro-
duction (Drea and Davies, 2022; Thavarajah et al., 2014; Young and
Clutton-Brock, 2006). In marmosets and tamarins (Callitrichidae), sup-
pression is primarily physiological: subordinate females often fail to
ovulate due to disruption of gonadotropin secretion, a mechanism
mediated by social cues and possibly pheromonal signals (Abbott et al.,
1988; Mustoe, 2023; Saltzman et al., 2009). In contrast, in some coop-
eratively breeding carnivores, such as dwarf mongooses (Helogale par-
vula) and wild dogs (Lycaon pictus), reproductive skew is maintained
largely through behavioural mechanisms, including aggression and
mate guarding by dominants, though endocrine correlates of suppres-
sion are also evident (Creel, 2005; Creel and Waser, 1991; Milewski
et al., 2022; Spiering et al., 2010). The African mole-rat family (Bathy-
ergidae) provides an exceptional model for investigating the various
forms of reproductive suppression in cooperative mammals (Barker
et al., 2021; Bégay et al., 2022; Bennett and Faulkes, 2000; Faulkes and
Bennett, 2001; Hart and Bennett, 2022; Wallace et al., 2023a, 2023b).
These subterranean rodents exhibit a continuum of sociality, ranging
from strictly solitary species through to highly social, eusocial-like
species (Bennett and Faulkes, 2000; Hart et al., 2022a). In social Afri-
can mole-rat species, reproduction is typically restricted to a single
breeding pair, while the remaining adult group members function as
non-reproductive helpers (Bennett and Faulkes, 2000). The degree and
mechanism of reproductive suppression varies between species, with
some exhibiting lifelong prepubescent states and others maintaining
reproductive capability, but refraining from breeding due to social
constraints (Bennett and Faulkes, 2000). One of the primary tools for
assessing reproductive suppression in African mole-rats has been the
measurement of pituitary sensitivity to gonadotropin-releasing hormone
(GnRH) (Bennett et al., 2000, Bennett et al., 1997, Bennett et al., 1996,
Bennett et al., 1993; Faulkes et al., 1990; Oosthuizen et al., 2008; Spinks
etal., 2000; Van der Walt et al., 2001). The administration of exogenous
GnRH and subsequent changes in circulating luteinizing hormone (LH)
provide insights into whether reproductive suppression is physiological
or behavioural (Bennett et al., 2000, Bennett et al., 1997, Bennett et al.,
1996, Bennett et al., 1993; Faulkes et al., 1990; Oosthuizen et al., 2008;
Spinks et al., 2000; Van der Walt et al., 2001). In cases of physiological
suppression, helpers exhibited a reduced LH response, indicative of an
inhibited HPG axis, whereas behaviourally suppressed individuals
maintained a functional response comparable to breeders (Bennett et al.,
2000, Bennett et al., 1997, Bennett et al., 1996, Bennett et al., 1993;
Faulkes et al., 1990; Oosthuizen et al., 2008; Spinks et al., 2000; Van der
Walt et al., 2001).

Despite extensive research on the HPG axis in African mole-rats, the
precise hormonal drivers of physiological and behavioural reproductive
suppression remain unclear. Previous studies have largely discounted
stress-related mechanisms, such as activation of the hypothalamic-
pituitary-adrenal (HPA) axis or opioid-mediated inhibition, as primary
factors (Edwards et al., 2020; Edwards, 2022; Hart et al., 2022b, 2022c,
2024; Majelantle et al., 2023; Majelantle et al., 2024; Molteno and
Bennett, 2002a, 2002b; Du Toit et al., 2006a, 2006b; Toor et al., 2022;
Wallace et al., 2023a, 2023b). Instead, variations in glucocorticoids
appear to be more closely linked to metabolic demands rather than
chronic stress or reproductive suppression (Hart et al., 2023; Jimeno and
Verhulst, 2023; Majelantle et al., 2024; Vullioud et al., 2021). Recent
attention has shifted to prolactin (PRL) as a key modulator of socially
induced infertility. Typically associated with lactation and parental
care, PRL is also capable of suppressing the HPG axis when elevated, as
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seen in conditions such as hyperprolactinemia (>20.0 ng/ml) (Bennett
et al., 2018; Hart et al., 2022b; Medger et al., 2019).

Across mole-rat species, a clear pattern emerges: in species where
physiological suppression is dominant, such as in female Damaraland
(Fukomys damarensis) and Mahali mole-rats (Cryptomys hottentotus
mahali), as well as both sexes of naked mole-rats (Heterocephalus glaber),
PRL-mediated inhibition of the HPG axis appears to be the primary
mechanism (Hart et al., 2022¢; Medger et al., 2019; Medger et al., 2018;
Voigt and Bennett, 2018; Bennett et al., 2018). However, the specific
form of PRL-mediated suppression varies by species. For example, in the
well-studied naked mole-rat and the lesser-studied Mahali mole-rat, PRL
levels are significantly elevated in physiologically suppressed helpers,
likely reinforcing its role in infertility in these species (Bennett et al.,
2018; Hart et al., 2022b; Medger et al., 2019; Medger et al., 2018; Voigt
and Bennett, 2018). In contrast, in the Damaraland mole-rat, physio-
logically suppressed female helpers do not exhibit hyperprolactinemia
(Bennett et al., 2018), but instead show increased PRL receptor
expression in key brain regions, suggesting localised PRL effects despite
normal circulating levels of PRL (Voigt and Bennett, 2018). This
mechanism likely operates by inhibiting kisspeptin neurons, reducing
GnRH activation, and thereby suppressing reproduction (Hackwell
et al., 2025; Voigt and Bennett, 2018). These findings suggest that both
central and peripheral pathways may mediate PRL effects, but the exact
mechanisms remain unresolved. Meanwhile, in species where behav-
ioural suppression is the primary mechanism, such as male Damaraland
and Mahali mole-rats and female common mole-rats (C. h. hottentotus),
reproductive inhibition is primarily behaviourally driven. In these spe-
cies, aggression (often androgens, such as testosterone, mediated) and
incest avoidance inhibits reproduction in the absence of PRL mediation
(Bennett et al., 2018; Hart et al., 2021a, 2021b, 2022b; Lutermann et al.,
2013; Spinks et al., 1999; Wallace et al., 2023a, 2023b).

To better understand the hormonal links to the mode of reproductive
suppression this study examines two closely related cooperatively
breeding mole-rat subspecies, the highveld mole-rat (C. h. pretoriae) and
the Natal mole-rat (C. h. natalensis). Previous research, involving the
administration of exogenous GnRH to individuals across different
reproductive classes, sexes, and seasons (Du Toit et al., 2006a, 2006b;
Oosthuizen et al., 2008; Van der Walt, 2003; Van der Walt et al., 2001),
revealed distinct patterns of the mechanism of reproductive suppression
orchestrated on the subordinate non-breeding individuals. Namely, in
highveld mole-rats, non-breeding males and females exhibited a signif-
icantly reduced LH response during the dry season, indicating a pattern
consistent with physiological suppression (Du Toit et al., 2006a, 2006b;
Oosthuizen et al., 2008; Van der Walt, 2003; Van der Walt et al., 2001).
This suppression was alleviated during the wet season, suggesting a
seasonal relaxation of reproductive inhibition (Du Toit et al., 2006a,
2006b; Oosthuizen et al., 2008; Van der Walt, 2003; Van der Walt et al.,
2001). In contrast, Natal mole-rats showed a consistent LH response
across all seasons, indicating a functionally intact HPG axis in non-
breeders of both sexes throughout the year (Du Toit et al., 2006a,
2006b; Oosthuizen et al., 2008; Van der Walt, 2003; Van der Walt et al.,
2001). This pattern aligns with a behavioural suppression model, where
reproduction is inhibited primarily through incest avoidance and social
dominance and aggression rather than endocrine disruption. These
findings highlight a fundamental divergence in reproductive suppres-
sion strategies: highveld mole-rats exhibit seasonally regulated physio-
logical suppression, whereas Natal mole-rats rely on year-round
behavioural suppression through social interactions.

Building on this framework, the present study investigates whether
PRL-driven suppression coincides with physiological infertility in
highveld mole-rats, in contrast to the potential behavioural suppression
(potentially mediated through androgens) in Natal mole-rats. By
examining plasma PRL levels, and faecal metabolites of androgens
(fAM), glucocorticoids (fGCM), and progesterone (fPM) across repro-
ductive classes and seasons, we aimed to: (1) determine whether PRL
levels correlate with physiological reproductive suppression in highveld
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mole-rats, (2) assess whether androgens are elevated in the dominant
breeding males and female Natal mole-rats, and (3) and finally evaluate
how seasonal changes influence the expression of these hormonal
mechanisms.

2. Methods
2.1. Animal capture

A total of 154 Natal mole-rats (breeding females [BF]: n = 25; non-
breeding females [NBF]: n = 50; breeding males [BM]: n = 26; non-
breeding males [NBM]: n = 53; Table S1) were captured at Glengarry
Holiday Farm, Kamberg Valley, KwaZulu-Natal, South Africa
(29°19'24.3”S, 29°42'32.8"E)(Siiess et al., 2024). In addition, 134
highveld mole-rats (BF: n = 24, NBF: n = 49, BM: n = 33, NBM: n = 26;
Table S1) were captured in the National Botanical Garden of Pretoria,
Gauteng, South Africa (25°44'13.92"S, 28°16'24.24"E) between January
and December 2020, in two distinct seasons (the wet and dry)(Siiess
et al., 2024). Mole-rats were caught using Hickman live traps (Hickman,
1979) baited with sweet potatoes, which were placed at the entrances of
excavated tunnels and checked every two hours.

Upon capture, animals were weighed (+1 g), sexed, and categorised
as either reproductive (breeders) or non-reproductive (non-breeders).
Natal mole-rats were transported to an on-site field laboratory, while
highveld mole-rats were taken to the Department of Zoology and
Entomology, University of Pretoria (Siiess et al., 2024). Entire colonies
were housed together in plastic containers with sweet potatoes, apples,
wood shavings, and paper towelling for nesting material (Stiess et al.,
2024). The food provides all water requirements, as mole-rats obtain
their water exclusively from their food (Bennett and Jarvis, 1995; Hart
et al., 2022a). Animals remained in captivity until all colony members
were captured and sampled (Natal mole-rats: 5.1 + 2.5 days; highveld
mole-rats: 4.2 + 2.7 days), after which they were released back into
their burrows (Siiess et al., 2024). A colony was considered fully
captured when no further trapping activity occurred for at least 48 h
(Siiess et al., 2024).

2.2. Determination of reproductive status

Juveniles (< 40 g body mass) and solitary individuals were excluded
from this study (Hart et al., 2021a, 2021b; Siiess et al., 2024). Breeding
males were generally the largest males within their colonies and were
distinguished from NBMs by their large, descended inguinal testes and
yellow staining around their mouths (Hart et al., 2021a, 2021b; Stiess
et al., 2024). Breeding females were identified by their prominent
auxiliary teats and perforated vaginas, features absent in NBFs (Hart
et al., 2021a, 2021b; Siiess et al., 2024).

2.3. Blood collection

Blood samples were taken from each individual upon capture by
pricking the dorsal pedal tarsal vein of the hindfoot with a sterile 23G
needle. Blood was collected using a heparin-coated microhaematocrit
capillary tube and transferred to sterile vials containing heparin. Blood
volumes collected did not exceed 1 % of body mass (0.3-0.5 ml per
animal). After sampling, the puncture site was stemmed with tissue
paper, and animals were returned to their colonies. Whole blood was
centrifuged at 500g for 15 min to separate the plasma, which was stored
at —80 °C until hormone analysis. Blood samples were collected between
09:00 and 12:00. Given that mole-rats inhabit a subterranean environ-
ment devoid of light and do not exhibit circadian entrainment to
photoperiod, it is unlikely that the timing of sampling introduced sys-
tematic variation in circulating hormone concentrations (Bennett et al.,
2025; Finn et al., 2022; Grenfell et al., 2024; Hart et al., 2021a, 2021b;
van Jaarsveld et al., 2019).
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2.4. Faecal sample collection and steroid extraction

After capture, individuals were isolated for faecal sample collection.
To minimise the influence of capture-induced stress and to ensure that
fGCM concentrations reflected pre-capture endocrine status, all samples
were collected within 20 h of capture (Hart et al., 2022c). Faecal sam-
ples were collected using sterilized tweezers, frozen, and stored in
Eppendorf tubes at —20 °C until further analysis at the Endocrine
Research Laboratory of the University of Pretoria.

Faecal samples were lyophilised, pulverised, and sieved through a
wire-mesh strainer. Between 0.05 and 0.06 g of faecal powder was
extracted with 1.5 ml of 80 % ethanol. Suspensions were shaken for 15
min on a multi-vortexer and then centrifuged for 10 min at 1500g. The
supernatant was transferred to a clean Eppendorf tube and stored at
—20 °C until analysis.

Faecal steroid measurements are widely used in mammals as they
provide an integrated measure of hormonal output over time, rather
than a single time-point snapshot. This approach is particularly valuable
in our wild populations as it reflects endocrine activity while animals are
in their natural environment and avoids stress-induced alterations in
circulating hormone levels that may occur during capture and handling.
Previous studies in rodents and other mammals have demonstrated
strong correlations between faecal and circulating concentrations of
testosterone, progesterone, and cortisol (Capezzuto et al., 2008; Mohan
et al., 2020; Yimer, 2010), supporting the reliability and validity of this
method in our study species.

2.5. Hormone analysis

Plasma PRL concentrations were quantified using an enzyme
immunoassay (EIA) (Elabscience guinea pig PRL Elisa kit E-EL-GP0358,
batch number: AK0017JUL11012) following the manufacturer’s guide-
lines and successfully used previously for mole-rats by Bennett et al.
(2018). Intra- and Inter-assay coefficients of variation (CV) of high-,
medium-, and low-concentration controls were 5.54 %, 4.88 % and 4.05
% (Intra-assay), and 6.56 %, 4.39 %, and 3.04 % (Inter-assay), respec-
tively. Sample dilutions differed from neat to 1/50, and the sensitivity of
the assay was 0.1 ng/ml. According to the manufacturer’s user manual,
no significant cross-reactivity or interference between Guinea pig PRL
and analogues has been observed. Samples were randomised prior to
analysis and measured in duplicates, if sufficient volume was available,
using a total of 15 plates. The standard curve is provided in the sup-
plementary material (Fig. S2 and S3).

A Cortisol (highveld mole-rats) and Oxoaetiocholanolone I (Natal
mole-rats) EIA were used to quantify f{GCMs, and concentrations re-
ported in ng/g of faecal dry weight (DW) (Janse van Vuuren, 2022).
Faecal androgen metabolites (fAM) were quantified using an Epian-
drosterone EIA (Janse van Vuuren, 2022), and concentrations were re-
ported in pg/g DW. Faecal progesterone metabolite (fPM)
concentrations were measured using a 5a-Tetrahydroprogesterone EIA
(Janse van Vuuren, 2022) and reported as pg/g DW. Detailed assay
characteristics, including full descriptions of the assay components and
cross-reactivities, have been provided by Palme and Mostl (1997) for the
cortisol and 11-oxoetiocholanolone EIA, by Palme and Mostl (1993) for
the Epiandrosterone EIA, and by Szdzuy et al. (2006) for the 5a-Tetrahy-
droprogesterone EIA. Sample dilutions differ from 1/5 to 1/100 for
fGCM and 1/10-1/1000 for fAM and fPM analyses. The sensitivity of the
EIAs was 0.75 ng/g dry weight (DW) (cortisol), 1.2 ng/g DW (11-
oxoetiocholanolone I); 7.2 ng/g DW (Epiandrosterone), and 6.0 ng/g
DW (5a-Tetrahydroprogesterone EIA). Intra-assay CV of high-
concentration and low-concentration controls were 4.42 % and 6.24 %
(cortisol), 5.33 % and 6.14 % (11-oxoetiocholanolone I), 4.96 % and
5.09 % (Epiandrosterone), and 4.36 % and 6.67 % (5a-Tetrahy-
droprogesterone), respectively. Inter-assay CV of high-concentration
and low-concentration controls were 8.62 % and 12.39 % (cortisol),
4.26 % and 7.98 % (11-oxoetiocholanolone I), 13.45 % and 13.52 %
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(Epiandrosterone), and 11.82 % and 13.64 % (5a-Tetrahy-
droprogesterone), respectively. Samples were randomised prior to
analysis and measured in duplicate, using a total of 33 plates for all
analyses. All assays were performed at the Endocrine Research Labo-
ratory, University of Pretoria, as described by Ganswindt et al. (2012,
2014).

2.6. Statistical analysis

All statistical analyses and visualisations were performed using R
version 4.4.0 and GraphPad Prism (version 8.4.3), with statistical sig-
nificance set at p < 0.05. Data are presented as mean + standard error
(SE). Truncated violin plots were used to visualise the distribution of the
data over the observed range of data. The width of each violin indicates
the density of observations at a given value. The bold dashed line rep-
resents the median, and the thin dashed lines represent the interquartile
range.

The assumptions of normality and homogeneity of variance for the
dependent variables, including plasma PRL, f{GCM, fAM, and fPM con-
centrations, were tested using Shapiro-Wilk and Levene’s tests,
respectively. Even after log-transformation, the dependent variables did
not meet assumptions of normality or homogeneity of variance.
Accordingly, we employed generalised linear models (GLMs) fitted with
gamma distributions and link-identity functions using the Ime4 package.

A GLM was employed to assess how plasma PRL concentrations were
affected by species (Natal and highveld mole-rats), season (wet and dry),
sex (male and female), reproductive class (breeder and non-breeder),
and their two-, three-, and four-way interactions. As species differ-
ences emerged as the primary driver of PRL variation (see Table 1),
subsequent analyses were performed separately for each sex within each
species. This approach allowed us to account for potential sex-specific
variation and species-specific suppression mechanisms, thereby
providing a clearer interpretation of the hormonal patterns observed. As
such, separate GLMs were performed to examine the effect of season and
reproductive class on plasma PRL, fAM, and fPM concentrations within
male and female Natal and highveld mole-rats, respectively. Body mass
was included in all GLMs. Linear regression analyses were used to
investigate correlations between fAM and fPM with plasma PRL con-
centrations in male and female individuals of both species.

Two separate GLMs, one for Natal mole-rats and one for highveld
mole-rats, were conducted to assess the effects of season, sex, repro-
ductive class, and their two- and three-way interactions on fAM con-
centrations. Similarly, separate GLMs were used to evaluate the same

Table 1

The statistical outputs of the effects of species [highveld (Cryptomys hottentotus
pretoriae) and Natal (Cryptomys hottentotus natalensis) mole-rat], sex [male and
female], season [wet and dry] and reproductive class season [breeding and non-
breeding], their two, three- and four-way interactions and body mass on plasma
prolactin concentrations.

Fixed term n? t value p-Value
Body Mass 0.01 —2.27 0.03*
Species 0.20 5.36 <0.0001*
Sex 1.70e~%° —0.24 0.81
Season 0.01 0.16 0.88
Class 8.83e7 %% 0.53 0.59
Species*Sex 8.69¢ % 0.09 0.93
Species*Season 0.01 —0.35 0.73
Sex*Season 3.49¢ % 1.00 0.32
Species*Class 9.59¢ % —0.80 0.42
Sex*Class 1.20e 7% 0.01 0.99
Season*Class 0.02 0.02 0.99
Species*Sex*Season 2.06e % —0.55 0.58
Species*Sex*Class 4.93¢ % 0.31 0.76
Species*Season*Class 0.02 —0.87 0.38
Sex*Season*Class 1.96e -1.19 0.24
Species*Season*Class*Sex 9.50e 0.42 0.68

Significant relationships (p < 0.05) are indicated with “*’.
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variables’ effects on f{GCM concentrations for both mole-rat species
separately. Body mass was included in all GLMs. Species were analysed
separately to account for species-specific differences in fAM and fGCM
production.

Post hoc comparisons were carried out using Tukey’s Honestly Sig-
nificant Difference (HSD) tests to identify significant pairwise differ-
ences. Effect sizes were estimated using partial eta squared (n%) for GLMs
and R? values for linear regression analyses, using the effectsize package
in R.

3. Results
3.1. Prolactin defines physiological-based socially induced infertility

Highveld mole-rats exhibited significantly higher plasma PRL levels
than Natal mole-rats (Fig. 1, Table 1). While some highveld mole-rats
displayed PRL levels indicative of hyperprolactinemia, all Natal mole-
rats maintained comparatively lower PRL levels (Fig. 1). Species dif-
ferences emerged as the primary driver of PRL variation (Table 1).
Additionally, an inverse relationship between body mass and PRL levels
was observed, with smaller individuals exhibiting higher plasma PRL
concentrations (Table 1). No other significant effects were detected
(Table 1).

In male highveld mole-rats, a significant season*class interaction
affected PRL levels (n2 = 0.05, t = —2.36, p = 0.03). Non-breeding males
captured in the wet season had significantly lower plasma PRL levels
than those captured in the dry season (p = 0.006) and breeders from
both seasons (p < 0.006, for both) (Fig. 1). Similarly, in female highveld
mole-rats, PRL levels were significantly affected by the season*class
interaction (2 = 0.03, t = —2.05, p = 0.04). Non-breeding females in the
wet season exhibited lower PRL levels than those in the dry season (p =
0.05) (Fig. 1). All remaining post-hoc comparisons were not significant
(p > 0.05) (Fig. 1). During the wet season, no NBM or NBF highveld
mole-rats exhibited hyperprolactinemia, whereas several individuals did
so during the dry season (Fig. 1). In contrast, breeding females in both
wet and dry seasons consistently exhibited high PRL levels (Fig. 1). Body
mass had opposing effects on PRL levels in male and female highveld
mole-rats, with a significant inverse relationship observed in males (1

200, —
=150 .
£ 100;
o 80 @ *
| i P
o 60 . o . <°) (D)é
o ‘
© 40
£
("2}
£ 201 © ©® © © © © © ©
o

BMBMNBM

MNBN BF NBF BF NBF BMN

highveld mole-rat Natal mole-rat

Fig. 1. Circulating plasma prolactin (PRL) levels (ng/ml) in highveld (C. h.
pretoriae) and Natal (C. h. natalensis) mole-rats across reproductive classes:
breeding males (BM), breeding females (BF), non-breeding males (NBM), and
non-breeding females (NBF). Numbers in brackets indicate individuals with
clinical hyperprolactinemia (> 20.0 ng/ml). Brown bars represent dry-season
samples; blue bars represent wet-season samples. Black arrows indicate physi-
ological suppression, while orange arrows indicate its relaxation. Significant
relationships (Tukey’s HSD post-hoc comparisons: p < 0.05) are marked
with .
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= 0.03, t = —2.91, p = 0.001) and a significant positive relationship in
females (n2 = 0.07, t = 1.96, p = 0.05). However, neither sex showed
significant independent effects of season (n2 <0.04,0.02,t<0.58,p >
0.57) or reproductive class (1]2 <0.05,t<1.52, p > 0.57).

In male Natal mole-rats, no significant differences in circulating PRL
levels were detected with respect to season (3% = 0.002, t = 1.83, p =
0.07) or reproductive class (T]2 =0.02, t = 0.23, p = 0.82). However, the
season*class interaction (n2 = 0.06, t = —2.04, p = 0.05) did influence
variations in circulating PRL levels. But, no significant pairwise com-
parisons were found upon further analysis (p > 0.13, for all). Although
an inverse relationship between PRL and body mass was noted, it did not
reach statistical significance (n2 =0.03, t = —1.80, p = 0.08). Similarly,
in female Natal mole-rats, PRL levels did not differ significantly with
respect to season (r]2 = 0.0009, t = 0.11, p = 0.91), reproductive class
(n? = 0.003, t = 0.36, p = 0.72), or their interaction (n> = 0.00005, t =
—0.01,p =0.99) (Fig. 1). While an inverse relationship between PRL and
body mass was observed, it was not statistically significant (n? = 0.007, t
= —0.60, p = 0.55).

3.2. Steroid hormones and reproductive activity throughout the year

In highveld mole-rats, fPM concentrations in females were signifi-
cantly affected by reproductive class (2 = 0.15, t = —3.61, p = 0.001)
and the season*class interaction (r]2 = 0.18, t = 3.17, p = 0.004). In
particular, BFs possessed higher fPM than NBFs, this was most clear in
NBFs captured in the dry season which possessed lower fPM concen-
trations compared to NBF captured in the wet season (p = 0.004), and
BFs from both seasons (p < 0.05, for both) (Fig. 2a). Larger females had
lower fPM levels (n2 =0.11,t=—2.34,p = 0.03). However, season alone
did not affect fPM concentrations (n2 = 0.09, t = —1.00, p = 0.33).
Similarly, fAM levels in highveld mole-rat males were affected by class
(n2 =0.004, t = —2.61, p = 0.01) and the season*class interaction (nz =
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0.04, t = 2.70, p = 0.009). In particular, BMs possessed higher fAM
concentrations than NBMs, this was most clear in NBMs captured in the
dry season which possessed lower fAM levels compared to NBMs
captured in the wet season (p = 0.004), and BMs from both seasons (p <
0.05, for both) (Fig. 2b). Larger males had higher fAM levels (n2 =0.11,
t = 2.63, p = 0.01). Season alone did not affect fAM levels in highveld
mole-rat males (1]2 =0.10,t=0.52,p = 0.61).

In female Natal mole-rats, only reproductive class affected fPM
levels, with BFs showing higher fPM concentrations than NBFs (n? =
0.23, t = —2.30, p = 0.03) (Fig. 2¢), indicting pregnancy and ovulation.
While in female Natal mole-rats, fPM levels were unaffected by body
mass (n2 =0.04, t = —-0.35, p = 0.73), season (n2 =0.009,t=0.76,p =
0.46) and the two-way interaction (n2 =0.01, t = 0.33, p = 0.75). In
contrast, fAM levels in male Natal mole-rats were unaffected by body
mass (2 = 0.06, t = 1.51, p = 0.14), season (12 = 0.02, t = 0.66, p =
0.51), class (1]2 = 0.02, t = 0.56, p = 0.58), or the season*class inter-
action (q2 = 0.000007, t = —0.11, p = 0.91) (Fig. 2d).

3.3. PRL disruption of reproductive hormone production in highveld, but
not natal mole-rats

In highveld mole-rats, higher PRL levels were associated with lower
fPM concentrations in NBFs (R? = 0.33, F = 5.96, p = 0.03) and lower
fAM levels in NBMs (R2 = 0.24, F = 7.37, p = 0.01) (Figs. 3a & b).
However, no significant relationship between PRL and fPM or fAM levels
were observed in highveld mole-rat breeders ®R%< 0.22,F <2.81,p >
0.12) (Figs. 3a & b). In contrast, no significant associations between PRL
and either fPM or fAM concentrations were detected in Natal mole-rats,
irrespective of reproductive class (R? < 0.09, F < 1.03, p > 0.33)
(Fig. S3).
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Fig. 2. Seasonal variation in faecal progesterone metabolite (fPM) and faecal androgen metabolite (FAM) concentrations in highveld mole-rats (Cryptomys hottentotus
pretoriae) and Natal mole-rats (C. h. natalensis). (a) fPM concentrations in female highveld mole-rats. (b) fAM concentrations in male highveld mole-rats. (c) fPM
concentrations in female Natal mole-rats. (d) fAM concentrations in male Natal mole-rats. Brown bars indicate dry-season samples, while blue bars represent wet-
season samples. Asterisks (*) denote statistically significant differences (Tukey’s HSD post-hoc comparisons: p < 0.05).
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Fig. 3. Linear relationships between faecal progesterone metabolite (fPM) and
faecal androgen metabolite (FAM) concentrations and plasma prolactin (PRL)
levels in non-breeding female (a) and non-breeding male (b) highveld mole-rats
(Cryptomys hottentotus pretoriae). Inserts show the corresponding relationships
in breeding females and males. Solid lines represent significant relationships (p
< 0.05) and dashed lines represent non-significant relationships (p < 0.05).

3.4. Testosterone defines behavioural-based socially induced infertility

In highveld mole-rats, males (5.55 + 0.59 pg/g DW) possessed
significantly greater fAM concentrations than females (4.09 + 0.38 ug/g
DW) (Fig. 4, Table 2). The interaction between sex and class significantly
affected highveld mole-rat fAM, but no significant post-hoc comparisons
were found (p > 0.05). Faecal androgen metabolite levels did not vary
with any other predictor (Table 2).

Conversely, in Natal mole-rats, fAM concentrations were signifi-
cantly affected by body mass (Table 2), with larger animals possessing
higher fAM concentrations. Sex also had an effect, with males (4.12 +
0.36 pg/g DW) having higher fAM levels than females (3.98 & 0.58 pg/g
DW). Reproductive class differences were also significant (Table 2), with
breeders (5.12 £+ 0.57 pg/g DW) having higher fAM concentrations than
non-breeders (3.19 + 0.36 pg/g DW). Particularly, BFs showed higher
fAM concentrations than NBFs (p = 0.05), but their levels were similar to
both NBMs (p = 0.75) and BMs (p = 0.29), regardless of season (Fig. 4).
No further significant pairwise comparison was observed (p > 0.05).

3.5. No apparent effect of glucocorticoids on socially induced infertility
As expected, f{GCM levels in highveld mole-rats did not differ

significantly between sexes and reproductive classes across seasons
(Table 3; Fig. S4). In contrast, statistical models indicated significant
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Fig. 4. Faecal androgen metabolite (fAM) concentrations (ug/g dry weight,
DW) in breeding males (BM), breeding females (BF), non-breeding males
(NBM), and non-breeding females (NBF) of highveld (Cryptomys hottentotus
pretoriae) and Natal (Cryptomys hottentotus natalensis) mole-rats. Brown bars
represent animals sampled during the dry season, while blue bars indicate those
sampled in the wet season. Purple arrows indicate increased fAM levels likely
associated with testosterone-mediated aggression.

Table 2

The statistical outputs of the effects of sex [male and female], season [wet and
dry] and reproductive class season [breeding and non-breeding], their two and
three-way interactions and body mass on faecal androgens faecal concentrations
in highveld (Cryptomys hottentotus pretoriae) and Natal (Cryptomys hottentotus

natalensis) mole-rats.

2

Species Fixed term n t value p-Value

Highveld mole-rats Body Mass 0.08 1.68 0.10
Sex 0.01 2.23 0.03*
Season 0.11 1.93 0.06
Class 4.52¢ % 0.63 0.53
Sex*Season 5.34e % -1.16 0.25
Sex*Class 0.02 —2.18 0.04*
Season*Class 0.02 0.08 0.94
Sex*Season*Class 7.78e 3 1.48 0.14

Natal mole-rats Body Mass 0.11 2.07 0.04*
Sex 8.16e 7% -2.39 0.02*
Season 3.83e -1.19 0.24
Class 0.01 —2.50 0.01*
Sex*Season 0.03 1.33 0.19
Sex*Class 0.08 2.44 0.02*
Season*Class 5.35¢ %3 0.60 0.55
Season*Class*Sex 7.23e703 —0.54 0.59

Significant relationships (p < 0.05) are indicated with “*.

variation in fGCM concentrations in Natal mole-rats across several
variables (Table 3). However, upon closer examination, no significant
interactions were found in post-hoc analyses (p > 0.05) (Fig. S4).

4. Discussion

This study provides novel insights into the endocrine mechanisms
underlying socially induced infertility in cooperatively breeding mole-
rats. In particular, it implicates physiological suppression via PRL and
its modulation of the HPG axis in highveld mole-rats, together with
behavioural suppression likely mediated by androgen-dependent pro-
cesses, including aggression, sexual behaviour, and incest avoidance in
Natal mole-rats. Although the present findings do not establish causal-
ity, they delineate key hormonal and behavioural pathways that warrant
future investigation.

Our findings align with the hypothesis that elevated PRL levels may
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Table 3

The statistical outputs of the effects of sex [male and female], season [wet and
dry] and reproductive class season [breeding and non-breeding], their two and
three-way interactions and body mass on faecal glucocorticoid metabolite con-
centrations in highveld (Cryptomys hottentotus pretoriae) and Natal (Cryptomys
hottentotus natalensis) mole-rats.

Species Fixed term r]2 t value p-Value

Highveld mole-rats Body Mass 6.80e %% 0.02 0.99
Sex 3.12e % 0.30 0.76
Season 0.02 0.65 0.52
Class 7.56e7%% 0.22 0.83
Sex*Season 8.23e ™ —0.64 0.52
Sex*Class 2.34e7%° —0.55 0.58
Season*Class 0.01 0.18 0.86
Sex*Season*Class 4.16e % 0.73 0.47

Natal mole-rats Body Mass 0.05 1.74 0.09
Sex 5.05e7%4 -1.23 0.22
Season 8.73e %% -1.55 0.12
Class 2.50e % —0.85 0.40
Sex*Season 2.06e7%% 2.22 0.03*
Sex*Class 1.57¢ % 1.35 0.18
Season*Class 1.95¢ % 2.13 0.04*
Season*Class*Sex 0.06 —2.43 0.02*

Significant relationships (p < 0.05) are indicated with “*.

play a central role in physiological suppression (Al-Fahham and Al-
Nowainy, 2016; Gangwar et al., 2020), as seen in highveld mole-rats.
Non-breeding males and females exhibited significantly higher PRL
levels during the dry season compared to the wet season. This seasonal
increase in PRL levels corresponds with decreased pituitary respon-
siveness to exogenous GnRH, pointing to HPG axis dysfunction (Van der
Walt et al., 2001). The correlation between elevated PRL levels and
reduced reproductive activity in non-breeders supports the notion that
PRL-induced suppression is a potential mechanism of infertility (Bennett
et al., 2018). The lower levels of circulating plasma PRL and lack of
hyperprolactinemia in non-breeding highveld mole-rats during the wet
season implies a temporary relaxation of physiological suppression,
potentially allowing these individuals to regain reproductive function
when environmental conditions are more favourable and potentially
promoting dispersal and the establishment of new colonies. This is likely
advantageous during periods when breeding success is higher, such as in
the wet season when dispersal opportunities increase due to reduced soil
hardness and greater food availability (Molteno and Bennett, 2002b). In
highveld mole-rats, non-breeders had significantly lower levels of fPM in
females and fAM in males during the dry season compared to both
breeders and non-breeders in the wet season. This reduction in steroid
hormone levels likely reflects the downstream effects of PRL-mediated
suppression of the HPG axis, as evidenced by the inverse relationship
between PRL and fPM/fAM levels, further supporting the potential
direct inhibition of gonadal function in non-breeders. Similar findings in
naked and female Mahali mole-rats also implicate PRL in reproductive
suppression among helpers, suggesting a common physiological strategy
in these species (Bennett et al., 2018; Hart et al., 2022b, 2022c). At the
mechanistic level, PRL may suppress reproduction centrally, by inhib-
iting hypothalamic GnRH neurons and thereby reducing gonadotropin
release, or peripherally, by modifying pituitary and/or gonadal receptor
density and sensitivity (Hackwell et al., 2025; Szukiewicz, 2024). Dif-
ferences in PRL receptor expression between breeders and non-breeders,
already documented in other mole-rat species (Voigt and Bennett,
2018), suggests that similar processes could contribute to reproductive
suppression in highveld mole-rats. However, targeted studies are needed
to confirm this possibility. Notably, PRL levels among non-breeders
varied substantially, with some individuals showing hyper-
prolactinemia and others resembling breeders. Such heterogeneity
suggests suppression is not uniform, echoing observations in naked
mole-rats where non-breeders differ in pituitary responsiveness to GnRH
(Hart et al., 2024; Van Der Westhuizen et al., 2002). Furthermore, some
of the highest PRL concentrations were detected in BMs, an unusual, but
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previously documented phenomenon in naked mole-rats (Bennett et al.,
2018; Majelantle et al., 2024). Highveld mole-rats have the smallest
colony sizes of all social mole-rat species (Siiess et al., 2024), and
therefore cooperative behaviour, whether it be in the form of protecting
the nest or digging tunnels or caring for offspring, is divided between a
smaller number of individuals compared to the other cooperative mole-
rat species. Breeding male highveld mole-rats may therefore be required
to invest more time in offspring care and other cooperative behaviours
when compared to other species, which may explain their higher levels
of plasma prolactin. These increased PRL levels should impair their
breeding abilities; however, in adult sexually, i.e. post- pubescent,
mature men (Homo sapiens), PRL has been observed to be a pituitary
hormone that stimulates testosterone secretion from the Leydig cell of
the testes (Rubin et al., 1976), but also see (Rubin et al., 1978).
Consequently, once a highveld mole-rat male attains reproductive
dominance in a colony or escapes the social suppression of their colony,
circulating PRL may take on a stimulatory role of both reproduction and
parental care. However, additional research is required to unravel this
phenomenon in this species.

In marked contrast, Natal mole-rats showed significantly lower PRL
than the physiologically suppressed highveld mole-rats and did not
show significant variation in PRL levels across reproductive classes or
seasons, suggesting that PRL-induced physiological suppression is not a
mechanism operational in this subspecies. The functional HPG axis in
non-breeding Natal mole-rats, demonstrated by their similar LH re-
sponses to exogenous GnRH to those of breeders (Oosthuizen et al.,
2008), suggests that behavioural suppression mechanisms, such as
androgen-driven aggression and incest avoidance (Finn, 2022; Luter-
mann et al., 2013), may play a more prominent role in regulating
reproductive skew in this species. Breeding Natal mole-rats showed
elevated fPM and fAM levels, compared to non-breeders, but these dif-
ferences were not correlated with PRL. This pattern is expected given
reproductive activity, but we also note that female breeders showed
unusually high fAM levels, sometimes exceeding those of males. Such
elevations may point to a dual role for androgens in reproduction and in
supporting dominance-related aggression. Previous studies in naked
mole-rats (Clarke and Faulkes, 2001; Clarke and Faulkes, 1998; Clarke
and Faulkes, 1997) have shown that elevated androgens are associated
with dominance and aggressive behaviour, suggesting a possible parallel
in Natal mole-rats, but also see (Toor et al., 2022). Nonetheless, targeted
experimentation is required to establish a direct association between
increased androgen levels and aggressive behaviour in this species.
While androgen-mediated behavioural suppression appears central in
Natal mole-rats, the role of incest avoidance currently remains under-
explored and should be a focus of future research (Bennett et al., 1996;
Burland et al., 2004; Greeff and Bennett, 2000; Herbst and Bennett,
2001). Incest avoidance is likely to act as an alternative or comple-
mentary mechanism of reproductive suppression in Natal mole-rats,
especially as obligate outbreeders (K. Finn unpublished results). The
lack of significant seasonal variation in reproductive steroid hormone
levels in Natal mole-rats further suggests that behavioural suppression
mechanisms remain consistent throughout the year, contrasting with the
seasonally dependent physiological suppression seen in highveld mole-
rats.

Glucocorticoids do not appear to play a significant role in socially
induced infertility in either of the subspecies. No clear significant dif-
ferences in f{GCM levels were observed between reproductive classes or
across seasons in either highveld or Natal mole-rats, indicating that
chronic stress is unlikely to drive reproductive suppression. This finding
aligns with recent studies in other mole-rat species, which have shown
that GC levels are more closely related to metabolic activity than to
stress-induced infertility (Hart et al., 2023; Jimeno and Verhulst, 2023;
Majelantle et al., 2024; Vullioud et al., 2021). However, our analyses of
fGCMs revealed some significant interaction effects in Natal mole-rats,
though clear post-hoc patterns were not evident. While this prevents
firm conclusions, the results suggest that glucocorticoids may play an
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indirect role in behaviour. One possibility is that variation in f{GCM re-
flects metabolic demands rather than stress per se, consistent with the
findings in other mole-rats where glucocorticoids align with energetic
requirements (Vullioud et al., 2021). This interpretation is further sup-
ported by a non-significant trend for higher fGCM levels in larger in-
dividuals, which are shown to have higher energetic costs (D.M.
Scantlebury, unpublished results). These results highlight the need for
further work that disentangles metabolic and stress-related contribu-
tions to endocrine patterns in cooperative breeders.

The contrasting mechanisms of reproductive suppression in highveld
and Natal mole-rats underscore the flexibility of social systems, even
among closely related subspecies. Whereas highveld mole-rats rely pri-
marily on PRL-mediated physiological suppression, Natal mole-rats
appear to depend more on behavioural mechanisms, including, but
not limited to, androgen-driven aggression and incest taboos. This
divergence raises important questions about the selective pressures that
favour physiological versus behavioural strategies.

Future research within the genus Cryptomys and other cooperative
breeders should investigate the genetic and ecological drivers that shape
PRL and androgen pathways, as well as their interactions with social
structure. While our findings are correlational, and thus require cautious
interpretation, experimental manipulations, such as PRL antagonism,
androgen modulation, and assays of receptor expression in the brain and
gonads, will be crucial to identify causal mechanisms. Equally, incor-
porating direct behavioural observations of aggression, dominance, and
affiliative interactions will help clarify the role of androgens in regu-
lating reproductive skew. Finally, examining variation among non-
breeders within colonies may reveal why some individuals display
endocrine profiles more similar to breeders, providing new insights into
the dynamics of suppression and the maintenance of social hierarchies in
cooperative mammals.
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