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Abstract 
 
Life-history theory suggests that breeding effort leads to lowered subsequent 
fecundity and survival. Immunity is a major physiological mechanism regulating 
survival and trade-offs between reproductive effort and immune function may be 
expected. In cooperatively breeding species, breeders may benefit from non-breeders 
that perform energetically costly tasks by increased survival. However, this has never 
been related to immune function. In mammals trade-offs between reproductive effort 
and immune function are likely to be mediated through energy that can be stored in 
adipose tissue. We compared fat mass and immune function measured as spleen mass 
between breeders and non-breeders and among the sexes in cooperatively breeding 
Natal mole-rats Cryptomys hottentotus natalensis. Assuming that larger spleen size 
indicates a stronger immune function, we hypothesized that reproductive effort leads 
to reduced energy stores and thus smaller spleen mass in breeders and expected 
females to have a larger fat and spleen mass than males. We could establish a 
relationship between energy stores and spleen mass but found the expected sex-
specific difference only in breeders. Spleen mass was similar between breeders and 
non-breeders. The energy cost of reproduction may be compensated for by the 
contribution of non-breeders in this cooperative breeder. We suggest that non-
breeders reduce work loads for breeders and thereby allow breeders a higher 
investment in immune function that may result in improved survival. This could also 
explain increased survival in mole-rats and possibly other cooperative vertebrates.   
   
 

Introduction 
 
A major assumption in life-history theory is that increased allocation of resources into 
one function cannot be achieved without diverting resources from another (Stearns, 
1992). A classic example of such a trade-off is the cost of reproduction where 
breeding effort leads to lowered subsequent fecundity and survival. Immunity is one 
of the major physiological mechanisms regulating survival and the strength of 
immune function during breeding may correlate with annual survival (Ardia, Schat & 
Winkler, 2003; Hanssen, Folstad & Erikstad, 2003). 



 
In most vertebrates, males obtain fitness by increasing the number of matings, 
whereas females increase their fitness through longevity because their investment in 
reproduction tends to extend beyond mating (Bateman, 1948; Trivers, 1972). 
Consequently, females are expected to invest more in immune defence than males to 
increase their life span (Rolff, 2002). This sex-specific difference in investment in 
current versus future reproduction may vary according to mating system (polygynous 
vs. monogamous) and social system (solitary vs. social). In cooperatively breeding 
species the contribution of non-breeding helpers can reduce the cost of reproduction 
for breeders (Crick, 1992). However, this possibility has received little attention in 
cooperative mammals (Solomon & French, 1997). Russell (2004) suggested that 
survival benefits of non-breeder contributions are of minor importance in cooperative 
mammals. This is due to their high fecundity compared with non-cooperative 
mammals (Russell, 2004) and helpers may rather contribute to productivity (i.e. 
increased litter sizes). In contrast, cooperatively breeding bird species are 
characterized by small clutch sizes (Arnold & Owens, 1998). Moreover, one or both 
of the breeders may adjust their investment in reproductive effort according to helper 
contributions and thus increase their survival (Hatchwell, 1999 and references 
therein). However, this survival benefit has never been related to immune function 
and little is known about trade-offs between reproductive effort and immune function 
in cooperative vertebrates. 
 
The most obvious link between reproduction and survival through immune function is 
energy (Rogowitz, 1996; Niewiarowski, 2001); energy allocated to reproduction is no 
longer available for self-maintenance, and, as the amount of energy allocated to 
reproduction increases, so does the magnitude of the costs to survival. On the other 
hand increases in energy availability by food supplementation can enhance immune 
function during breeding (Bachman, 2003). Demas, Drazen & Nelson (2003) showed 
that surgical removal of fat deposits (i.e. energy reserves) in prairie voles Microtus 
ochrogaster and Siberian hamsters Phodopus sungorus resulted in lowered humoral 
immunity. This is mediated by the hormone leptin that is primarily produced by 
adipose tissue and released in direct proportion to body fat (Demas & Sakaria, 2005). 
Hence, body fat appears to be a crucial energy store that mammals rely on to sustain 
immune function. Thus, larger fat deposits may allow an animal to invest more energy 
into various components of immune function while breeding. 
 
The aim of our study was to assess for the first time how reproductive effort and the 
sex of an animal affects energy reserves and an organ of immune system in a 
cooperatively breeding vertebrate – the Natal mole-rat Cryptomys hottentotus 
natalensis. Like other social mole-rat species, Natal mole-rats live in family groups 
and exhibit a reproductive division of labour (Hickman, 1979), allowing measurement 
of the effects of reproductive effort and sex on immune function by direct comparison 
among group members. 
 
We assessed immune function in our study species by measuring spleen mass. Spleen 
size or mass as a measure of immune function has figured prominently in studies on 
ecology, parasitology and evolution to infer immune system strength (e.g. Fernandez-
Llario et al., 2004; Li et al., 2007; Vicente, Pérez-Rodrígeuz & Gortazar, 2007). The 
spleen has an assumed role in lymphocyte recirculation, antibody synthesis and 
phagocytosis with the consequent destruction of antigens in birds, while in mammals 



it is also involved in red blood cell turnover (John, 1994). The hormone leptin 
produced by adipose tissue also affects splenic cell-mediated immune function via the 
central sympathetic nervous system (Okamato et al., 2000) suggesting a functional 
link between fat deposits and spleen. 
 
It has been suggested by some authors that spleen size correlates with helminth loads 
(Kristan & Hammond, 2004; Schwanz, 2006). However, helminth prevalence was low 
(about 30%) and we could not find a relationship between helminth infection and 
spleen mass (H. Lutermann, unpubl. data). Furthermore, postmorten examinations did 
not suggest any other infections and their subterranean niche exposes them to a 
limited number of parasites and pathogens; hence, we assumed for our study that a 
larger spleen mass indicated a higher investment in immune function. This 
assumption is supported by a recent study by Li et al. (2007) that reports higher levels 
of serum antibodies against a novel antigen that corresponded with larger spleen 
masses in Brand's voles Lasiopodomys brandtii. In our study we used measurements 
of body, fat and spleen mass to explore the following predictions: (1) There is a 
relationship between energy stores and spleen mass in such that fat mass is positively 
correlated with spleen mass. (2) As a result of sex-specific reproductive strategies, fat 
and spleen mass will be reduced in males compared with females. This difference can 
be expected to be more pronounced in breeders than in non-breeders. (3) If non-
breeders contribute to productivity, higher reproductive effort in larger groups 
(Russell, 2004) will result in smaller energy stores and lighter spleens of breeders 
compared with non-breeders. However, if non-breeding helpers 'lighten the load' for 
breeders as has been proposed by Crick (1992), then breeders and non-breeders 
should have similar fat and spleen masses. 
   
   

Materials and methods 
   
Study site and animals 
Natal mole-rats occur in the in the KwaZulu-Natal and Mpumalanga provinces of 
South Africa and breed throughout the year (M. K. Oosthuizen, unpubl. data). 
Information on colony identity, sex, breeding status and body mass as well as 
preserved alimentary tracts of Natal mole-rats were obtained from animals that had 
been euthanized for a study of their neuroendocrinology. Animals were trapped on a 
bimonthly basis from March 2003 to January 2004 on a golf course surrounded by 
montane grassland at Glengarry Park (1500 m altitude) in the Kamberg region of 
KwaZulu-Natal, South Africa (25°58'S; 21°49'E). Captures were conducted by 
exposing mole-rat tunnels close or underneath fresh molehills and setting modified 
Hickman life-traps (Hickman, 1979) baited with sweet potato at the entrances of those 
tunnels. All animals were live-trapped. Colony members were housed together in 
plastic containers until the entire colony had been captured. They were provided with 
wood shavings as nesting and were fed on sweet potato. A colony was considered to 
be completely captured if it was functionally complete (i.e. it included a reproductive 
pair) and if no animals came to the traps for 3 consecutive days after the last 
individual was caught. Animals were regarded as belonging to the same colony only if 
they were collected at the same trap site. 
   
   



Morphological measurements 
Animals were kept in the laboratory for a maximum of 2 weeks and weighed with a 
Sartorius 1213MP (Zeiss, Jena, Germany) scale before terminal anaesthesia 
(halothane). The animals were dissected and the alimentary tract removed and stored 
in 70% ethanol. All adipose tissue attached to the alimentary tract was removed and 
weighed (±0.01 g) (Ohaus Scout Pro, Pine Brook, NJ, USA). Similarly was the spleen 
separated from the gut and weighed (±0.01 g). 
   
   
Analysis 
Animals were assigned to one of four different groups according to sex and 
reproductive status. Breeding females (BFs) could readily identified by their perforate 
vagina and prominent teats while the remaining females were regarded as non-
breeding (NBFs). Following these criteria, a maximum of one BF was identified per 
colony. Four BF were pregnant and their data were excluded from analyses. One 
further BF was excluded as her spleen was extremely enlarged for unknown reasons 
being twice as heavy as the next heaviest of all individuals measured. Male breeders 
are not as readily identifiable but findings in other mole-rat species suggest that 
breeding males (BMs) tend to be the largest in a group (Bennett & Faulkes, 2000). 
Genetic studies have validated this criterion for other Cryptomys species (Bishop 
et.al., 2004; Burland et al., 2004) and we therefore used several morphometric criteria 
to assign males to the breeder category: (1) they had to be among the heaviest 
individuals in the group; (2) they had to have a minimum body mass of 100 g; 
however, because some colonies contained several males with very similar body 
masses we considered a minimum mass difference of 15 g (corresponding to >10% of 
the average male mass) between the lightest putative BM and the heaviest non-
breeding male (NBM) as an additional criterion to distinguish between potential BM 
and NBM. Similar to other mole-rat species, this resulted in the identification of one 
to four males as potential breeders in complete colonies (Bennett & Faulkes, 2000). 
Data for body and fat mass were normally distributed while data for spleen mass 
achieved normality after log transformation. To assess trade-offs between energy 
reserves and spleen mass we calculated the partial correlation between fat and log 
spleen mass with body mass as a covariate, thus controlling for confounding effects of 
this variable. We calculated residuals for fat and log spleen mass from linear 
regressions of fat and spleen mass, respectively, against body mass. For the 
comparison of body mass, as well as the residuals of body fat and log spleen mass 
between reproductive classes and among the sexes, t-tests were used. To evaluate the 
effect of contributions of non-breeders on morphological measures we carried out 
general linear models (GLMs) separately for body mass, fat mass and log spleen. 
Only complete colonies were included in these analyses. For all models, sex, breeding 
status and number of non-breeders were included as independent variables. 
Additionally, body mass or body and fat mass were included as covariates in GLMs 
with fat mass and log spleen mass as dependent variables, respectively. Initially we 
included capture month as an independent variable in all models but eventually 
discarded it for body mass and log spleen mass, respectively, as it had no significant 
effect. 
   
   



Results 
 
A total of 283 animals from 59 different colonies were used in this study. Twenty-two 
colonies were complete and these had an average size of 8.8±3.7 adult individuals 
(range: 2–16). The average number of non-breeders in those colonies was 6.1±3.4 
(range: 0–12). An additional 22 colonies contained only breeders of one sex and for 
15 the breeders of neither sex could be captured. The spleens from 29 animals 
captured were damaged and these individuals were excluded from analyses involving 
spleen mass. Independent of body mass there was a significant positive correlation 
between fat and log spleen mass (rS=0.388, d.f.=192, P<0.0001) with larger energy 
stores being associated with heavier spleens (Fig. 1). 
   

 
Figure 1  Partial correlation between abdominal fat and log spleen mass (rS=0.391; 
P<0.0001).  
 
With an average body mass of 88.4±21.5 g (n=87) NBM were significantly heavier 
(t=−7.87, d.f.=190, P<0.0001, Fig. 2a) than NBF (67.8±14.5, n=105). Absolute fat 
and spleen mass was 972.9 mg (±511.9, n=78) and 136.4 mg (±63.9, n=70), 
respectively, for NBM compared with 791.9 mg (±385.5, n=74) and 121.8 mg (±60.9, 
n=65) for NBF (Fig. 2b,c). However, there was no difference in their residual fat 
(t=0.18, d.f.=149, P>0.05, Fig. 3a) or spleen mass (t=1.13, d.f.=132, P>0.05, Fig. 3b), 
respectively. Among breeders, males (125.3±18.8 g, n=54) were significantly heavier 
(t=−6.77, d.f.=76, P<0.0001, Fig. 2a) than females (96.0±14.6 g, n=24). Absolute fat 
and spleen mass was 1105.7 mg (±575.3, n=51) and 173.1 mg (±89.0, n=42), 
respectively for BM compared with 1007.7 mg (±615.0, n=22) and 188.4 mg (±76.0, 
n=19) for BF (Fig. 2b,c). There was no significant difference in residual fat mass 
between BM and BF (t=1.23, d.f.=71, P>0.05, Fig. 2b); however, BF had significantly 
larger residual spleen masses (t=2.62, d.f.=59, P=0.011, Fig. 2c). 
   



 
Figure 2  Morphometric data (depicted as mean±sd) separated according to 
reproductive status and sex (a) body mass; (b) absolute fat mass; (c) absolute spleen 
mass. Open bars represent breeders while solid bars indicate non-breeder values.  



   

 
 
Figure 3  Comparison of body mass independent measures of energy stores and 
immune function (a) residual fat mass; (b) residual spleen mass (log transformed). 
Open bars represent breeders while solid bars indicate non-breeder values.  
 
 
BMs were significantly heavier (t-test: t=−10.37, d.f.=139, P<0.0001) than NBM as 
would be expected given our criteria for the assignment of BM. Breeding status did 
negatively affect energy reserves and NBM had significantly larger residual fat 
masses than BM (t=2.33, d.f.=126, P=0.021). BM and NBM did not differ 
significantly in their residual spleen masses (t=0.56, d.f.=109, P>0.05) and thus 
breeding status did not appear to affect investment in the immune system in males. 
Among females, breeders were significantly heavier than non-breeders (t-test: 
t=−8.60, d.f.=127, P<0.0001). However, there was no difference in residual fat mass 
(t-test: t=0.38, d.f.=94, P>0.05) between BF and NBF and BF tended to have higher 
residual spleen masses than NBF, though not significantly so (t-test: t=−1.71, d.f.=82, 
P=0.091). 
 
The GLM (Table 1) confirmed significant differences in body mass according to sex 
(F=46.841, d.f.=1, P<0.0001) and reproductive status (F=79.056, d.f.=1, P<0.0001). 
In addition, body mass was significantly affected by the number of non-breeders 
(F=4.171, d.f.=9, P<0.0001) with a larger number of non-breeders leading to greater 
body masses. Furthermore the interaction of sex and breeder was significant 
(F=5.579, d.f.=1, P=0.020). None of the other interaction terms were significant. 
When controlling for the effect of body mass, significant effects on energy stores 
were found for the number of non-breeders (F=2.087, d.f.=9, P=0.042), capture month 



(F=15.556, d.f.=5, P<0.0001) and the interaction between sex and reproductive status 
(F=4.774, d.f.=1, P=0.032, Table 1). During winter months (May–August) fat mass 
was smaller compared with summer months (November–March). None of the other 
variables or interaction terms did significantly influence fat mass. A larger body mass 
resulted in a significantly larger log spleen mass (Table 1) (F=6.676, d.f.=1, P=0.012). 
The covariate body fat significantly influenced the log spleen mass (F=6.218, d.f.=1, 
P=0.015). In addition, spleen mass was significantly greater in the presence of non-
breeders (F=3.072, d.f.=9, P=0.003). The three-way interaction term of sex by breeder 
by number of helpers nearly reached significance (F=2.151, d.f.=6, P=0.056). None of 
the other variables or interaction terms was significant for log spleen mass (Table 1). 
   
Table 1  General linear models of the factors associated with body mass, fat mass and 
log spleen mass  
 

 
  * Significant variable.  
  a Results for interactions terms with variable month not displayed.  
  b Variable included as covariate.  
 NB, non-breeders.  
 
 
   

Discussion 
 
Trade-offs between energy availability and immune function have been suggested for 
a number of vertebrates (for a review, see Nelson & Demas, 1996) and a direct link 
between fat reserves and the strength of the humoral branch of the immune system in 
rodents has been demonstrated previously (Demas et al., 2003). Our data suggest a 
relationship between the mass of adipose tissue and a lymphatic organ – the spleen. 
Animals with a larger residual fat mass had a larger residual log spleen mass and the 
fat mass significantly contributed to the variation in log spleen mass in our data. In 
accordance with these results Vicente et al. (2007) found a correlation between body 
condition measured as the coefficient of kidney fat mass in relation to kidney mass 
and spleen mass in red deer Cervus elaphus. These studies are consistent with the 
hypothesis that mammals exhibit condition-dependent investment into immune 
function. Although neither study attempted to establish a functional link between fat 
stores and spleen mass or the strength of the immune system Vicente et al. (2007) also 
recorded a negative correlation between parasite load and spleen mass. This supports 
the assumption that larger spleen sizes indicate stronger immune defence. 
Furthermore, Li et al. (2007) reported a positive relationship between spleen mass and 
humoral immune function in Brand's voles L. brandtii. Thus, spleen mass could be an 



appropriate measure of immune function in mammals. Although these studies support 
the use of spleen mass as an indicator of investment in immune function, further 
research on spleen mass as a measure of immune defence in mammals is needed. 
Natal mole-rats exhibit a strong sexual dimorphism and as predicted, BM Natal mole-
rats had a lower log spleen masses than BF. This difference between the sexes may be 
a result of differences in intra-sexual competition. As in other mole-rat species 
(Bennett & Faulkes, 2000) there is only one BF per colony while there can be more 
than one BM. This could lead to competition for matings between BMs with the 
single BF. The observed sexual mass dimorphism as well as the largest relative testis 
mass for any mole-rat species (P. W. Bateman, pers. comm.) suggest that intra-sexual 
competition may well be strong for males possibly leading to increased energy 
expenditure. Sex-specific differences with regard to energy stores or spleen mass were 
only apparent in breeders and despite a significant difference in body mass between 
NBM and NBF they had similar fat and log spleen masses. This contradicts the 
suggestion that male immune function is compromised in comparison to female 
immune function as a result of sex-specific reproductive strategies (Rolff, 2002). The 
lack of sexual dimorphism in the immune measure and energy stores of non-breeders 
may be a result of social dominance associated with larger body mass (Gabathuler, 
Bennett & Jarvis, 1996; Clarke & Faulkes, 1997, 1998) that may allow them to 
monopolize food items. Because sex-specific differences are found when comparing 
BM and BF the lack of such sexual dimorphism in non-breeders may simply be a 
result of the lack of sexual activity. The finding that sexual activity comes at a cost 
has been shown in a number of species; Klein & Nelson (1999) reported an impaired 
immune function only for male meadow voles Microtus pennsylvanicus in mixed-sex 
pairs but not when kept isolated. Likewise, sex differences in immune function were 
only apparent while males were sexually active in other species (McKean & Nunney, 
2001; Fernandez-Llario et al., 2004). Thus, our findings suggest sex-specific 
differences in the costs of reproduction for breeders of the study species. 
 
Despite the assumed costs of reproduction, breeders of both sexes had similar sized 
(BM) or tended to have larger (BF) spleen masses than their same sex non-breeding 
counterparts contrasting with reports from other mammal species (Fernandez-Llario et 
al., 2004; Vicente et al., 2007). At the same time, only BM showed evidence of an 
associated reduction in energy stores. This suggests only moderate costs of 
reproduction for BM and reduced costs in BF. One possible explanation may be that 
higher competitive ability associated with larger body mass in breeders may enable 
them to secure more and/or better food items. Hence, breeders may be able to 
compensate for the energetic costs of reproduction by higher energy intake. Similarly, 
Bachman (2003) could show that food supplementation did improve immune function 
in BM Belding's ground squirrels Spermophilus beldingi. In contrast to ground 
squirrels and the species studied by Fernandez-Llario et al. (2004) and Vicente et al. 
(2007) mole-rats are not only social but also exhibit a division of labour not found in 
the other species. Thus, an alternative explanation of the differences in spleen mass 
found may result from different degrees of engagement in energetically costly 
activities such as burrow maintenance (Lovegrove, 1989). Such a division of labour 
has been shown to result in reduced energy expenditure of breeders in Damaraland 
mole-rats (Scantlebury et al., 2006). Likewise, daily energy expenditure for Natal 
mole-rat breeders is below that of non-breeders during the dry season (H. Lutermann 
et al., in prep.). Thus, a larger spleen could be a direct result of 'load-lightening' 
(Crick, 1992) by non-breeders that allow breeders of the study species to refrain from 



energetically costly activities. Substantial differences in energy expenditure as a result 
of division of labour have also been shown in another cooperative mammal, the 
meerkat Suricata suricatta, where breeders largely refrain from the energetically 
costly babysitting task (Clutton-Brock et al., 1998). 
 
Alternatively, intrinsic differences of individual quality may have led to the observed 
patterns of a stronger investment in immunity in breeders. Our data represent a 
snapshot at a single point in the life of the individuals used in this study and we can 
thus only hypothesize that an increased investment in immune function resulted from 
attaining a breeding position and recruiting helpers. However, it may generally be the 
individuals with larger energy stores and stronger immune function that eventually 
become breeders. Support for this hypothesis comes from another cooperative 
breeder, the stripe-backed wren Campylorhynchus nuchalis. In this species, helpers 
with low chances of gaining a breeding position, provision young at high rates and 
have low survival (Rabenold, 1990) possibly as a result of a trade-off between energy 
stores and investment in immune function. Load-lightening and differences in 
intrinsic quality as a cause for the lack of suppression of immune function in breeders 
are hypotheses that are not mutually exclusive and further study is needed to evaluate 
them. 
 
If a stronger immune function is associated with increased survival, Natal mole-rat 
breeders may benefit from the contributions of non-breeders by increased longevity. 
Long-term survival data for Natal mole-rats are currently unavailable but as in other 
species of Cryptomys (Bennett & Faulkes, 2000) litters of Natal mole-rats tend to be 
small (two to three young, N. C. Bennett, unpubl. data) suggesting that non-breeders 
do not improve breeder productivity through larger litters. Thus, Russell's (2004) 
suggestion that non-breeders in cooperative mammals increase productivity rather 
than survival of breeders may not hold for Natal mole-rats. This conclusion is 
supported by the remarkable longevity that has been found for social mole-rats 
(Sherman & Jarvis, 2002) and in Ansell's mole-rats Cryptomys anselli where breeding 
activity was associated with a twofold increase in life spans compared with non-
breeders (Dammann & Burda, 2006). However, currently this hypothesis is 
speculative and further research is needed to evaluate the hypothesis of a possible link 
between improved immune function and increased survival in breeders of mole-rats. 
As with other small mammals (Bartness, Demas & Song, 2002) fat mass of Natal 
mole-rats was smaller during winter. Metabolic rates of Natal mole-rats increase with 
decreasing temperatures (Bennett, Taylor & Aguilar, 1993) and reductions in fat mass 
are probably a result of higher thermoregulatory needs during the cold period of the 
year. The presence of non-breeders can reduce such costs of thermoregulation by the 
thermoregulatory benefits of huddling that increase with group size (Perret, 1998; 
Kotze, Bennett & Scantlebury, in press). The positive effects of non-breeders on 
body, fat and spleen masses were not restricted to breeders and all colony members 
benefited from a larger number of non-breeders. Thus, non-breeders may also gain 
fitness benefits from delaying dispersal. 
 
In conclusion, we were able to establish a relationship between energy stores and 
spleen mass for Natal mole-rats. Sex-specific differences in spleen mass were only 
apparent for breeders. Despite the assumed costs of reproduction, no impairment of 
immune function was found in Natal mole-rat breeders. We propose that this is a 
result of the contributions of non-breeders that provide energetic benefits for breeders. 



Thus, non-breeders may increase fitness for breeders and this could have played an 
important role in the evolution of sociality in mole-rats. 
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