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Abstract: 
 
Recent research interest has focused on the bioarchaeology of children. Although 
paleodemography is essential for accurate reconstructions of lifestyle and health in past 
populations, currently there is no published technique for estimating fertility and life expectancy 
at birth for skeletal populations in which adults are under‐enumerated. This paper provides a 
formula to predict Gross Reproductive Rate (GRR) from the proportion of young infants to 
subadults in a skeletal population. The formula was developed from 98 of Coale and Demeny's 
Female Model West Life Tables, which represented diverse fertility and mortality rates. The 
formula's accuracy was examined using independent samples from historical and archaeological 
cemeteries. Estimates of GRR from the subadult fertility formula were compared with estimates 
from Bocquet‐Appel and Masset's juvenile:adult ratio. Results indicate that the subadult fertility 
formula predicts GRR with consistent accuracy (R2 = 0.98) and precision (± 1 offspring) in the 
model life tables, across diverse subadult age structures and demographic characteristics. The 
formula is useful for subadult populations with a proportion of perinates:subadults between 0.12 
and 0.45. The adult component of the sample is not included in the analysis and thus the formula 
is similarly useful in cases where adults are under‐enumerated, or not. When applied to historical 
and archaeological populations, estimates for GRR are similar to previous estimates from the 
juvenile:adult ratio. Because crude birth rate and life expectancy at birth can be calculated from 
GRR using established fertility centred approaches to demography, the subadult fertility formula 
allows skeletal populations of diverse composition to be included in demographic research, 
essential for understanding of how mortality and fertility are affecting the morbidity profiles of 
subadult samples and for comparative bioarchaeological analyses. 
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Introduction 
 
Bioarchaeologists use age and sex estimates from the human skeleton to construct demographic 
profiles which describe mortality and fertility rates in past populations. Paleodemography 
represents a particularly difficult challenge but it is a necessary component of bioarchaeology 
because both mortality and fertility can have significant impacts on the pathological profiles 
(Wood et al., 1992; Saunders & Hoppa, 1993; Cohen et al., 1994; Cohen, 1997; Wright & 
Yoder, 2003; Lukacs, 2008). The various techniques for paleodemography have been subject to 
much criticism over the years (Bocquet‐Appel & Masset, 1982; Buikstra et al., 1986; Hoppa & 
Vaupel, 2002; McCaa, 2002; Bocquet‐Appel, 2007). Many critiques have focused on 
assumptions of stability and stationarity. Others have pointed out the circularity of ‘shoehorning’ 
populations, fitting them to model life tables, which effectively eliminates the potential for 
recognising and studying variation. In addition, it is widely recognised that adult skeletons are 
problematic for demography because age estimation methods have a centrist tendency, which 
leads to a preponderance of individuals in the 30–45 year age bracket and an under‐enumeration 
of older adults. 
 
In response to the numerous critiques and difficulties of doing paleodemography, the field has 
evolved substantially and innovative statistical approaches to the age pyramid have been 
developed (Sattenspiel & Harpending, 1983; Jackes, 1986; Jackes, 1992; Konigsberg & 
Frankenberg, 1992; Konigsberg & Frankenberg, 1994; Paine & Harpending, 1996; Paine, 1997; 
Meindl & Russell, 1998; Hoppa & Vaupel, 2002) including fertility centred approaches to the 
age structure of skeletal populations (Sattenspiel & Harpending, 1983; Horowitz et al., 1988; 
McCaa, 1998, 2002). One area that has received less research attention in paleodemography is 
subadult skeletal populations, samples comprised of a large proportion of subadults in which 
adults are under‐enumerated. 
 
This paper provides a method (the subadult fertility formula) for estimating Gross Reproductive 
Rate1 (GRR) for such skeletal populations. Once GRR has been estimated from the age pyramid, 
Total Fertility Rates (TFR) and life expectancy at birth (eo) can be calculated using a published 
technique to derive those estimates from GRR (McCaa, 1998). In previous publications including 
the Health in the Western Hemisphere project (McCaa, 2002), GRR was estimated using the 
juvenility index (5–14D20+), the proportion of individuals who died between the ages of 5 and 14 
years to dead adults > 20 years (Bocquet‐Appel & Masset, 1982). This method, like most 
methods for paleodemography, deliberately ignores young infants and children because they 
‘should be’ under‐represented in archaeological populations (Angel, 1969; Weiss, 1973). Despite 
the perception that subadults are not often preserved, McCaa found that subadults represented 
almost half of the assemblages (mean = 0.48; range between 0.22 and 0.56) in a meta‐analysis of 
51 skeletal populations (McCaa, 1998). This paper provides a technique for constructing 
demographic profiles for skeletal populations in which subadults are well represented and for 
populations in which adult skeletons are under‐enumerated. 
 

 
1 GRR is defined as the average number of female offspring born to each woman, assuming she survived to the end 
of her childbearing years, conformed to differences in age‐specific fertility rates and there was a 105:100 sex ratio at 
birth (Last, 2001). 



Materials and methods 
 
The subadult fertility formula was developed using Female Model West Life Tables (Coale & 
Demeny, 1983), data commonly used for developing methods in paleodemography (Bocquet‐
Appel & Masset, 1982; Buikstra et al., 1986; McCaa, 1998). The range of model life tables was 
restricted to populations that fit with the expectations for archaeological samples. The sample 
included 98 tables from populations with growth rates within the range of −1 to 2% and 
mortality levels 1–14. Growth rates were restricted because archaeological populations are not 
expected to grow at a rate faster than 2% (the population is doubling every generation) (Livi‐
Bacci, 2007). Tables with mortality rates outside the range of 1–14 were excluded because those 
populations had a higher proportion of individuals in the 70 + age range and that age structure is 
uncommon in paleopopulations (McCaa, 2002; Steckel & Rose, 2002). The tables included in 
this sample had diverse age structure; the proportion of perinates (0–1 years old) to subadults (2–
20 years old) ranged from 0.06–0.78. 
 
To estimate the proportion of perinates in the subadult population, the adult age categories 
(20 + ) were excluded and only the subadult (0–19 years) age pyramid was considered. Data 
collected from the tables included the number of deaths in each subadult age category, 
population growth rate, mortality level, observed GRR, crude birth rate and crude death rate. The 
proportion of young infants:subadults was calculated as 0–1D2–19, or the proportion of infant 
deaths in the first year of life (0–1 year) divided by the sum of subadult deaths (2–19 years). This 
proportion was used to develop the formula to predict GRR, based on quadratic regression 
analysis. 
 
The subadult fertility formula was tested using an independent skeletal sample from St. Thomas' 
Anglican Church in Belleville, Ontario (Saunders et al., 2002). The sample for this analysis 
consisted of 575 individuals excavated from 579 grave shafts prior to the construction of a parish 
hall in 1989 (Saunders et al., 2002). This sample is derived from what was a large cemetery, with 
1564 individuals buried between 1821 and 1874. Detailed historical records about age and sex 
are available (Saunders et al., 1995). The proportion of perinates:subadults was calculated as 0–

1D2–19. GRR was then estimated using the subadult fertility formula and the juvenile:adult ratio 
(5–14D20+) and the accuracy of the two estimates was compared. Accuracy was defined as the 
absolute value of the difference between observed and predicted GRR. 
 
The accuracy of estimates for GRR from the subadult fertility formula was also evaluated in 11 
populations from the Health in the Western Hemisphere project (McCaa, 1998, 2002). GRR 
estimates from the subadult fertility formula were compared with previous estimates of GRR 
made using Bocquet‐Appel's juvenile:adult ratio (5–14D20+) (McCaa, 1998, 2002). The sample 
included populations from diverse regions and time periods (described in the Health in Western 
Hemisphere project (McCaa, 1998, 2002)) including a skeletal population from the Neolithic 
(4387–3788 B.P.) in France (Loisy en Brie), Classic Period (1200–650 B.P.) village populations 
from Central and North America (Chiribaya, Dickson Mound, Estaquina, Maitas, Monongahela, 
Pearson), an Historic era cemetery (1000 B.P.) in England (Scarborough), and Historic Era (100–
400 B.P.) Native North American populations (Amelia Island and Hawikku). These populations 
also had diverse composition in regard to the age pyramid, with the proportion of 
perinates:subadults ranging from 0.24 to 0.52. 



 
Results 
 
The following quadratic equation was developed to estimate GRR from the proportion of 
perinates in the subadult population 
 

GPR = −2.78 + �7.71 × D2−190−1 � + (34.26 × D2−19
2

0−1 ) (1) 
 
Results of a one‐way ANOVA suggest that the proportion of perinates in the subadult component 
of a population is a significant predictor of GRR (F = 81.25, p < 0.001). Figure 1 demonstrates 
that the subadult fertility formula is a good predictor of GRR in the Coale and Demeny model 
life tables (R2 = 0.9805, p < 0.001). Table 1 provides descriptive statistics on the proportion of 
perinates, crude birth and death rates, observed and predicted GRR, mean SE of the prediction 
and an estimate of accuracy. Accuracy was defined here as the absolute value of the difference 
between the actual value of the dependent variable (Y) and the predicted value (Ŷ), ��𝑌𝑌 − Ŷ��, 
given the proportion of perinates in the subadult sample (X). Despite the diverse age composition 
of the reference population, the formula performed with fairly consistent accuracy (range was 
0.8–1.7 offspring). 
 

 
Figure 1. Observed versus estimated GRR in 98 Female Model West Life Tables (Coale & 
Demeny, 1983). 
 
Using the Coale and Demeney life tables, a comparison was made of estimates of GRR from the 
subadult fertility formula with estimates made from Bocquet‐Appel and Masset's ratio (5–14D20+) 
(Bocquet‐Appel & Masset, 1982). The two techniques performed similarly well for model life 
tables with a proportion of perinates:subadults between 0.32 and 0.75 (Figure 2). The subadult 
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fertility formula has the highest level of accuracy in populations with GRR between 2 and 4 
(total fertility rates between 4 and 8 offspring). When GRR is less than 2, the subadult fertility 
formula tends to underestimate GRR and the Bocquet‐Appel and Masset's ratio performs better. 
On the other hand, when GRR is greater than 2, the Bocquet‐Appel ratio tends to underestimate 
GRR and the subadult fertility formula performs better. If the proportion of perinates:subadults is 
less than 0.12, the estimate for GRR from the subadult fertility formula will be less than 1.4 
female offspring (total fertility = 2.7). When the proportion of perinates exceeds 0.45, the 
estimate of GRR will be ≥ 8.0 (total fertility ≥ 16.0 offspring). Thus the subadult fertility formula 
is most accurate and appropriate for estimating GRR in populations with a proportion of 
perinates to subadults between 0.12 and 0.45. 
 
Table 1. Descriptive statistics for estimates of gross reproductive rate (GRR) from the subadult 
fertility formula. 

Proportion of perinates CBR CDR Observed mean GRR Predicted mean GRR Mean SEE Accuracy |obs‐pred| 
0.13–0.14 21 24 1.42 2.36 0.005 0.95 
0.15–0.19 24 25 1.61 2.45 0.014 0.84 
0.20–0.24 30 26 1.94 2.73 0.027 0.79 
0.25–0.29 36 28 2.33 3.21 0.040 0.88 
0.30–0.34 42 34 2.72 3.81 0.057 1.08 
0.35–0.39 49 36 3.25 4.54 0.077 1.30 
0.40–0.44 60 45 3.98 5.55 0.123 1.56 
0.45–0.49 73 55 5.1 6.76 0.214 1.71 

Note: CBR, crude birth rate; CDR, crude death rate; SEE, standard error of the estimate; obs, observed; pred, 
predicted. 
 

 
Figure 2. A comparison of the subadult fertility formula (Robbins) and another technique for 
estimating GRR (Bocquet‐Appel). Accuracy (observed–predicted GRR) is shown here by the 
proportion of subadults to adults (0–19 yearsD20–80 years) in 98 Female Model West Life Tables 
(Coale & Demeny, 1983). 
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Test of the subadult fertility formula 
 
The subadult fertility formula was applied to a skeletal population sample from Belleville, 
Ontario. In this sample, the proportion of perinates 0–1 year to subadults 2–19 years is 0.31. The 
subadult fertility formula predicts GRR is 3.6 (total fertility = 7.3) a value consistent with the 
GRR estimates from the Bocquet‐Appel ratio (McCaa, 2002). McCaa predicted that the best 
fitting model for GRR was 3.5 (range = 3.0–3.5) if life expectancy at birth in this population was 
20 years. If the life expectancy was higher, GRR would have been lower. The two predictions for 
GRR made from the subadult fertility formula and the Bocquet‐Appel ratio differ by 0.1 female 
offspring (0.3 offspring). 
 
The formula was also applied to 11 populations from the Health in the Western Hemisphere 
project and estimates for GRR were compared with previous estimates made using the Bocquet‐
Appel ratio (Table 2). GRR estimates from the two techniques differed on average by 1.3 
offspring (range was 0–2.7). The greatest differences between the estimates for GRR made using 
the two techniques, was found in populations that had a high proportion of perinates (> 0.45). 
When the proportion of perinates exceeded the upper limit recommended for use of this formula, 
estimates of GRR differed by more than one female offspring. 
 
Table 2. Comparison of estimates of GRR from the perinatal fertility formula and Bocquet‐
Appel's ratio using 12 populations from the Health in the Western Hemisphere project 
(McCaa, 1998, 2002). 

Population 
Perinates 

0–1 yr 
Subadults 
2–19 yrs 

Proportion 
0–1D2–19 

GRR from 
5–14 D20+   

GRR from 
0–1D2–19 

Accuracy 
|obs‐pred|  

   ex = 20 ex = 30 ex = 40   
Amelia Island 20 83 0.24 3.1 2.8 2.8 1.1 1.7 
Dickson Mound 25 56 0.45 5.0 4.4 4.3 6.2 1.2 
Chiribaya 39 152 0.26 3.2 3.2 3.1 1.5 1.6 
Estuquina 107 214 0.50 6.2 5.4 5.2 7.5 1.3 
Hawikku 40 83 0.48 4.3 3.8 3.7 7.0 2.7 
Loisy‐en‐Brie 19 50 0.38 3.6 3.2 3.2 4.8 1.2 
Maitas 21 55 0.38 4.8 4.2 4.1 4.8 0.0 
Monongahela 31 60 0.52 6.0 5.2 5.0 7.9 1.9 
Pearson 23 52 0.44 . . 6.6 6.1 0.5 
Scarborough 9 37 0.24 3.6 3.2 3.1 2.9 0.2 
Tlatilco 4 12 34 0.35 2.8 2.5 2.5 4.3 1.5 

 
Conclusion 
 
This paper provides a quadratic equation (the subadult fertility formula) for estimating GRR 
using the proportion of young infants to subadults, developed from the Coale and Demeney's 
Female Model West Life Tables. Accuracy of this formula is similar to that of a technique for 
estimating GRR using the juvenile:adult ratio developed previously (Bocquet‐Appel & 
Masset, 1982). In a comparison of GRR estimates made from the subadult fertility formula and 
the juvenile:adult ratio, both techniques performed similarly well across a diverse range of age 
pyramids. The subadult fertility formula estimated GRR within ± 1 female offspring when the 
proportion of perinates:subadults (0–1D2–19) is within the range of 0.12–0.45. When tested on a 



sample from the St. Thomas Anglican Church in Belleville, Ontario, estimates for GRR made 
using the subadult fertility formula compared favorably with those made previously using the 
juvenile:adult ratio (5–14D20+), within 0.13 female offspring. In a comparison of GRR estimates 
made using both techniques in 11 samples from the Health in the Western Hemisphere project, 
the estimates were comparable (mean difference = 1.3 female offspring). Thus in populations 
with a proportion of perinates:subadults within the range of 0.12–0.45, the subadult fertility 
formula is useful for estimating GRR. In populations for which the proportion of 
perinates:subadults falls outside this range, or in cases where fertility is very high or very low 
(GRR < 2 or GRR > 8), the accuracy of the formula declines significantly and the Bocquet‐Appel 
ratio should be preferred for estimating GRR. The subadult fertility formula can be applied to 
populations in which adults are under‐enumerated, or not, because the formula only relies upon 
the subadult age pyramid. Thus, this method can be applied in cases where there is independent 
evidence that the adult age pyramid is not representative of the population as a whole due to 
burial practices, catastrophic mortality of adults, or other issues of preservation and 
representation. 
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Erratum 
 
This research was sponsored by the American institute of Indian Studies, the George Franklin 
Dales Foundation, Fulbright IIE and the University of Oregon Graduate School. 
 
The subadult fertility formula contains a typo. The correct formula is as follows: 
 

GPR = −2.78 − �7.71 × D2−190−1 � + (34.26 × D2−19
2

0−1  
 
When this formula is applied to the skeletal populations from the Health in the Western 
Hemisphere project, Gross Reproductive Rate (GRR) estimates differed from those made using 
the Bocquet–Appel (1982) ratio on average by 0.98 offspring (range was 0 to 2.7). A revised 
version of Table 2 is provided. Calculations of GRR in rows 1 and 3 were corrected. 
 
Table 2. Comparison of estimates of GRR from the perinatal fertility formula and Bocquet–
Appel's ratio using 12 populations from the Health in the Western Hemisphere project (McCaa, 
1998, 2002) 

Population Perinates Subadults Proportion GRR from 5–14D20+ GRR from 
0–1D2–19 

Minimum 
difference 0–1 year 2–19 years 0–1D2–19 

ex = 20 ex = 30 ex = 40 
Amelia Island 20 83 0.24 3.1 2.8 2.8 2.9 0.1 
Dickson mound H‐G 25 56 0.45 5 4.4 4.3 6.2 1.2 
Chiribaya 39 152 0.26 3.2 3.2 3.1 3.1 1.6 
Estuquina 107 214 0.50 6.2 5.4 5.2 7.5 1.3 
Hawikku, NM 40 83 0.48 4.3 3.8 3.7 7.0 2.7 
Loisy‐en‐Brie 19 50 0.38 3.6 3.2 3.2 4.8 1.2 
Maitas, Bra. 21 55 0.38 4.8 4.2 4.1 4.8 0.0 
Monongahela 31 60 0.52 6 5.2 5 7.9 1.9 
Pearson 23 52 0.44 – – 6.6 6.1 0.5 
Scarborough, Eng. 9 37 0.24 3.6 3.2 3.1 2.9 0.2 
Tlatilco 4, Mexico 12 34 0.35 2.8 2.5 2.5 4.3 1.5 
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