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Abstract
Our analysis of over 28,000 osteometric measurements from fossil remains dating between

c. 5600 and 1500 BCE reveals a substantial reduction in body mass of 33% in Neolithic cen-

tral European domestic cattle. We investigate various plausible explanations for this pheno-

typic adaptation, dismissing climatic change as a causal factor, and further rejecting the

hypothesis that it was caused by an increase in the proportion of smaller adult females in

the population. Instead we find some support for the hypothesis that the size decrease was

driven by a demographic shift towards smaller newborns from sub-adult breeding as a result

of intensifying meat production strategies during the Neolithic.

Introduction
Changes in animal body size have been shown to correlate with various ecological factors such
as reproductive behaviour and environmental modifications including predator dynamics and
rising temperatures [1–5]. Yet, whilst selection can be intense over short time scales i.e. a few
generations, its direction may vary through time, cancelling out long-term evolutionary trends
[6–9]. Accessing the sort of long-term datasets required to identify such diachronic trends,
however, can be problematic due to taphonomic bias, gaps in the fossil record, etc. [10]

Archaeozoological assemblages meanwhile offer an intermediate time scale, providing
potential insight into inter-generational phenotypic change and underlying evolutionary
trends. Size reduction, for example, has long been recognised as a consequence of the domesti-
cation process [11–14] and several hypotheses have been proposed to explain the phenomena,
namely deterioration in pasture conditions and early weaning [14], protection from predation
and reduction in mobility [15].

It has been suggested that European cattle continued to reduce in size over the course of the
Neolithic, Bronze Age, and pre-Roman Iron Age [11, 16], and this is well documented in sev-
eral regional case studies [17–23]. Using archaeological data and more than 28,000 osteometric
measurements, our results confirm a substantial and consistent reduction in domestic cattle
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size throughout the Neolithic at the sub-continental scale. We estimate the evolutionary rate of
body size change as a function of time, demonstrating the long-term evolutionary development
of early domestic cattle. For clarity, we use the term ‘evolution’ to include selective breeding, by
considering humans as merely one of many species, thus removing the somewhat philosophi-
cally flawed distinction between ‘artificial’ and ‘natural’ selection.

We consider a number of hypotheses, which have previously been proposed to explain the
observed trend, and we specifically test two of them:

1. The reduction in adult size merely reflects an increase over time in the ratio of the smaller
female adults, as a consequence of changing herding strategies, such as an intensification of
dairying practices.

2. The reduction in adult size reflects a shift in the age distribution of the cattle population
towards a younger sub-adult reproduction age, causing the offspring to achieve smaller
adult size due to the physiological and morphological constraints of the mother giving birth
before having reached adult body size. This phenomenon has been well documented in the
sheep of St Kilda [2–3].

Materials and Methods

Data
This study adopts an inclusive approach to the data in order to formally test patterns in the
published literature. As such we have not made judgements about the accuracy of species iden-
tification or measuring procedure [24–25], and have only excluded samples that researchers
have identified as erroneous. In order to guarantee a minimum standardization in the measur-
ing procedure we have applied the criterion of only using osteometric measurements from fully
fused adult remains measured according to the von den Driesch [26] standard method. Despite
potential errors in the original recording of these data, there is no reason to believe these errors
would introduce a systematic bias, therefore this inclusive approach is inherently conservative
since random errors in the data would only serve to add additional background noise to under-
lying trends.

Data from the British Isles were excluded, to avoid the potential bias of a selective pressure
favouring smaller individuals for ease of sea transport. Finally, osteometrics with less than 10
measurements, and site phases with less than 10 osteometrics were excluded to reduce sam-
pling noise, whilst still ensuring good skeletal, geographic and temporal representation, pro-
ducing a total sample of 28,266 measurements from 152 postcranial and dental elements for
Bos taurus (n = 16,568), Bos primigenius (n = 1119), Sus s. domesticus (n = 5021), Ovis aries
(n = 3394), Capra hircus (n = 714), and Canis familiaris (n = 1450). These were obtained from
81 phases identified in 70 archaeological sites in central Europe (Fig 1), dating from the Early
Neolithic to the Early Bronze Age (c. 5600–1500 BCE). Where available, bones have also been
allocated a sex classification (male, female, and castrate) according to the original analyst’s
determination in order to examine the size trend for males and females independently. We also
utilise additional published data sex trend data and age profile data for Bos taurus. The sex
trend data comprises 1340 counts of positively identified male, female and castrate bones,
based on morphological criteria, from 38 site phases. The age profile data comprises relative
proportions of different age groups from 116 site phases. All osteometric, chronological and
age profile data were derived from the EUROEVOL database (for details on the project see
http://www.ucl.ac.uk/euroevol/), which is publicly accessible at http://discovery.ucl.ac.uk/
1469811/, whilst the sex trend data are provided as an independent csv. file in the SI (S1 Table).
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Transformation methods to combine metrics
Archaeological assemblages are typically characterised by only a few measurable bones, and
often focus on a limited number of osteometrics, considerably restricting the sample size with
which to statistically test hypothesised changes in animal body size. In order to overcome this
problem, a number of different scaling methods have been proposed to combine different
osteometrics (see Meadow 1999 [27] for a review). Although these techniques hinder the study
of shape and proportion, which can be investigated through relative differences in osteometrics
[28–29], they have the major benefit of generating large sample sizes that provide greater sensi-
tivity in detecting and quantifying the size decrease as well as testing if the decrease is signifi-
cant. Therefore, we employ a Log Size Index (LSI [30, 27]), which is calculated for each
osteometric by dividing the measurements by their mean, then taking the logarithm. LSI takes
into account differences in scale, enabling statistical comparison between different groups, and
the aggregation of different osteometrics. The mean LSI per site phase for each species is
reported in S2 Table.

Fig 1. Map showing location of all 81 site phases used in the osteometric analysis.

doi:10.1371/journal.pone.0141873.g001
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Chronological sequencing
We employ two dating methods for different aspects of our analyses. Firstly, in order to identify
broad temporal trends we use a coarse-grained resolution, with all site phases being assigned to
an archaeological ‘period’ i.e. Early Neolithic (c. 5600–4800 BCE), Middle Neolithic (c. 4800–
3500 BCE), Late Neolithic (c. 3500–2500 BCE) or Early Bronze Age (c. 2500–1500 BCE). By
using these chronological periods we assess the directional size change in cattle body size, the
proportion of adult females in the population, and the proportion of different age groups.

Whilst categorising data into broad archaeological periods is a useful way of identifying an
underlying trend, we also wanted to calculate the evolutionary rate of phenotypic change for
comparison with different species, which required greater temporal resolution. We therefore
developed a method that hierarchically selects from different sources of chronological evidence.
At the highest level, we use the midpoint of the chronological range published in the site report,
which often integrates a variety of evidence filtered through the expertise of the author, for
example incorporating Bayesian analysis of both radiocarbon and stratigraphic evidence. If this
was not available we generated a summed probability distribution from all radiocarbon dates
for each site phase with more than five radiocarbon samples (available in the EUROEVOL
database), then used the midpoint of the 95% (2-tails) confidence interval. The third level used
the mean of the Gaussian date estimate for the archaeological culture associated with that
phase [31]. Finally, if none of the above were available, we resorted to using the midpoint of the
standard date range for that culture published in the literature (see Manning et al. 2014 [31] for
a list of the standard date ranges used).

Characterising size change
Using an ANOVA and a Tukey’s post-hocmultiple comparison test we examine the difference in
the full distribution of LSI values between each of the four periods for Bos taurus (Table 1). We
plot the full distribution of all LSI values for Bos taurus, across the four periods (Fig 2). We then
quantify the overall change in cattle size through time after applying an inclusion criterion of
>25 measurements per osteometric per site phase by using the mean raw measurement per
osteometric for each period, which is then divided by the mean for all periods (Table 2). We refer
to this as the proportional change in the mean. Whilst mean values offer little in the way of dem-
onstrating within period variability, they provide a useful tool for illustrating the degree of varia-
tion between periods. Each osteometric was then colour coded according to the three bone axes
(length, breadth and depth), in order to evaluate potential allometric variation (Fig 3).

Calculating the rate of phenotypic change
Using the fine-scale chronological data, we calculated evolutionary rates for all domestic spe-
cies and Bos primigenius, in haldanes (h), across the period Early Neolithic to Late Neolithic.
This was achieved by fitting a least-squares linear model of the ratio between the mean LSI and
the pooled standard deviation (known as the Haldane numerator) against time expressed in

Table 1. Tukey HSD results showing difference in mean levels of Period for Bos taurus.

95% quantile

Period Difference Lower Upper p-value

EN-MN -0.0266 -0.0295 -0.0237 <0.00001

MN-SLN -0.0231 -0.0295 -0.0237 <0.00001

LN-EBA -0.0069 -0.0099 -0.0039 <0.00001

doi:10.1371/journal.pone.0141873.t001
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number of generations [32]. In order to calculate the evolutionary rate of change for each spe-
cies we used the following generation times: Bos taurus– 7 years [33]; Bos primigenius– 7 years
[34]; Ovis aries– 2 years [35]; Capra hircus– 2.5 years [36]; Sus s. domesticus– 5 years [37; Canis
familiaris– 4 years [38]. The results (Fig 4 and Table 3) provide a measure of absolute change
expressed in standard deviations per generation, and are comparable across different species
[39–40].

Estimating changes in the demographic structure of cattle herds`. Our sex trend data,
comprising 1340 counts of positively identified male, castrate, or female Bos taurus remains,
were based on the original analysts’morphological assessment of long bones and horncores,
from 38 site phases (S1 Table). Castrate counts were ignored due to poor representation since
they were only present in 7 phases (18%), which may be a result of differential recording

Fig 2. Full distribution and box-plot overlay of all LSI transformedmeasurements for Bos taurus categorized by broad chronological period. Each
measurement is jittered to reveal the distribution of the data.

doi:10.1371/journal.pone.0141873.g002
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practices rather than any genuine presence or absence. We then estimated the proportion of
adult females during each period using a beta distribution with a uniform prior, with the shape
parameters α = count of adult females + 1, and β = count of adult males +1, to take into account
uncertainty in the true proportion when sample sizes are small (Fig 5).

There are a variety of techniques for determining the age-at-death of animals derived from
archaeological contexts, including epiphyseal fusion, tooth eruption and wear sequences, cra-
nial sutures and antler or horn development. Due to the varying quantification methods of
these different techniques and the diversity of age groups used by different researchers, we
have categorised each of the 116 site phases into either ‘predominantly sub-adults (1–3 years)’
or not (all other age groups, including no age trend, neonates, juveniles (1–12 months) and
adults (>3 years). The key distinction is between juveniles who are too young to reproduce,
sub-adults who are morphologically still immature but are able to reproduce, and adults who
have reached maturity, have fully fused bones, and contribute to the osteometric data. These
categories were assigned based either on the general trend observed by the original analyst or
by binning the raw count data provided in original reports into the respective age brackets of
each category. The data were then used in two distinct analyses in order to investigate our sec-
ond hypothesis. Firstly, we counted the number of site phases in each broad temporal period
that comprised predominantly ‘sub-adult’ and ‘other’. The change over time was tested for sig-
nificance using a Chi-squared test. Furthermore, we used these counts as the shape parameters

Table 2. Meanmeasurement (in mm) per osteometric for each period, n = number of measurements per osteometric, the proportional change in
the mean between periods is shown in parentheses. This is also averaged for breadth, length and depth measurements, and reported for each period
(note, Scapula GLP and Scapula LG have been grouped with the length osteometrics according to von den Driesch’s original anatomical justification,
although they could arguably be considered with the breadth osteometrics).

Osteometric n Early Neolithic Middle Neolithic Late Neolithic Early Bronze Age

Astragalus Bd 561 46.58 (1.10) 42.07 (0.99) 40.36 (0.95) 40.98 (0.96)

Humerus Bd 266 87.18 (1.06) 84.30 (1.03) 77.53 (0.94) 79.39 (0.97)

Humerus BT 248 80.86 (1.07) 75.67 (1.01) 71.44 (0.95) 73.02 (0.97)

Metacarpal Bd 333 64.22 (1.07) 60.01 (1.00) 55.76 (0.93) 60.74 (1.01)

Metacarpal Bp 310 63.14 (1.07) 59.88 (1.01) 56.49 (0.95) 57.64 (0.97)

Metatarsal Bd 388 61.06 (1.11) 54.24 (0.98) 52.42 (0.95) 53.20 (0.96)

Metatarsal Bp 327 51.43 (1.07) 47.21 (0.99) 45.56 (0.95) 47.31 (0.99)

PH1 Bp 355 32.71 (1.08) 32.26 (1.07) 28.28 (0.94) 27.65 (0.91)

PH2 posterior Bp 296 31.16 (1.07) 29.56 (1.01) 26.57 (0.91) 29.67 (1.01)

PH3 MBS 211 26.07 (1.07) 24.69 (1.01) 23.33 (0.96) 23.45 (0.96)

Radius Bp 262 88.45 (1.08) 82.60 (1.00) 78.24 (0.95) 78.75 (0.96)

Tibia Bd 387 67.96 (1.09) 62.52 (1.00) 58.77 (0.94) 60.54 (0.97)

Average Breadth prop. 5262 1.08 1.01 0.94 0.97

Astragalus GLl 586 73.68 (1.09) 66.84 (0.99) 64.74 (0.96) 64.25 (0.95)

Astragalus GLm 426 67.27 (1.10) 60.64 (0.99) 58.13 (0.95) 58.68 (0.96)

PH1 GLpe 328 66.20 (1.08) 62.29 (1.01) 59.69 (0.97) 57.69 (0.94)

PH3 Ld 173 58.99 (1.04) 56.32 (1.00) 55.87 (0.99) 54.69 (0.97)

Scapula GLP 233 71.09 (1.09) 66.10 (1.01) 57.45 (0.88) 65.95 (1.01)

Scapula LG 216 60.30 (1.07) 57.21 (1.02) 52.26 (0.93) 54.79 (0.98)

Average Length 2294 1.08 1.00 0.95 0.97

Astragalus Dl 359 41.26 (1.11) 36.59 (0.98) 35.58 (0.95) 35.94 (0.96)

Astragalus Dm 283 41.35 (1.12) 35.01 (0.95) 34.74 (0.94) 36.18 (0.98)

Average Depth 642 1.11 0.97 0.95 0.97

doi:10.1371/journal.pone.0141873.t002
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in a beta distribution in order to generate estimates of the proportion of sub-adults in the pop-
ulation, allowing for the uncertainty of small sample sizes (Fig 6).

Results

Directional size change in cattle body mass
Fig 2 and Fig 3 illustrate a clear directionality in size decrease for Neolithic cattle, with an
apparent uptick towards the beginning of the Early Bronze Age. Results from the Tukey test

Fig 3. Bos taurus proportional change in the mean of the 20 best represented osteometrics coded according to axis. Blue lines represent breadth,
red lines represent length and green lines represent depth. The dashed line is the mean value for all measurements. The raw osteometrics and their
proportional change are listed in Table 2.

doi:10.1371/journal.pone.0141873.g003
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demonstrate that Bos taurus LSI are significantly different between all periods (p<0.00001),
with a total difference in the mean LSI between the Early and Late Neolithic of -0.0497
(Table 1).

Fig 4. Evolutionary rates for Neolithic cattle, showing the Haldane numerator against time expressed in number of generations.

doi:10.1371/journal.pone.0141873.g004

Table 3. Haldane rates (x 103) for Neolithic domestic animals and wild cattle (n = number of phases, g = generation time). See S2 Table for raw data.

Species haldane StdE R2 P value n Start (BP) End (BP) g

Bos taurus -2.8 0.4 0.40 <0.0001 69 5560 1875 7

Bos primigenius -0.9 0.8 0.09 0.266 15 5100 2971 7

Ovis aries 0.3 0.2 0.09 0.175 23 5675 1875 2

Capra hircus -0.4 0.4 0.10 0.348 11 5675 1890 2.5

Sus s. domesticus 0 0.6 <0.01 0.993 34 5250 1890 5

Canis familiaris 1.4 1.0 0.17 0.164 14 4480 2010 4

doi:10.1371/journal.pone.0141873.t003
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Fig 3 and Table 2 show all 20 Bos taurus osteometrics with more than 25 measurements per
period, revealing a synchronous decrease between the Early and Late Neolithic of 12.6%
(mean) varying between 5.3% and 19.2% size decrease. This trend appears to slightly reverse
towards the Early Bronze Age as some osteometrics show an increase (max = 14.8%), whilst
others continue to decrease (max = 3.4%). On average this gives an overall increase of 2.8%,
although without data from subsequent Bronze Age periods it is unclear whether this is the
start of a directional upward trend.

Each osteometric is one-dimensional, however both mass and size (volume) are propor-
tional to the cube of these metrics, since they are 3-dimensional. Therefore an average linear

Fig 5. Full distribution and box-plot overlay of all LSI transformedmeasurements for Bos taurusmale (n = 282) and female (n = 593) categorized by
broad chronological period, revealing a synchronous trend (n = number of osteometric measurements per sex per period).

doi:10.1371/journal.pone.0141873.g005
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reduction of 12.6% equates to 1 - (1–0.126)3, giving a reduction in size and mass of 33.2%. This
assumes the shape of cattle remained approximately similar, which is supported by separate
calculations for mean breadth reduction (32.9%) and mean length reduction (32.4%). However
we were also able to estimate absolute limits in the size decrease given the total volume must be
a function of the combination of linear osteometrics. It is not required for this function to be
known since the total decrease must be greater than the smallest linear decrease cubed, and
also smaller than the greatest linear decrease cubed. This provides absolute limits of 15.1% to
47.2%.

Fig 6. Top: LSI for all LSI transformedmeasurements (each blue dot) for adultBos taurus; horizontal jittering is merely to aid viewing.Red bar
indicates the median. Bottom: relative proportion of site phases with predominantly sub-adult remains over time. Sample sizes shown are the total number of
site phases in each period. Red dots are random samples from each beta distribution, and are merely to aid viewing the uncertainty in the proportion
estimates. Black bars indicate the 75% highest posterior density.

doi:10.1371/journal.pone.0141873.g006
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Although analysis of the allometric changes characterising Neolithic cattle populations is
beyond the scope of this paper, the separation of breadth, length and depth measurements pro-
vide some indication of changes in body proportions over time and would clearly benefit from
a more detailed study that takes into account the effects of sexual dimorphism, as well as
regional complexities in bone allometry.

Rates of Phenotypic change
Since the trend of size reduction during the Neolithic appears to slightly reverse at the Early
Bronze Age, the Haldane evolutionary rate was only calculated across the Neolithic using the
data at the scale of individual phases (Table 3; Fig 4). Only Bos taurus, and no other domestic
taxa, showed a significant change through time (-2.8±0.4 haldanes x 103, p<0.00001, number
of phases = 70). Therefore, whilst other species may have undergone more regionally and tem-
porally sensitive changes in size, they do not demonstrate the same scale of directional size
change observed in cattle.

Demographic changes to cattle herds
Using the independent sex data as shape parameters in a beta distribution, we estimated the
most likely proportion of adult females in each period, and the 95% confidence intervals to
reflect the uncertainty from small samples sizes. These results show a slight decrease in the pro-
portion of adult females from 0.70 (95% HPD = 0.65–0.75) during the Early Neolithic to 0.62
(95% HPD = 0.58–0.65) by the Late Neolithic (Table 4). The lack of overlap between the 95%
HPD indicates a statistically significant decrease in the proportion of adult females, corrobo-
rated by a Chi-squared test (p = 0.0075).

Furthermore an assessment of LSI measurements, which had been positively identified as
male (n = 282) or female (n = 593) also shows that both sexes undergo synchronous size
change. T-tests show a decrease of 0.035 in the mean LSI of males between the Early and Late
Neolithic (p< 0.00001), and in females an even greater decrease of 0.053 (p< 0.00001) across
the same period (Fig 5). The results of our analysis therefore contradict the hypothesis that the
reduction in cattle size was attributable to an increase in the proportion of adult females in the
overall population.

Our analysis of the age profile data shows an increase in the proportion of sub-adults, with
the proportion of site phases with predominantly sub-adult remains rising from6% during the
Early Neolithic to 15% in the Middle Neolithic and 31% in the Late Neolithic, which is syn-
chronous with the decline in average adult cattle size. The proportion of site phases with pre-
dominantly sub-adult remains then decreases during the Early Bronze Age, synchronous with
the uptick in cattle size (Fig 6). Chi-squared test shows a statistically significant difference in
the proportion of site phases with predominantly sub-adult remains, between the Early and
Late Neolithic (p = 0.0132).

Table 4. Raw counts of adult male and adult female bones identified according tomorphological criteria (n = number of phases). The proportion val-
ues and 95%CI are calculated from the beta distribution.

Period n Males Females Proportion 95% HPD

Early Neolithic 7 99 244 0.70 0.65–0.75

Middle Neolithic 7 71 191 0.72 0.66–0.77

Late Neolithic 20 228 379 0.62 0.58–0.65

Early Bronze Age 4 25 45 0.63 0.52–0.73

doi:10.1371/journal.pone.0141873.t004
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Discussion

Summary of results
It has long been recognised that European domestic cattle reduced in size over the course of
the Neolithic, and previous studies have demonstrated this trend at different regional and chro-
nological scales e.g. north/central Europe [11, 16], the Paris Basin [21], Poland [22] and Swit-
zerland [23]. Our analysis evaluates size change at a much broader temporal and spatial scale,
and our results strongly support this trend, demonstrating a substantial reduction in domestic
cattle size but not any other domestic species during the European Neolithic. This may appear
to contradict recent studies, which have demonstrated a size reduction in other taxa, for exam-
ple pig [41], although this apparent discrepancy is likely due to the spatial and temporal scale
of the different analyses. Whilst other domestic taxa may have undergone regional or discon-
tinuous variation in body size, they do not exhibit the same sort of long-term and geographi-
cally widespread trend observed in Bos taurus. This suggests that only cattle were subject to the
sort of consistent evolutionary pressure that resulted in such a directional phenotypic change.

Our results suggest a substantial reduction in body mass of c. 33% in only 3100 years. This
is supported by the high evolutionary rate estimated from our data (-2.8±0.4 haldanes x 103),
which can be fairly compared with Purugganan and Fuller’s [32] haldane rate of change for
plant domestication traits. They report a rate of 1.3±0.2 haldanes x 103 for barley (Hordeum
vulgare) and 0.9±0.2 for einkorn wheat (Triticum monococcum), which is of the same order of
magnitude as our results and suggests a strong selective pressure acting on Neolithic cattle.

A number of different hypotheses have been proposed to explain a reduction in livestock body
size, which include: a reduction in mobility, reduced nutritional levels [16], and a reduction in sex-
ual dimorphism, which is a well-studied consequence of the domestication process [42–43]. In the
following section we rule out certain proposed causal factors and test two specific hypotheses,
namely an increase in the proportion of the smaller females, and a decrease in the reproduction age.

Ruling out possible causes: Domestication, introgression and climate
change
Size reduction and the development of other pedomorphic or neotenic features have long been
recognised as consequences of the domestication process [44–46, 42]. However, the core pack-
age of domestic animals (cattle, sheep, goat, and pigs) were domesticated in the northern
Levant during the 10th-9th millennia BCE [43, 46] and subsequently exported to Europe [47].
Hence the size reduction reported here post-dates the domestication process by more than
3000 years, suggesting a phenotypic adaptation distinct from those associated with domestica-
tion. An important cause of initial size reduction during domestication, for example, is a
decrease in sexual dimorphism amongst early domesticates. Whilst this has been clearly dem-
onstrated in Early Neolithic contexts in the Middle Euphrates [43], it is still possible that the
process of decreasing sexual dimorphism continued as domestic cattle were more intensively
exploited over the course of the Neolithic. However, this does not appear to have driven the
size reduction observed in early European cattle, as our results show a significant parallel size
change in both male and female domestic cattle. A decrease in sexual dimorphism over the
course of the Neolithic would result in the distribution of the two sexes becoming more similar
by the Late Neolithic, but our results show that this sexual dimorphism was maintained. Fur-
thermore, the size reduction associated with proto-domestication is also observed in Near East-
ern sheep [13] goat [48] and pigs [12, 49–50], and yet in Europe these species do not undergo a
directional size decrease over the course of the Neolithic. Therefore our results suggest that the
observed size decrease in Neolithic cattle was distinct from the initial process of domestication.
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In some circumstances introgression with wild cattle may offer some explanation for a size
change. Male aurochs were much larger than domestic bulls, and therefore introgression pro-
vides a potential explanation for the opposite trend of a size increase. Even if introgression was
initially prevalent and became less common over time, we would expect to see the rate of size
increase gradually retard, until the size remained approximately constant through time (subject
to random drift), but certainly not a size decrease. Furthermore, recent aDNA work corrobo-
rates the importation of Near Eastern cattle stock [51], and provides little evidence for a genetic
contribution of native aurochs to the domestic gene pool [52–53].

Another possible explanation is that an exogenous force, such as climate, was the underlying
cause of the observed size reduction. Bergmann’s rule [54] for example, predicts that popula-
tions living in warmer environments will comprise smaller individuals than those from a colder
environment. However, we would expect an exogenous force, such as climate to have a similar
effect on all species, both domestic and wild. Our analysis shows the directional size reduction
only affected cattle, and therefore we reject climate as a causal factor.

So, why did cattle undergo such a substantial size reduction?
Given the expectation that farmers might improve meat yields by increasing the body mass of
their livestock, or increase the number of larger males for traction, it is surprising to observe
such a dramatic reduction in average body mass. Indeed, pre-industrial European cattle under-
went at least one well-documented size increase during the initial period of the Roman con-
quest [55–59]. This is generally interpreted as a reflection of cattle improvement, linked either
to an intensification of arable agriculture, in which more draft oxen were required [57], or the
need for provisioning an increasingly consumer based economy [60]. Why Neolithic farmers
apparently bred smaller cattle, but not their other domestic animals, is therefore an intriguing
puzzle.

Hypothesis 1: Increase in the proportion of adult females. Assuming no intrinsic change
in average cattle size through time, an increase in the proportion of the smaller adult females in
the domestic cattle population might explain our observed data, and provide evidence for a
change in herding strategies. For example, where milk production is the priority, a herder’s
objective will be to ensure a large supply of lactating adult females. Hence, young males will
often be culled once the milk yield is assured, which in unimproved African breeds ranges
from 139–259 days [61], leading to a higher rate of female survival through adulthood. This
sort of ‘post-lactation’ slaughter peak has been identified in the mortality profile of Neolithic
European cattle (e.g. [62–63]). Stable nitrogen isotopic analyses of bone and dentine collagen
in modern and ancient samples furthermore suggests that Neolithic cattle were being slaugh-
tered at the end of the mothers lactation period, around the calves weaning age, to assist the
milk let-down reflex [63–65]. Our sex ratio data does not support an increase in the survival
rate of adult females, in fact showing an overall decrease in the proportion of adult females dur-
ing the Late Neolithic. Analysis using the positively identified male and female osteometric
measurements also contradicts this hypothesis by showing that both sexes underwent a size
reduction, indicating a population-level phenotypic adaptation, rather than simply a shift in
the sex ratio. Hence, the observed size diminution does not appear to be the result of an
increase in the proportion of adult females in the population, although this does not negate
dairying practices, nor does it refute a change in the rate of intensification of dairying over
time.

Hypothesis 2: An increase in the proportion of reproductive sub-adults in the popula-
tion resulted in the offspring achieving smaller adult size. The age and time of year at
which animals give birth can have a significant impact on the size of their offspring. Some
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species, for example domestic cows and pigs, do not experience seasonal anoestrus and can
therefore breed throughout the year, although their reproductive performance will ultimately
be influenced by nutritional factors [66]. As a consequence, herders can more easily modulate
the reproductive strategy of these animals in order to accommodate changes in the availability
of forage or in response to other environmental effects.

Our analysis of the demographic structure of cattle herds reveals a significant increase in the
proportion of sub-adults in the population during the Neolithic, synchronous with the decrease
in adult size. Because the rate of body growth significantly slows at maturity (3–4 years in cat-
tle), a strategy that maximises meat production will avoid retaining surplus stock beyond the
sub-adult stage [67]. Consequently, there would be fewer reproductive adults and a greater pro-
portion of reproductive sub-adults, resulting in potential lower birth weights due to the physio-
logical and morphological constraints of giving birth before having reached adult body size [2–
3].

Intensifying meat production is also suggested by an increase in the relative proportions of
domestic pig over time [68], which is typically associated with an intensification of animal pro-
duction [69]. Cattle, meanwhile, clearly play a central role in the Neolithic livestock economy
of Central and northwest Europe [70], and are consistently well represented throughout the
Neolithic and Early Bronze Age suggesting that any indication of intensification is likely to be
observed in another aspect of their herding regime e.g. in body mass, milk production etc. We
propose that the apparent increase in the proportion of sub-adults, and the decline in cattle
body mass are indicative of an underlying change in the herding economy over time, which has
a greater emphasis on meat productivity. Recent studies [71–72], have identified an increase in
human population levels following the introduction of agriculture in the local Early Neolithic
followed by a decline towards the end of the Middle Neolithic, and in some cases a secondary
population increase during the later Neolithic or Early Bronze Age. This boom-bust pattern in
regional population levels would have had major implications for the agro-pastoral systems of
the time, leading to changes in the demands on animal productivity and input of labour, which
may have unintentionally led to the size decrease observed here in Neolithic cattle.

Another factor, which we have not formally addressed here, is how these broad-scale
changes in herding strategies relate to other forms of environmental modification, such as dete-
riorating pasture conditions. The practice of leaf foddering, as a means of providing dietary
compensation has been well documented at Middle Neolithic sites in Switzerland and Den-
mark [73–74], the Paris Basin [75], and in southern France [76], and may be symptomatic of a
change in the availability of nutrient-rich pasture. Similarly, evidence for slash-and-burn culti-
vation in the Late Neolithic in central Europe [77], would have allowed agriculture to expand
into less suitable regions, increasing the availability of lower-quality feed from fallow grazing.
As body mass is correlated with forage requirements due to calf weight being negatively
affected by low nutrient intake in the gestating parent [78], one possible direction for further
research would be to investigate links between changing cattle size, regional population pres-
sures and deteriorating pasture conditions.

Conclusion
Ultimately, the exact cause of the observed size decrease remains a puzzle, open to further
investigation, requiring high-resolution archaeological and palaeoenvironmental data, such as
detailed age-at-death profiles, and isotopic data to assess changes in birth seasonality (e.g.
[79]). Nonetheless, our analysis provides compelling confirmation of a continental-wide post-
domestication phenotypic adaptation, showing a size reduction of c.33% in Neolithic domestic
cattle. Importantly, this trend is not observed in other domestic species, which may be due to
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the greater input of labour required in cattle, or a shift in their differential social status, i.e.
from being a predominantly prestige resource during the Early Neolithic to a purely economic
resource by the end of the Neolithic. Furthermore, we provide evidence of broad scale changes
in the cattle herding strategies of Neolithic farmers, particularly an increase in the number of
sub-adults in the death assemblage, which may be related to intensifying meat production.
This occurs in parallel with an increase in the exploitation of other high meat yielding animals,
such as the domestic pig, and could reflect a form of intensification driven by higher human
populations levels.
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