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Highlights 

 

• Arid conditions related more to increased neonatal loss than spontaneous abortion. 

 

• Climate change may reduce reproductive skew in the cooperatively breeding meerkat. 

 

• Androgens more so than estrogens may mediate reproductive suppression in meerkats. 

 

• Meerkat susceptibility to environmental vs. social stressors differs by status. 

 

• Deciphering the mechanisms of cooperation requires long-term, integrated study. 
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ABSTRACT  

Meerkats are group-living, insectivorous herpestids in which subordinate members provide 

extensive care for the dominant female’s young. In contrast to some cooperative breeders, 

subordinate female meerkats are physiologically able to reproduce and occasionally do so 

successfully; their attempts are more frequently 'suppressed' via eviction or infanticide by the 

dominant female. Spontaneous abortion and neonatal loss occur with some regularity, further 

negatively impacting reproductive success. Here, we compared the reproductive outcomes and 

endocrine profiles, including of serum progesterone (P4), serum estradiol (E2), and fecal 

glucocorticoid metabolites (fGCm), of dominant and subordinate dams residing within their 

clans in the Kalahari Desert of South Africa. Our study spanned years of drought, which reduced 

insect abundance and represented a substantial environmental stressor. Meerkat pregnancies 

were identified at mid-term and culminated either in spontaneous abortions or full-term 

deliveries, after which pups were either lost prior to emergence from the natal den (usually 

within 2 days of birth) or emerged at 2-3 weeks. Neonatal loss exceeded fetal loss for all 

females, and contributed to narrowing the status-related disparity in female reproductive output 

seen during less arid periods. Although E2 concentrations were significantly lower in subordinate 

than dominant females, they were sufficient to support gestation. Absolute E2 concentrations 

may owe to androgenic precursors that also attain highest concentrations in dominant dams and 

may mediate aggression underlying female reproductive skew. Pregnancies terminating in fetal 

loss were marked by significantly lower P4 concentrations in mid-gestation and modestly lower 

E2 concentrations overall. Consistently high fGCm concentrations further increased across 

trimesters, particularly (but not consistently) in subordinates and in aborted pregnancies. 

Environmental stressors may modulate reproductive outcomes in meerkats through their 
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influence on sex steroids and their effects on intragroup competition. The social and eco-

physiological factors affecting intraspecific variation in reproductive output, even in obligate 

cooperative breeders, may be most apparent during extreme conditions, reflecting the benefits of 

long-term studies for assessing the impact of climate change. 
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1. Introduction 

1.1. The biopsychosocial model of fetal loss 

Fetal loss negatively impacts mammalian reproductive success; yet, owing to difficulties of 

study, we know remarkably little about the incidence of and circumstances surrounding 

spontaneous abortion in mammals, particularly in the wild. One of the major hypotheses 

advanced to explain adverse pregnancy outcome beyond the selective elimination of genetically 

unfit embryos [1,2], involves prenatal maternal stress (i.e., the biopsychosocial model; reviewed 

in [3]). Studies of the stress-related etiology of fetal loss fall into four broad categories: (1) The 

most common are clinical studies of human populations, which are focused on the network of 

physiological processes [4] and psychosocial predictors [5-7] associated with pregnancy 

maintenance versus reproductive failure, with goals of prevention or intervention to minimize 

recurrent miscarriages. (2) Experimental laboratory studies (mostly of rodent, rabbit or 

nonhuman primate models) [8-11] generally share the goals of human studies. (3) In studies of 

farm animals (primarily ungulates), researchers investigate the predictors of fetal wastage with 
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the aim of minimizing economic losses [12-14]. (4) Least common are studies of zoo animals 

[15] or wild populations (mostly of primates), in which researchers examine natural variation in 

fetal loss with the aim of understanding the evolutionary (and conservation) implications of 

social, demographic, and ecological factors associated with fetal loss [hares: 16; ungulates: 17; 

primates: 18-22], many of them using recently developed noninvasive techniques to evaluate 

endocrine biomarkers [23,24]. Our study falls within this last category, but, uniquely, is focused 

on a social carnivoran and obligate cooperative breeder, the meerkat (Suricata suricatta). We 

examine reproductive outcomes in the wild, in both dominant and subordinate dams, and use 

various endocrine biomarkers to assess the role of fetal or neonatal loss in the reproductive 

suppression of subordinate females. 

 

1.2. The cooperatively breeding meerkat  

Meerkats are small-bodied, social mongooses that live in harsh environments in territorial 

groups or clans of up to 50 individuals [25,26]. They are considered to be singular cooperative 

breeders, with one dominant female per group breeding most regularly [27-29]. Subordinates are 

usually offspring or siblings of the dominant pair and (with the exception of lactation) provide 

the majority of infant care. Subordinate females contribute to suckling the offspring of dominant 

females [30], and helpers of both sexes guard, carry, provision, and protect juveniles born in 

their group [25,27], thereby investing significant energetic resources in raising the offspring of 

others. As in many other singular cooperative breeders [31-34], subordinate meerkats 

occasionally attempt to breed and sometimes rear young successfully [28].  

Relative to other cooperatively breeding mammals like mole rats [35,36], callitrichid 

primates [37], and canids [38-40], meerkats suffer significant predation pressure [41] and are 
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exceptional in the extent of their cooperative activities [42]. Their pronounced need for 

babysitters [43,44] and sentinels [45] may increase the evolutionary pressures for phenotypic 

divergence between breeders and helpers [46,47] – phenotypic divergence that is likely to be 

underwritten, in part, by endocrine mechanisms. Whereas the ultimate evolutionary drivers of 

cooperative systems have been studied extensively, much less attention has been accorded the 

proximate physiological mechanisms underpinning extreme ‘reproductive skew’ or the unequal 

distribution of reproductive output (see also [48,49]). 

 

1.3. Fetal loss as a mechanism of reproductive suppression 

Across cooperatively breeding species, various mechanisms account for the stress-related, 

reproductive suppression of subordinate females, whereby higher glucocorticoid concentrations, 

arising as a consequence of the stress of subordination, interfere with reproductive function (for a 

review, see [48]). These mechanisms of reproductive suppression include five major categories: 

delayed puberty, inhibition of ovulation, implantation failure, spontaneous abortion, and infant 

mortality [50]. The neuroendocrine impairment of reproductive function evident in certain 

species [51-53] is not as readily apparent in female meerkats because, despite status-related 

differences in basal concentrations of estrogen [54-56] and luteinizing hormone [57], all adult 

female meerkats are physiologically able to reproduce [57]. Nevertheless, subordinates produce 

roughly one third the number of litters as that produced by dominant females [27]. Perhaps 

instead of physiological suppression, significant reproductive skew in meerkats owes primarily 

to behavioral tactics by the dominant female, including the eviction of pregnant subordinates, 

which often precipitates fetal loss, and the killing or group abandonment of their pups [57,58].  
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1.4. The biopsychosocial model in meerkats  

The role of social stress in contributing to reproductive skew among female meerkats 

remains equivocal. Examining status-related differences in glucocorticoids (GCs), Carlson and 

colleagues [54] found that dominant animals were more likely than subordinates to have 

measurable plasma GCs. Although Barrette and colleagues [59] found no status-related 

differences in fecal GCs, they reasoned that dominant females would endure the greatest 

cumulative stress because GCs increase with pregnancy and dominant females reproduce most 

frequently. A prolific dominant female can conceive again just nine days after parturition and 

can bear up to four litters per year [59,60]. Although Young and colleagues [56] also found no 

status-related differences in fecal GCs within female clan members, they [60] found that 

subordinate females evicted from the clan suffered significantly greater, stress-related fetal loss 

than did their subordinate counterparts residing within the clan.  

Related to these findings, Clutton-Brock and colleagues [61] reported abortion rates within 

the clan to be significantly greater in subordinate than in dominant females. Although 

subordinates residing within the clan are no more likely to abort their litters if the dominant 

female is pregnant than if she is not pregnant [62], they express greater plasma GC 

concentrations while the dominant female is pregnant than they do at other times [63]. Lacking 

from studies of social stress in meerkats, however, is a concurrent examination of reproductive 

hormones and a comparison of the endocrine correlates of abortion between classes of animals 

residing within the clan.  
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1.5. Aim of the present study  

Previous researchers have identified various maternal factors predicting fetal loss, including 

species, age, rank, reproductive history, parity, weight, nutritional state, histocompatibility, litter 

size, and even fetal uterine position [64-68]. Our first aim was to examine maternal factors 

(particularly female social dominance, while controlling for weight) relative to fetal and neonatal 

loss, and to test if steroid hormone concentrations during and immediately after gestation might 

be associated with reproductive outcome in each of the social classes. We thus examined various 

endocrine biomarkers in dominant and subordinate females during term pregnancies and during 

spontaneous abortions, as well as during their respective post-pregnancy periods.  

Across species, significant environmental factors, including temperature, rainfall or season, 

and population density or group size, also have been identified in fetal loss [18,61,68]. In the 

course of monitoring pregnancies in this wild population of meerkats, a drought that spanned 

several years represented an environmental stressor that may have influenced pregnancy 

outcomes in one or both of the social classes. Notably, insects constitute the meerkat’s primary 

prey class, and their diversity and abundance fluctuate with temperature and rainfall [69]. 

Because foraging effort is greatest in pregnant and lactating females [69], these animals could be 

particularly vulnerable to low prey availability, particularly in larger groups. Thus, our second, 

integrated aim was to examine pregnancy outcomes and maternal reproductive and stress 

physiology during a time of substantial environmental stress (namely, a period of lower rainfall 

relative to earlier study periods). We asked if resident, subordinate dams might be even more 

prone than dominant dams to abort or if the drought leveled the reproductive ‘playing field.’ 

Evidence of the latter could be relevant to understanding environmental influences that 
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contribute to intraspecific flexibility [49], in this case between singular and plural cooperative 

breeding. 

 

1.6. Choice of endocrine biomarkers  

We focused our investigation on serum progesterone (P4), serum estradiol (E2), and, as a 

proxy for circulating GCs, fecal glucocorticoid metabolites (fGCm), because these steroids play 

pivotal roles in the establishment and maintenance of pregnancy, in the regulation of fetal-

placental development, in fetal programming, and/or in parturition and early lactation [70-74]. 

These steroids are also known correlates of spontaneous abortion [6,75]. Moreover, because of 

endocrine-immune interactions, evidenced by the role of P4 in immuno-modulation of maternal 

tolerance of the fetus, there is evidence that stress can diminish P4 concentrations and lead to 

premature pregnancy termination (reviewed in [76]) or reduced offspring recruitment [17]. 

Indeed, changes in serum concentrations of cortisol can both increase the clearance rate and 

decrease the production rate of P4 [77]. In sum, there are complex interrelationships among 

concentrations of these hormones and maternal factors, the environment, various stressors, and 

prenatal survival [68] that may be relevant to explaining reproductive suppression in the meerkat. 

 

2. Methods 

2.1. Study site 

We conducted our study between November 2011 and March 2015 on a wild, but habituated, 

 population of meerkats living in the Kuruman River Reserve (KRR), in the Kalahari Desert of 

South Africa (26º58’S, 29º49’E) [24]. The habitat at this site consists of sparsely vegetated sand 

dunes and herbaceous flats [41]. The mean annual rainfall, calculated over 20 early years, was 
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217 mm [41] and, more recently, in the two years preceding our study, was 446-467 mm. By 

contrast, during the span of our study, the KRR experienced a prolonged drought, such that 

annual rainfall was 144-193 mm. 

 

2.2. Subjects and their pregnancies 

Meerkat population and clan numbers at the KRR fluctuate dramatically, owing to pup 

turnover (i.e., births and deaths), adult immigration from and emigration to the surrounding area, 

the formation, disbanding or demise of clans (e.g. as a result of disease outbreaks), and changes 

in group ranging patterns [78]. During our study period, there was an annual average of roughly 

270 individuals from 22 clans and a total of roughly 810 animals from 43 clans. Our focal 

subjects included 75 unique, adult females, deriving from 22 clans (that ranged in size from 4-36 

animals). All of the animals were individually identifiable via unique dye marks and were 

habituated to close observation (< 1 m) and routine weighing (i.e., up to three times per 

observation day and for which animals were trained to climb onto an electronic balance) [25]. 

Thus, we knew the social status of each animal and could collect detailed life-history and weight 

data, as well as serum or fecal samples for endocrine assay (see below).  

Each of our focal females experienced one or more pregnancies during the 41-month period 

of study (see below). Twelve of these females changed social status during the course of the 

study and became pregnant at least once while occupying each status, such that our analyses 

ultimately involved 87 representatives of the two classes: 37 dominant dams (aged 9 mo – 9.5 yr) 

and 50 subordinate dams (aged 7 mo – 5.1 yr). As can be seen by the lower limits of these age 

ranges, our data set included dams that were several months younger than is typically the case 

(i.e., sexual maturity generally occurs around 1 year of age [61]). 
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Based on the conservative selection criteria detailed below, we monitored 141 pregnancies 

(or breeding attempts) that were roughly equally distributed by female social status: 67 (47.5%) 

of these events involved dominant females and 74 (52.5%) involved subordinate females (see 

Table 1). The vast majority of these pregnancies occurred while the females resided within their 

clans (i.e., only twice were any of the focal females evicted before the end of their pregnancies); 

all of the hormone data we present reflect samples collected during the female’s residency within 

the clan.  

 

Table 1. Number (and percentages) of breeding attempts and their outcomes by female social status in the 

cooperatively breeding meerkat, across a 41-month period of study. 

Female status Breeding 

attempts  

Abortions (A)  Term births (T) 

Mid-term Late-term TotalA  Loss Emergence TotalT 

Dominant 67 (47.5%) 6 (75%) 8 (28.6%) 14 (38.9%)  15 (41.7%) 38 (55.1%) 53 (50.5%) 

Subordinate 74 (52.5%)  2* (25%) 20 (71.4%) 22 (61.1%)  21 (58.3%) 31 (44.9%) 52 (49.5%) 

Total 141 8 28 36  36 69 105 

* An observed abortion occurred on the cusp between early- and mid-gestation. 

 

2.3. Monitoring pregnancies and their outcomes 

To monitor pregnancies and their outcomes, meerkat groups were visited and all adult 

females were observed every 1-3 days. Pregnancy is usually detectable by an increase in the 

dam’s weight and/or by visible (and palpable) swelling of her abdomen [79] around the midpoint 

of her 70-day gestation period [58]. Likewise, abortions are usually detectable by early weight 

loss, accompanied by a return to normal abdomen size and shape, and sometimes by signs of 

blood. Additionally, during our routine observations of animals above ground, we witnessed 

nearly a third (11/36 or 31%) of the abortions reported herein. Meerkats generally bear litters of 
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three to six pups (mean = 4.1) and although fetal reabsorption (i.e., litter reduction) is possible, 

ultrasound scanning has shown consistency of prenatal litter size over time [80]. The abortions 

on which we report involved loss of the entire litter.  

We also detected parturition by the dam’s shape change and sudden weight loss (Figure 1), as 

well as by the presence of babysitters [27], and we confirmed live births by suckle marks around 

the dam’s nipples [79]. After parturition, pups remain within the underground burrow system for 

roughly their first two-three weeks of life [30]. We therefore defined the early post-partum or 

post-abortion (hereafter ‘post-pregnancy’) period as the first 20 days after delivery or 

spontaneous abortion. Because pre-emergence losses occur underground, their causes are not 

ascertained, but could include stillbirth, predation, infanticide or abandonment. Losses are 

indicated by the absence of suckle marks on potential lactating females and by the departure of 

babysitters. The first day of emergence is noted in the life-history records [80] with successful 

litter emergence requiring minimally one surviving pup.  

 

 

Fig. 1. Distribution, throughout the 41-month period of study, of first morning weights (in g), and median trendline, 

across the 70-day gestation of all focal (A) dominant and (B) subordinate female meerkats that carried their 

pregnancies to term. Parturition at day 70 is characterized by precipitous weight loss. 
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2.4. Estimating conception dates  

We estimated the date of conception for successful or full-term pregnancies (hereafter ‘term’ 

pregnancies) by backdating 70 days from the known date of birth [81]. Given that there is 

variation in the timing of pregnancy detection across studies (e.g. from 30 – 40 days of gestation 

[60, 61,82]), possibly owing to differences in environmental variables affecting female 

condition, we created weight charts of contemporaneous, term pregnancies to inform our 

estimations of conception dates for pregnancies resulting in abortion (Figure 1). We used only 

morning weights (obtained between 0500-0900 H) and created separate charts for dominant and 

subordinate dams (because dominant animals are usually the oldest and heaviest) [27,47]. These 

charts show that the inflection point for observable weight gain during our study period occurred, 

on average, at roughly 30 days for all females, regardless of social status. For term pregnancies, 

this timing accorded well with the initial observations of shape changes.  

For females that aborted, however, individual weight gain was not always apparent or 

occurred later than the observed shape change. The earliest abortion witnessed (estimated at 23-

25 days) fell on the cusp between the first two trimesters and occurred without any other 

observable changes being detected. The latest abortion witnessed occurred at full term (estimated 

at 70 days). Given that it occurred above ground, we considered it an abortion rather than a 

stillbirth. Comparisons against term pregnancies, coupled with weight and shape changes, and 

witnessed abortions, helped us validate our estimations of conception dates for aborted litters. 

Nevertheless, we report data for term pregnancies and abortions categorically, by ‘trimesters’ of 

roughly 23-day intervals (hereafter early, mid, and late pregnancy), rather than by continuous 

gestation day.  
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2.5. Serum and fecal sampling 

We obtained serum (n = 89) and fecal (n = 246) samples during gestation and/or the post 

pregnancy period (see figures 2 and 3 for the breakdown of serum and fecal samples, 

respectively, by female status and reproductive stage, that were included in the analyses). Our 

animal capture, blood and fecal collection, and sample processing procedures have been 

provided previously [55,83]. Briefly, we individually captured the focal meerkat in the morning, 

upon emergence from the sleeping burrow, anesthetized her with isoflurane (Isofor; Safe Line 

Pharmaceuticals, Johannesburg, South Africa), and collected 0.2-2 ml of blood from the jugular 

vein. Mean capture-to-bleed time was 7 minutes 39 seconds; neither P4 nor E2 concentrations 

varied as a function of capture-to-bleed time (both p values > 0.68). We immediately transferred 

the sample to a serum separator tube (Vacutainer®, Becton Dickinson, Franklin Lakes, NJ, USA) 

and allowed clotting at ambient temperature. We processed the blood samples and stored the 

serum on site at -80 °C until transport, frozen, to Duke University in Durham, North Carolina, 

where we again kept them at -80 °C until analysis. Because some of the blood samples had 

previously been assayed for other hormones [55], we prioritized the assay of E2 over P4 when 

remaining serum volumes were limited. Barring the excluded values (see below), our analyses 

culminated in 58 P4 and 84 E2 values.  
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Fig. 2. Mean ± S.E. serum concentrations of progesterone (A-D) and estradiol (E-H) in dominant versus subordinate 

meerkats carrying full-term pregnancies (A-B, E-F), and in females of both social statuses combined carrying full-

term pregnancies versus pregnancies ending in mid- or late-term abortions (C-D, G-H). Shown, first by stage and 

then collapsed across stages, are hormone concentrations for samples collected during early (‘EP’), mid (‘MP’), and 

late (‘LP’) pregnancy, as well as post-pregnancy (‘PP’). In A and E, the four stages represented would occur in 

chronological sequence for all females; in C and G, the late-term stage of pregnancy would be absent for females 

aborting mid-term, such that their accompanying PP stage would be chronologically advanced. The number of 

samples contributing to each mean is provided at the bottom of the bars. § p < 0.10, * p < 0.05, ** p < 0.01, *** p < 

0.001. 
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Fig. 3. Mean ± S.E. concentrations of fecal glucocorticoid metabolites in dominant versus subordinate meerkats 

carrying full-term pregnancies (A, B) and in females of both social statuses combined carrying full-term pregnancies 

versus pregnancies ending in mid- or late-term abortions (C, D). Shown, first by stage and then collapsed across 

stages, are metabolite concentrations for samples collected during early (‘EP’), mid (‘MP’), and late (‘LP’) 

pregnancy, as well as post-pregnancy (‘PP’). In A, the four stages represented would occur in chronological 

sequence for all females; in C, the late-term stage of pregnancy would be absent for females aborting mid-term, such 

that their accompanying post-pregnancy stage would be chronologically advanced. The number of samples 

contributing to each mean is provided at the bottom of the bars. § p < 0.15, * p < 0.05. 

 

Fecal sampling occurred ad libitum, throughout the day, during routine observational periods. 

We collected the fresh samples using clean plastic bags and immediately placed them on ice, in a 

cooler. Upon return from the field, we stored the samples at -40 °C until transport, on ice, to 

Duke University, where we kept them at -80 °C until assay.  

Given the potential for an early post-partum estrus [59,60], most of our post-pregnancy 

samples were obtained before 9 days. Nevertheless, to encompass the period from parturition to 

emergence and to have a post-pregnancy sampling period that was comparable in duration to a 

trimester, we included samples collected 9-20 days post-pregnancy if the female supplying the 

sample showed no signs of having conceived again during that time. We thus report on 

maximally four stages per pregnancy: three trimesters, plus the early post-pregnancy period. 
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2.6. Endocrine assays 

We determined serum concentrations of P4 and E2 using commercial, competitive enzyme 

immunoassay (EIA) kits (ALPCO diagnostics, Salem, NH, USA), following previously 

published procedures [55]. We validated the EIA serum assays by standard parallelism, linearity 

and recovery tests [84]. Samples with concentrations greater than the upper detection limit were 

diluted with assay buffer to no more than 1:8, and the results obtained were then multiplied by 

the dilution factor. Samples that had concentrations above the upper detectable limit of the assay 

after dilution were allocated the maximum value of eight times the upper detection limit. 

Samples that had concentrations below the minimum detectable limit of the assay were allocated 

the minimum value. All samples were run in duplicate and were re-run in a subsequent assay if 

the coefficient of variation (CV) exceeded 10%.  

The P4 assay has a sensitivity of 0.1 ng/ml using a 25-µl dose, with an intra- and inter-assay 

CV of 10.4% and 11.4%, respectively. Serial dilutions of pooled meerkat serum yielded a 

displacement curve parallel to the P4 standard curve. Accuracy was 106.2% (n = 5). Cross 

reactivity of the P4 assay was 100% with 11α-OH-progesterone, 1.7% with deoxycortocosterone, 

0.4% with 17-OH-progesterone, 0.3% with 5α-Androstan-3β, 17β-diol and corticosterone, 0.2% 

with pregnenolone, and < 0.1% with all other steroids tested. The E2 assay has a sensitivity of 10 

pg/ml using a 50-µl dose, with an intra- and inter-assay CV of 7.7% and 8.7%, respectively. 

Serial dilutions of pooled meerkat serum yielded a displacement curve parallel to the E2 standard 

curve. Accuracy was 104.2 % (n = 6). Cross reactivity of the E2 assay was 1.6% with estriol, 

1.3% with estrone, and 0.1% with P4 and cortisol. 

To prepare fecal samples for analysis, we lyophilized, pulverized, and sifted them into a fine 

powder within six months of collection, and stored the powder in vials at -80 °C until extraction 
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[83]. We extracted fecal glucocorticoid metabolites (fCGm) following previously described 

procedures [85,86]. Briefly, these extracts were assayed using the ImmuChem double-antibody 

125I radioimmunoassay kit for corticosterone (MP Biomedicals, Irvine, CA), previously validated 

for use in a variety of avian and mammalian species [86], including meerkats [60,87]. Cross 

reactivity of the corticosterone assay was 0.34% with desoxycorticosterone, 0.10% with 

testosterone, 0.05% with cortisol, 0.03% with aldosterone, 0.02% with P4, 0.01% with 

androstenedione and 5α-dihydrotestosterone, and < 0.01% with all other steroids tested. The 

minimum detectable dose was 7.7 ng ml−1. Consistent with the validated protocol, we ran all 

volumes at one-half the recommended volumes for the kit. Assay accuracy, assessed by the 

recovery of standards added in duplicate to an extracted fecal sample, was 100.075% (± 6.528 

SD). Serial dilution of an extracted sample produced curves parallel to the standard curve. Inter-

assay CVs were 10.93% and 9.05% for low and high fecal pools, respectively. Intra-assay CV, 

calculated as the mean CV of duplicate determinations, was 5.55%. All individual sample CVs 

were below 15%. 

 

2.7. Statistical analyses 

We analyzed serum (P4 and E2) and fecal (fGCm) hormone concentrations using linear mixed 

models (LMMs) with the lme4 package (version 1.1-13) in the program R (version 3.4.1, R Core 

Team, 2017). In our dataset, observations could potentially be clustered at three levels: repeated 

sampling within pregnancy, multiple pregnancies within individuals, and individuals within 

social groups. To account for these sources of non-independence, random intercepts were 

modeled for group identity, individual dam identity, as well as pregnancies nested within 

individuals. We log transformed P4, E2, and fGCm values prior to analysis to reduce skewness; 
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one outlier for E2 that remained after log transformation was Winsorized to limit its influence on 

model estimates. In our models predicting hormone concentrations, main effects and the two-

way interaction between social status (dominant vs. subordinate) and pregnancy trimester (3 

levels) or stage (4 levels, for trimesters plus post pregnancy) were examined. Included as 

covariates were average monthly rainfall preceding sample collection, average clan size during 

the dam’s pregnancy, the dam’s lactational status and age at the time of sample collection, and 

mean morning weight of the dam in the week leading to sample collection (mean number of 

weight readings = 3.34). All fixed factors were assessed for statistical significance using t or F-

statistics and degrees of freedom (Satterthwaite approximation) estimated in the lmerTest 

package (version 2.0-33). To confirm the robustness of our models, we verified the normality of 

residuals using Q-Q plots and Shapiro-Wilk tests. The multcomp package (version 1.4-6) was 

used to test the significance of post hoc contrasts; this package provides adjusted p values for 

multiple comparisons using Tukey’s method. 

For analyses assessing the relationship between term pregnancies and sex steroids, we 

excluded two blood samples collected post eviction (because eviction can minimally affect 

fGCm concentrations) [60]; nevertheless, we present those absolute values separately in the 

results. For analyses assessing the relationship between abortion and sex steroids, we excluded 

two outlier, post-pregnancy blood samples, collected the day after abortion from the same 

female, once while she was dominant and once while she was subordinate, because her P4 and E2 

values were exceptionally high (possibly because sex steroids generated during pregnancy had 

not yet cleared). For analyses of glucocorticoids, we excluded two samples that yielded invalid 

values in our radioimmunoassay: one of these samples consistently yielded values below the 
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range of our standard curve, regardless of dilution; conversely, the other sample consistently 

exceeded our range of detectability, regardless of sample concentration. 

 

2.8. Ethics statement 

Our protocols were approved by the University of Pretoria ethics committee (Ethical 

Approval Numbers EC074-11 and EC080-14) and the Duke University Institutional Animal Care 

and Use Committee (Protocol Registry Numbers A171-09-06 and A143-12-05). 

 

3. Results 

3.1. Maternal factors in fetal and neonatal outcomes during and prior to the drought   

Of the pregnancies we monitored, 74% (105/141) were carried to term, whereas 26% 

(36/141) ended in either mid- or late-term abortion (Table 1). Controlling for maternal status and 

stage of the pregnancy, term pregnancies were marked by significantly heavier maternal weights 

than were aborted pregnancies (t160 = 2.10, p < 0.038). Of the pregnancies borne by dominant 

versus subordinate females, 21% (14/67) and 30% (22/74), respectively, ended in spontaneous 

abortion. Subordinate dams residing within their clan were thus 1.6 times more likely than 

dominant dams to abort (odds ratio); however, this difference was not statistically significant 

(Fisher’s Exact test, two-tailed: p = 0.2514). 

In an earlier study conducted prior to the drought [61], 18% (49/259) of the pregnancies 

borne by dominant females and 33% (110/331) of the pregnancies borne by subordinate females 

ended in spontaneous abortion. Applying our same analytical approach to that earlier dataset, we 

see that subordinate dams were 2.1 times as likely as dominant dams to abort, which is a 

statistically significant difference (Fisher’s Exact test, two-tailed: p = 0.0001). Comparing across 
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studies, we found that the two sets of dominant dams were equally as likely to abort (present 

study 1.2 times > prior study; p = 0.8633); the same was true for the two sets of subordinate 

dams (prior study 1.2 times > present study; p = 0.5866). 

Of the pregnancies that were carried to term in the present study, 34% (36/105) of the 

resulting litters failed to emerge from the natal den (Table 1). Controlling for maternal social 

status, postpartum periods in which the litters were lost were marked by non-significantly greater 

maternal weights, compared to ones in which the litter emerged (t37 = 1.676, p = 0.1021). Of the 

litters born to dominant females (‘dominant litters’), 28% (15/53) were lost pre-emergence 

versus 40% (21/52) lost pre-emergence from subordinate females (‘subordinate litters’). 

Subordinate litters were thus 1.7 times more likely than dominant litters to be lost (odds ratio); 

however, this difference was not statistically significant (Fisher’s Exact test, two-tailed: p = 

0.2213).  

Again, if we apply the same analytical approach to the earlier dataset [61], in which 13% 

(31/230) and 70% (146/207) of dominant and subordinate litters, respectively, were lost pre-

emergence, we see that during the prior study, subordinate litters were 15.2 times more likely 

than dominant litters to be lost pre-emergence (Fisher’s Exact test, two-tailed: p < 0.0001). 

Comparing across studies, dominant litters were 2.5 times more likely to be lost during the 

present drought years than during the prior study (Fisher’s Exact test, two-tailed: p = 0.0127), 

whereas the reverse was true for subordinate litters, which were 3.5 times more likely to be lost 

during the prior study than during the present drought years (Fisher’s Exact test, two-tailed: p < 

0.0001). Thus, this environmental stressor predicted litter emergence more strongly than it 

predicted a female’s ability to carry her litter to term and, relative to prior years, it exacted a 

relatively greater toll on dominant females than it did on subordinates. 
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Combining abortions with postnatal loss for the present study, minimally 51% ((36+36)/141) 

of all recognized breeding attempts failed (Table 1). Whereas dominant females experienced a 

43% ((14+15)/67) failure rate, subordinate females experienced a 58% ((22+21)/74) failure rate. 

Although reproductive failure was 1.8 times more likely for subordinate dams than for dominant 

dams, the difference was not statistically reliable (Fisher’s Exact test, two-tailed: p = 0.0928). By 

comparison, during the prior study, dominant females experienced a 29% ((49+31)/279) failure 

rate and subordinate females experienced an 81% ((110+146)/317) failure rate, such that 

reproductive failure was 10.3 times more likely for subordinate dams than for dominant dams 

(Fisher’s Exact test, two-tailed: p < 0.001). The drought thus appeared to equalize the otherwise 

strong reproductive skew that typically characterizes female meerkats. 

 

3.2. Serum progesterone during and after successful and aborted pregnancies  

During the present study, pregnancy in meerkats was associated with overall differences 

across gestation in serum P4 concentrations (main effect of trimester: F2,32 = 5.57, p = 0.008; 

Figure 2A). P4 increased marginally from early to mid-gestation (t32 = 2.07, p = 0.096), and 

significantly from mid to late gestation (t32 = 2.93, p = 0.009; Figure 2A). Concentrations of P4 

then decreased significantly and precipitously following parturition (contrast between the mean 

of the three trimesters and the postpartum period: t38 = 5.31, p < 0.001; Figure 2A). Mean P4 

concentrations across pregnancies did not differ between dominant and subordinate dams (main 

effect of status: F1,32 = 0.57, p = 0.455), nor were there status differences in P4 during individual 

periods of observation (status x stage interaction: F3,34 = 0.34, p = 0.711; all pairwise contrasts p 

> 0.46; Figures 2A and 2B). Lastly, relative to younger dams, older dams had significantly lower 

mean P4 concentrations (main effect of age: t34 = -2.45, p = 0.020). 
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The gestational increase in P4 reported above was qualified by a significant interaction 

between trimester and pregnancy outcome (F2,32 = 5.62, p = 0.008). Relative to dams that carried 

their litters to term, those that spontaneously aborted did not have lower P4 concentrations, on 

average, across pregnancy (main effect of outcome: F1,32 = 0.50, p = 0.484); however, their 

trajectories of P4 across pregnancy differed (Figures 2C and 2D). Noteworthy in females that 

aborted was a substantial and significant reduction in P4 at mid gestation, relative both to mid-

gestation values in full-term pregnancies (t34 = -3.15, p = 0.016) and to the third trimester of 

aborted pregnancies (early – mid: t34 = 2.09, p = 0.247; mid – late: t34 = -3.68, p = 0.002; Figure 

2C). Concentrations of P4 in early and late pregnancy did not differ as a function of the 

pregnancy’s outcome (both pairwise comparisons p < 0.60; Figure 2C). 

 

3.3. Serum estradiol during and after successful and aborted pregnancies 

In pregnant meerkats, serum E2 concentrations differed significantly across trimesters (main 

effect of trimester: F2,50 = 4.40, p = 0.017), showing no change from early to mid gestation (t50 = 

-0.63, p = 0.805), but increasing significantly from mid to late gestation (t50 = 2.96, p = 0.009; 

Figure 2E). In contrast to our findings for P4, dams in the postpartum period maintained 

substantial E2 concentrations that did not differ from their E2 concentrations averaged across 

gestation (t64 = -0.45, p = 0.656; Figure 2E). Relative to younger dams, older dams had 

marginally lower mean E2 concentrations (main effect of age: t54 = -1.69, p = 0.096). Post 

eviction, the two excluded subordinate females that carried to term, but ultimately lost their 

litters, had late-term E2 concentrations of 340 and 766 pg/ml, which were within the range of 

variation observed in late-term subordinates that were not evicted. 



23 

 

Overall, E2 concentrations were significantly greater in dominant than in subordinate dams 

(main effect of social status: F1,52 = 4.50, p = 0.039; Figure 2F). These status differences were 

consistent across trimesters (status x trimester interaction: F2,50 = 1.51, p = 0.231) and across all 

periods of observation (status x stage interaction: F3,57 = 0.62, p = 0.602; Figures 2E and 2F).  

Across our four periods of observation, relative to pregnancies that were carried to term, 

those that resulted in fetal loss were marked by somewhat lower E2 concentrations (main effect 

of outcome: F1,58 = 2.47, p = 0.122), but similar E2 trajectories (outcome x stage interaction: F3,55 

= 1.47, p = 0.233; all pairwise comparisons p > 0.83; Figures 2G and 2H). 

 

3.4. Fecal glucocorticoids during and after successful and aborted pregnancies 

In our sample of pregnant dams, fGCm concentrations differed significantly across gestation 

(main effect of trimester: F2,134 = 4.10, p = 0.019), with non-significant increases from early to 

mid-gestation (t134 = 0.28, p = 0.957) and from mid to late-gestation (t213 = -1.26, p = 0.415); 

fGCm then tended to decrease, albeit not significantly, following parturition (t213 = -1.58, p = 

0.117; Figure 3A). Thus, peak fGCm values occurred in late gestation.  

Concentrations of fGCm were consistently greater in subordinate females than in dominant 

females; this status difference was marginally significant during pregnancy (F1,134 = 3.36, p = 

0.069), but became less reliable when comparing across all four observation periods (F1,159 = 

2.25, p = 0.136; Figures 3A and 3B).  

Across periods of observation, fGCm concentrations did not differ in pregnancies ending in 

abortion, compared to term pregnancies (F1,187 = 0.31, p = 0.579; Figures 3C and 3D). 
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3.5. Reproductive and stress hormones in relation to environmental variables  

Group size has been associated with the suppression of meerkat reproduction, such that the 

frequency of abortions in subordinate females increases in larger clans [61]. From our model, 

pregnancy outcome (controlling for female status) was modestly associated with group size (t251 

= -1.668, p = 0.097), with pregnancies ending in abortion occurring in clans that had an average 

of 0.9 more members than the clans in which pregnancies were carried to term. There was, 

however, no relation between group size and female weight (F1,98 = 0.26, p = 0.611). Together, 

these findings could suggest that subordinates experience greater stress in larger groups; 

however, we found no significant relation between group size and any hormone concentrations 

across the three trimesters (P4: F1,32 = 1.60; E2: F1,50 = -0.35; fGCm: F1,134 = 1.22; all ps > 0.21) 

nor between gestation and the post-pregnancy period (P4: F1,34 = 0.39; E2: F1,56 = 0.08; fGCm: 

F1,167 = 1.78; all ps > 0.18) in either term or aborted pregnancies. 

Under the present drought conditions, pregnant females had mean fGCm concentrations of 

96, 331, 542, and 134 ng/g of feces during the early-, mid-, late-, and post-pregnancy stages, 

respectively. By comparison, prior to the drought, peak late-gestation fGCm values for pregnant 

females from this same population, calculated using the same assay procedure, averaged 305 

ng/g of feces [59]. Thus, although we observed a typical pattern of increase in fGCm 

concentrations across gestation (Figure 3), during the period of peak concentrations, the absolute 

values recorded during the drought were raised roughly twofold relative to those recorded during 

a prior study period. Unfortunately, a similar comparison for sex steroids was not possible 

because serum concentrations at any gestational stage are unavailable for earlier studies.  
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4. Discussion 

4.1. Spontaneous abortion and neonatal loss in wild meerkats during an environmental stressor 

During an extended drought in the Kalahari, roughly 26% of the pregnancies observed in a 

wild meerkat population ended in mid- or late-term abortion – a rate that is within the expected 

range of values by comparison with other mammalian species (wild or domestic) [67,68,88-91]. 

More specifically, the incidences of fetal loss by maternal social status (i.e., 21% versus 30% for 

dominant and subordinate dams, respectively) were comparable to, if slightly less disparate than, 

those previously reported for the same meerkat population during less arid conditions (i.e., 18% 

and 33%, respectively) [61]. Under limited rainfall, and hence limited dietary resources, we had 

expected a greater percentage of abortions than that previously reported [61]; however, we noted 

that some of our dams failed to gain weight, which may have predisposed them to fetal loss and, 

if symptomatic of the drought, may have limited our ability to detect other pregnancies before 

they terminated. Indeed, under drought conditions, pregnancies that ended in spontaneous 

abortion were marked by lower average weights than during term pregnancies. Moreover, across 

mammals, when abortions are detectable at all stages of prenatal development, early loss occurs 

most commonly [88,89] and is most strongly associated with maternal stress [75,92]. Given that 

we lack information on embryonic loss or early fetal reabsorption in meerkats (although see 

[80]), we may be routinely underestimating both the occurrence of fetal loss and the impact of 

maternal stress.  

In contrast to abortion rates, the occurrence of pre-emergence losses (i.e., 34%) following 

pregnancies carried to term during the drought (experienced at 28% and 40% by dominant and 

subordinate females, respectively) differed proportionally from an earlier period of study 

(experienced at 13.5% and 70.5% by dominant and subordinate females, respectively [61]). 
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Although pregnancy is energetically costly to females, it is less costly than lactation [93-95] and 

this cost differential may help explain why we observed seemingly less impact of the drought on 

abortion than on neonatal loss. Nevertheless, the absence of a relation between litter outcome and 

maternal weight might suggest that, in cooperative breeders, the potential for shared burden via 

allonursing may help offset the anticipated cost of lower maternal weight during a period of food 

restriction. 

Combining abortions with postnatal loss, minimally 51% of litters conceived during the 

course of our study perished before emergence, comparable to the 56% of conceived litters that 

failed during an earlier period of study [61]. Nevertheless, the percentages of reproductive failure 

experienced by our dominant (43%) and subordinate (58%) females were much less disparate 

than those during the prior study (i.e., 29% and 81% for dominant and subordinate females, 

respectively [61]). To the extent that the subset of pregnancies we monitored was representative 

of the larger population and that the absence of significant status-related differences in 

survivorship would persist at later ages, the drought may well have contributed to temporarily 

reduce or even eliminate the reproductive skew between dominant and subordinate females, both 

by increasing the relative failure experienced by dominant females and by lessening the relative 

failure experienced by subordinates.  

 

4.2. Variability in singular versus plural cooperative breeding 

Our findings highlight the potential for fluidity within species [49], in this case between 

singular and plural cooperative breeding. Evidence of this fluidity in meerkats had been observed 

previously in relation to the effects of group size on subordinate abortion rates [61], implying 

that the reproductive success of subordinate meerkats (i.e., plural vs. singular breeding) varies 



27 

 

between clans as a function of their membership numbers [28]. Here, owing to continuous, long-

term study of the same population [96], we propose that the range of influential factors should 

include extreme variability in rainfall. Perhaps what these two factors have in common is that 

they influence the dynamics of within-group competition, albeit in different ways.  

Although we dichotomized the various studies (i.e., ours versus those conducted during 

earlier periods) into drought versus ‘non-drought,’ the effects of environmental variables on 

reproductive skew likely occur along a continuum. Under the harshest conditions, reproductive 

skew could be ‘equalized’ merely as a function of widespread infant mortality. Indeed, in our 

second year of study, only one infant ultimately survived to one year of age, drawing attention to 

the negative implications of climate change for animal conservation. Luckily, such high rates of 

mortality were not always the case, such that our findings fell along, rather than at the end of, 

this ostensible continuum.  

Factors other than increased mortality, therefore, contributed to explaining variation in 

reproductive skew: First, although ‘rank has its privileges,’ those privileges are not uniform 

across social species. Even within cooperative breeders, social dominance can facilitate priority 

of access to reproductive and feeding opportunities in some species (e.g. group hunting canids), 

but mainly to reproductive opportunities for other species (e.g. independently foraging 

herpestids). Meerkats, whose access to resources is determined more by their foraging efficiency 

than by their social standing, may be relatively immune from status-associated food deprivation 

and its consequences on reproductive success. One might not expect the same outcome on 

reproductive skew in other species (such as many primates) for which social hierarchies 

determine access to resources. Second, the exceptionally high rate of reproduction in dominant 

female meerkats likely becomes unsustainable when environmental conditions are unfavorable. 
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Beyond limiting their own reproduction (and potentially their associated aggressiveness toward 

pregnant subordinates), the slowed reproductive pace of dominant females may have provided a 

window of opportunity for subordinates to reproduce. When conditions are unfavorable, survival 

of any offspring becomes crucial for sustaining clan numbers and providing the future helpers so 

essential to obligate cooperative breeders. 

 

4.3. Reproductive endocrine correlates of meerkat pregnancy and abortion  

Consistent with a preliminary study in meerkats [81] and with patterns observed in other 

species (carnivores [97,98]; primates [19,99,100]), we found an increase in serum P4 

concentrations across gestation, followed by a precipitous decline at parturition. This pattern was 

comparable between dominant and subordinate females. As in some species [6], but unlike in 

others [15,19], fetal loss in meerkats was associated with a significant dip in P4 concentrations 

mid gestation. Because this finding is based on a small number of samples, it warrants further 

investigation. Given the negative influence of glucocorticoids on gestational P4 [17,76,77,101, 

102], this effect could be indicative of an influence of maternal stress. 

In prior reports on meerkats [55,81], E2 concentrations increased significantly during 

pregnancy, relative to baseline preconception values. In the current study, we found less 

substantial increases across trimesters: E2 concentrations in pregnant meerkats, albeit routinely 

lower in subordinate than in dominant dams, were consistently raised (> 600 pg/ml) and, oddly, 

increased even further postpartum. Overall, this pattern bears little resemblance to that observed 

in other species, for which E2 concentrations tend to be low (e.g. < 100 pg/ml) in the first 

trimester, increase more dramatically later in gestation, and then decline precipitously 

postpartum [19,21,71,89,99,100,103]. The unusually high postpartum E2 concentrations of 
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meerkats, observed in seemingly few other species (e.g. [104]), are unlikely to be associated with 

lactation demands, given that even spontaneously lactating mongooses show minimal increases 

in E2 [105]. Perhaps, despite our efforts, we failed to exclude samples reflecting post-partum 

estrus, but this explanation seems unlikely. In various species, reduced E2 concentrations are 

predictive of fetal loss [6,11,19] and, in our dataset, although the difference failed to reach 

statistical significance, female meerkats that ultimately aborted tended to have reduced E2 

concentrations relative to females that carried pregnancies to term.  

Although research interest has been understandably directed toward the potential association 

between status-related differences in E2 concentrations and meerkat reproductive skew, neither 

the female’s LH concentrations following a gonadotrophin-releasing hormone challenge [57] nor 

the concentrations of P4 and E2 found here for full-term pregnancies reveal deficits in the 

endocrine substrates underlying reproductive function in subordinate females. Evidently, the 

relatively lower E2 concentrations in subordinate females are adequate for them to routinely bear 

live young. The present results are thus inconsistent with the idea that reproductive suppression 

in female meerkats is physiologically mediated by differences in E2 concentrations during 

gestation. Instead, differential reproduction may reflect differences in fertility more so than 

differences in fecundity. These results do not, however, negate a role for E2 in reproductive 

failure: a decrement below some threshold could become diagnostic of fetal loss, and the E2 

concentrations of subordinates certainly would be closer to that threshold. 

Perhaps rather than being indicative of physiological restraint or downregulation [56], 

reduced E2 concentrations in subordinate dams may be symptomatic of the females’ status-

related difference in concentrations of androgenic precursors to estrogens. Female meerkats of 

both social classes, albeit dominant females more so than subordinates, have exceptionally high 
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concentrations (i.e., to the point of sex reversal) of androstenedione and testosterone, both during 

and outside of pregnancy [55]. Following aromatization, these androgens may contribute to the 

ample gestational E2 concentrations evident even in the first trimester, as well as during the 

postpartum period. It may be that, via facilitation of a dominant female’s aggression toward 

subordinates, the status-related difference in androgen concentrations mediate purely behavioral 

mechanisms of reproductive suppression. Although this latter hypothesis remains to be tested, it 

draws attention, more broadly, to the need for better representation of heterologous hormones 

(e.g. androgens in females and estrogens in males) in the study of reproductive function and 

social interaction, particularly in female-dominant species [55,98,99,106].  

 

4.4. Stress hormone correlates of meerkat pregnancy and abortion  

Consistent with patterns of nonpathological hypercortisolemia reported in other species, 

including many primates (reviewed in [107]), stress hormone concentrations increased across 

gestation in meerkat pregnancies. Glucocorticoids late in pregnancy are generally beneficial, 

contributing to fetal survival and live birth, and also to the dam’s mammary epithelial expansion 

necessary for lactation [57]; nevertheless, excesses in glucocorticoids can become detrimental to 

the offspring [59,102] and, if stressors become chronic, glucocorticoids can also compromise 

adult survival [108].  

Several lines of evidence suggest that the absolute fGCm concentrations we detected in 

meerkats owed to their experience of an environmental stressor. Beyond the dams’ significant 

weight loss noted earlier, all of the females had consistently raised fGCm values. Moreover, the 

peak fGCm values we recorded in late gestation exceeded by nearly twofold those of late-

gestation females during years prior to the drought [59]. Likewise, other temporary stressors, 
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including eviction [60] and exposure to humans [109] in wild and captive meerkats, respectively, 

have been associated with increased fGCm concentrations, but with lower absolute values than 

those recorded here.  

 

4.5. Testing the biopsychosocial model in meerkats  

Our findings on the associations between socioecological factors and stress hormones 

contribute meaningfully to elucidating an inconsistent literature. In the first study of GCs in 

meerkats, dominant animals of both sexes were more likely than their subordinate counterparts to 

have measurable concentrations of plasma cortisol [55]. The authors inferred that any 

reproductive suppression in subordinate females, potentially associated with their reduced E2 and 

LH concentrations, could not be explained by circulating GCs [54]. In most later studies, 

researchers measured fecal GC concentrations. Barrette and colleagues [59] found no significant 

class differences, but reasoned that dominant females would nevertheless suffer from greater 

lifetime exposure to the augmented GCs associated with pregnancy, given their more frequent 

reproductive cycles and shorter inter-birth intervals relative to subordinates. Because handling 

significantly increases plasma cortisol in meerkats [63], perhaps the difference between studies 

owes to the manner in which GCs were assessed. It may be that no baseline differences in 

circulating GCs exist over the short term when measured noninvasively and under normal 

environmental conditions [59], but that, as previously shown for other species (e.g. [110]), 

members of the two social classes respond differently to an acute stressor of capture and 

anesthesia owing to existing differences in their cumulative exposure to reproductive stressors. 

These differences underscore the need to consider the effects of acute vs. accumulated stressors 

in future studies. 
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Because subordinate females temporarily evicted from their clan suffered a roughly two-fold 

increase in fecal GCs and, if pregnant, in abortion rate relative to their subordinate counterparts 

that continued to reside within the clan, Young and colleagues [60] argued strongly in favor of 

the stress-related suppression hypothesis. Whatever the status-related patterns within the clan, 

the response to eviction established that subordinates are susceptible to socioecological stressors. 

With regard to subordinate males, Young and Monfort [111] similarly found that rovers – 

subordinate males that temporarily leave their clan to prospect for reproductive opportunities and 

that often secure extra-group paternity [112] – also suffered a roughly two-fold increase in fecal 

glucocorticoids relative to their resident counterparts. Thus, departure from the group, whether 

voluntarily or forcibly, constitutes a significant stressor for these social animals, but apparently 

without the same deleterious reproductive consequences for males.  

Although we found no significant differences by social status or pregnancy outcome, 

absolute fGCm concentrations were high and consistently greater in subordinate than dominant 

females. Our status-related findings on fGCm diverge from those presented in earlier studies, but 

are parsimonious with recent findings from a contemporaneous study, in which subordinates had 

high glucocorticoid concentrations under various social circumstances [63]. These findings 

suggest that there is flexibility in a system that balances reproductive tradeoffs between classes 

(e.g. [113]) under varying environmental conditions. As revealed by the reduced differential in 

female reproductive success, it may be that certain environmental stressors, such as food 

shortage, are experienced comparably between the classes. Nevertheless, as revealed by the 

unusual status-related patterns in fGCm, it may be that under prolonged conditions of high 

energetic demands [114], subordinates become susceptible to additional social stressors that 
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otherwise remain latent, such as intensified food competition in large groups. Thus, there may be 

different consequences by class in response to climatic versus social stressors. 

 

5. Conclusion 

The study of fetal loss in wild populations is in its early stages, but can reveal important 

information about the social and ecological drivers of reproductive success. To date, field studies 

of fetal loss have been focused primarily on anthropoid primates that bear visible signs of estrus 

(such as exaggerated sex skin swellings), as these signs allow researchers to accurately estimate 

the timing both of conception and of fetal loss [22]. Many other species, however, including 

meerkats, have no such signs; nevertheless, the frequency and reliability with which we can 

obtain weight measurements on this habituated population and closely monitor abdominal 

swelling is unparalleled. These tools, gained as a benefit of long-term study [96], allowed us to 

determine fetal loss in later stages of gestation. Nonetheless, the necessarily retrospective nature 

of this kind of study hindered prospective sample collection.  

Despite our limited sample sizes, particularly for aborted pregnancies, the combination of 

significant findings and suggestive trends paints a cohesive picture in keeping with the 

biopsychosocial model of fetal loss. Drought is a major environmental stressor [107,114] that 

limits food supplies and exerts a toll on all animals. Regardless of the dam’s social status, we 

observed a mean weight difference of 37 ± 17 g (or roughly 4-7% of total body weight) between 

time-matched pregnancies carried to term and those ending in abortion. Stress-related abortions 

coupled with neonatal loss reduced the differential in reproductive success that typically 

characterizes the two social classes. This environmental stressor predicted smaller reproductive 

skew during the most energetically expensive time for a reproductive female: the period of post-
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partum lactation. More generally, such costs may be experienced more profoundly in cooperative 

breeders than in other species, increasing the probability of group extinction [115].  

Endocrine biomarkers support our proposal of environmental stressor effects. Unusually high 

concentrations of stress hormones were evident throughout pregnancies, but were potentially 

even greater in subordinates, suggesting added social stressors experienced physiologically 

within the clan. These glucocorticoids may have dampened both P4 and E2, as occurs in other 

species. Nevertheless, the female meerkat’s relatively and consistently high E2 concentrations 

throughout gestation and into the post-partum period, even in subordinates, are inconsistent with 

a role for E2 in reproductive failure post conception. Instead, they may be a byproduct of 

exceptionally high concentrations of androgenic precursors. Androgens, including 

androstenedione and testosterone, are prominent in all females, but greatest in dominant dams 

[55] and may underlie their aggression against pregnant subordinates [46]. This new perspective 

could shift future research emphasis from an endocrine mechanism of reproductive suppression 

functioning in subordinate females to an endocrine mechanism of behavioral masculinization 

functioning in dominant females.  

Under normal climatic conditions, the stress experienced by an evicted female during social 

isolation [60] or associated with social subordination within a large clan [61] may create 

circumstances under which it is beneficial to disinvest in a fetus (e.g. [21]). In the absence of 

helpers, the litter of an evicted, obligate cooperative breeder would surely perish. Given the cost 

of lactation, aborting or abandoning a doomed litter is likely to be a coping mechanism that 

allows a female to minimize her losses, while also hastening her return to the group. Under 

severe climatic conditions, however, the stress associated with food restriction becomes an 

equalizer, such that all animals pay a reproductive cost. Regardless of the physiological 
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mechanism underlying status-related differences in reproductive output, these data contribute to 

a growing number of studies showing the significant cost of environmental stressors and 

anthropogenic disturbance that could prove relevant to assessing the negative impact of climate 

change [116]. In particular, they highlight the value of mammalian field studies, conducted long-

term in an ecological context, for understanding the social and life-history variables that help 

make these inferences possible [96,117,118]. 
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