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The introduction and the later dispersal of domestic cattle in China had played an enormous part in food production, handicraft manufacture, and ritual activities. However, we lack the details of pastoral economies, herding strategies, and utilization patterns of cattle in ancient China. This study, for the first time, uses biometrical assessments to investigate post-domesticated cattle husbandry and how it changed over time. Biometric data from eight sites dating from the Late Neolithic to the Late Bronze Age were evaluated using kernel analysis and mixture analysis. Results indicated that the general body size of cattle first decrease and then increase. By combining the estimated distribution of male and female individuals, we can see that the sex ratios affect size variation during Bronze Age times. Although no breed improvement has been detected so far, the herding and slaughtering strategies over time are different.
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Introduction

First domesticated in the Near East during the late 9th millennium BC and soon spread into the neighboring regions (Peters et al., 1999; Helmer et al., 2005; Arbuckle and Makarewicz, 2009; Hongo et al., 2009), cattle (Bos taurus), the domesticated form of the extinct aurochs (Bos primigenius) has been an important animal to many ancient societies since prehistoric times as it provides not only meat and milk for subsistence but also hide, blood, dung, traction, and even bones that contribute to the organization of human beliefs, cultural attitudes, and social complexity (Sherratt, 1981; Evershed et al., 2008; Campbell et al., 2011).

Changes in the animal body size were proven to be a powerful indicator in explaining both hunting and husbandry activities in ancient times, such as selective hunting (Zhang et al., 2022), early domestication (Grigson, 1989; Zeder and Hesse, 2000), herding strategies (Manning et al., 2015), and husbandry improvements (Davis and Beckett, 1999; Albarella et al., 2008; Davis, 2008; Wright, 2021). Previous biometrical analysis suggested that aurochs were widely hunted in China during the Early Neolithic and the Middle Neolithic times (−2300 BC), based on their relatively large body size compared with the standard animal and later samples. The small-sized domesticated cattle make its first appearance in the middle Yellow River Valley not earlier than 2300 BC (Yu, 2020). Bimolecular investigations confirmed that the domestication of cattle is a single event (Bollongino et al., 2006, 2008, 2012; Edwards et al., 2007), and domestic cattle in China were descendants of their Near East ancestors (Cai et al., 2014). However, the time and by what routes domestic cattle were introduced into China are still unclear (Yu, 2020). In addition, no previous study has investigated the details of cattle utilization after its introduction. This study, for the first time, reveals the patterns of change and diversity in cattle body size that are linked with husbandry practices and slaughtering strategies across northern China from the Late Neolithic to the Late Bronze Age, which helps to tease apart questions about livestock raising development and socio-economic organization in the past.


Archeological background and site description

In this study, biometrical data of domesticated cattle from eight archeological sites spanning the Late Neolithic through the Late Bronze Age periods (2300–771 BC) were involved (Figure 1 and Table 1). The Late Neolithic (2300–1900 BC) settlement sites of Shimao, Zhoujiazhuang, Muzhuzhuliang, and Shengedaliang belonged to the late Longshan Culture, which dates back to around 2300–1900 BC. Recent discoveries revealed a similar pattern of site layout, including large settlements, numerous house foundations, pits, as well as burials (Drennan and Dai, 2010; Shaanxi Provincial Institute of Archaeology, 2015, 2016; Hu et al., 2016). zooarchaeology, archaeobotanical, and isotopic analyses from these sites revealed that intensive agriculture was taking place focusing on millet cultivation and caprids-pig-based herding economy (Zhao and He, 2006; Chen et al., 2012, 2015; Brunson et al., 2015; Hu et al., 2016; Yang et al., 2021). As previous research suggested, mammal species discovered from archeological sites in the Early Neolithic and the Middle Neolithic (−2300 BC) comprise mainly wild boar and domesticated pig [Sus scrofa, 15–85% by number of identified specimens (NISP)], as well as various kinds of deer (up to 80% by NISP), including roe deer (Capreolus pygargus), red deer (Cervus elaphus), Père David’s deer (Elaphurus davidianus), sika deer (Cervus nippon), Chinese water deer (Hydropotes inermis), and muntjak (Muntiacus spp.) (Yu, 2019). Bos remains from these periods were all aurochs and guar (Chen et al., 2020; Yu, 2020). Domestic cattle were introduced in China around 2300 BC; therefore, data from the Late Neolithic represent the circumstance of the earliest stage of cattle husbandry in Chinese civilization (Yu, 2020).
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FIGURE 1
Map of archeological sites included in this study. 1. Shimao; 2. Muzhuzhuliang; 3. Shengedaliang; 4, Huoshiliang; 5, Xiaomintun locus of Anyang Yinxu, Zhangdeng; 6, Guandimiao; 7, Xinzhai; 8, Wadian; 9, Erlitou; 10, Nanwa, Wangchenggang; 11, Zhoujiazhuang; 12, Taosi; 13, Donglongshan; 14, Fengxi; 15, Zaoshugounao; 16, Zaolinhetan; 17, Nianzipo; 18, Yuntang, Qijia, Zhougongmiao locus of Zhouyuan; 19, Changning.



TABLE 1    Sample sources for the Late Neolithic to the Late Bronze Age cattle.
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The Early Bronze Age (1900–1500 BC) sites comprise Erlitou Culture settlements of Nanwa and Donglongshan (Shaanxi Provincial Institute of Archaeology and Shangluo Museum, 2011; Department of Archaeology Zhengzhou University, 2014), and Qijia Culture settlement Changning (Li, 2012). Previous zooarchaeology studies revealed that the faunal assemblages of Nanwa and Donglongshan were dominated by domestic pigs, and Changning was dominant by caprids (Hu, 2011; Li, 2012; Yu, 2014). Analysis of archaeobotanical remains from the Nanwa site suggested a dry-land agriculture tradition heavily relied on millet (Wu et al., 2014).

The Late Bronze Age (1046–771 BC) period was represented by Yuntang bone-working locus belonging to the early and mid-Western Zhou Dynasty. Yuntang locus is located within the core area of the Zhouyuan site, the dynastic capital of the Zhou Dynasty. The total size of Yuntang is approximately six hectares. In the first excavation in 1976, more than 10 tons of bone materials were recovered in an area of 350 m2. In 2013, the Zhouyuan Archeological Team proposed to include the study of the Yuntang bone-working industry as a subproject in the long-term research project “Settlement and Society at Zhouyuan” and decided to conduct a new season of survey and excavation at the Yuntang locus. In 2014, Zhouyuan Archeological Team excavated a trench (14ZYG1) of 20 m2 (2 × 10 m, 3–3.5 m in depth) at the northeast part of the site, approximately 30 m north of the excavation location in 1976. In total, 1.9 tons of bones were recovered. Cattle bones dominate the entire faunal assemblage followed by pigs and caprids (Zhao, 2017).




Materials and methods

Osteometric data used in this study include metrics collected for this study and from published sources (Table 1). This is by far the largest dataset of archeological cattle bone metrics from China. A scatter graph was commonly used to compare the dimensions of archeological specimens (Yu, 2020), but this method requires a relatively large sample size. Besides, two or more dimensions from each specimen will be needed for data plotting, which rarely happens in archeological assemblages. One of the most significant advances to increase the sample size for biometrical methods is the application of the log size index technique. However, the fundamental imperfection of this approach is that the method is based on the assumption that all measurements vary proportionally with the size of the standard animal, ignoring the fact that allometry will have an impact on body proportions, which do vary by age, sex, environment, region, breed, and so on. Meanwhile, by lumping all measurable data together, element-specific information will be weakened (Meadow, 1999).

Therefore, in this study, we used the greatest breadth of the distal end (Bd) of metacarpal to chase the variation of body size and sex ratio among periods, as it has the highest frequency and best preservation condition (Yu, 2020) and relatively high value for size estimation (von den Driesch, 1976) and sex differentiation (Higham, 1969; Svensson et al., 2008; Prummel and Niekus, 2011; Davis et al., 2012; Telldahl et al., 2012) of all measurable body parts. Biometric data were collected on all completely fused metacarpals discovered in the studied sites, following von den Driesch (1976) with a Mitutoyo caliper (precision: tenths of millimeter). As cattle are animals with determinate growth, once fusion takes place further growth in most body dimensions is no longer possible (Reitz and Wing, 2008). The distal metacarpal of cattle fuses around 2–2.5 years of age (Silver, 1969), which said that the age of all individuals involved in this research is subadults and adults (O’Connor, 1991; Jones and Sadler, 2012), older than 2 years of age.

Raw osteometric measurements were first displayed in boxplots showing the variations of the median, inter-quartile range, and maximum and minimum values among the three studied periods. These data were then plotted in histograms for the demonstration of distribution together with kernel analysis, which helps to smooth the distribution of the frequencies of the quantitative variable. Finally, mixture analysis was performed in order to evaluate the number of groups present in a sample and assign each variable to a corresponding group. This method was proved to be a powerful tool for sexing populations. In the meantime, the proportions of each group, mean, and standard deviation were also provided (Monchot et al., 2005). The statistical differences between biometrical data were examined among periods and assigned groups via the Mann–Whitney U test. The level of statistical significance was set at p = 0.05. Statistical tests and analysis for biometric data were performed using PAST 4.07 (Hammer et al., 2001).



Results


The change in general body size

According to Figure 2, the general body size represented by the greatest distal breadth of metacarpals changed through time. The size of Early Bronze Age cattle decreased when compared with Late Neolithic. In contrast, Late Bronze Age cattle showed a marked increase in the median metacarpal Bd value from 60.91 to 66.76 mm. However, the results of the Mann–Whitney U test were not significant (Table 2).
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FIGURE 2
Boxplots showing median, inter-quartile range, and maximum and minimum values for cattle metacarpal Bd.



TABLE 2    Mann–Whitney U test pairwise comparisons of cattle metacarpal Bd from the Late Neolithic to the Late Bronze Age periods.

[image: Table 2]



Sex ratio diversity among periods

What stands out in Figure 3 is a clear bimodal distribution of metacarpus Bd measurements of cattle bones from three periods, supported by histograms and kernel density curves. Thus, the mixture model was successfully fitted for each period. As males are generally larger than females among most mammals (Higham, 1969); therefore, a lower mean value corresponds to female individuals, and a higher mean value corresponds to male individuals. Previous studies indicated that the greatest length (GL) and the smallest breadth of the diaphysis (SD) of metacarpus were commonly used as indicators for tracing castrates (Albarella, 1997; Minniti and Abatino, 2022), as their limb bones tend to be slender and longer due to the delay of epiphyseal fusion (Davis, 1996, 2000). However, complete metacarpus is extremely rare in our current data set, which enabled the determination of steers. Thus, we used male/castrate cattle to indicate individuals of larger body sizes. The estimation of probable proportions of female and male/castrate cattle, mean and standard deviation, and numbers of assignment of female and male/castrate cattle in each period are reported in Table 3.
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FIGURE 3
Histograms with Kernel density curves (green) showing the distribution of metacarpal Bd of cattle from the Late Neolithic to the Late Bronze Age and the results of mixture analysis modeling grouping (red).



TABLE 3    Mixture analysis results of metacarpal Bd and numbers of assignment of female and male/castrate cattle in each period.
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Table 3 shows a marked decrease in the size of the Early Bronze Age individuals. Both female and male/castrate groups were 3 mm smaller when compared with the Late Neolithic ones. However, no statistically significant difference between the means of the Late Bronze Age and the Early Bronze Age was evident. Moreover, the sex ratio also changed over time. The female probability across assemblages reduced from 66 to 56% and then 30%, and the probable proportions of male/castrate cattle increased accordingly. Finally, there was no significant variation between the size difference of the two sexes with time, as male/castrate metacarpal Bd was larger than female by 9 mm at all times.

Table 4 shows a significant Mann–Whitney result (p ≤ 0.05) between the Late Neolithic female and the Early Bronze Age female as well as Late Bronze Age female, indicating the size change among female individuals through time is obvious. In contrast, size variation among male/castrate individuals is not statistically significant.


TABLE 4    Mann–Whitney U test pairwise comparisons of female and male/castrate cattle metacarpal Bd from the Late Neolithic to Late Bronze Age periods.
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Discussion and interpretation


Body size variation and natural factors

Previous studies demonstrated that body size reduction was a consequence of domestication, such as pigs, cattle, and caprids in the Near East (Peters et al., 1999; Hongo et al., 2009). After they were introduced to Europe, the body size of cattle decreased from Neolithic to pre-Roman Iron Age (Schibler and Schlumbaumm, 2007; Manning et al., 2015) and then increased from the Iron Age/Roman transition period and beyond (Davis and Beckett, 1999; Albarella et al., 2008; MacKinnon, 2010; Colominas et al., 2014). However, some datasets in Europe addressed that breed improvement indicated by size increase might have happened during the Neolithic and Bronze Age (Gaastra, 2014; Wright, 2021), much earlier than the Roman conquest.

Yet, body size was linked to many factors, including natural and artificial (Reitz and Wing, 2008). In this study, we discussed the possibility of natural factors, which might have caused such variation. Climate and environmental diversity is one significant natural factor that affects animal body size. For instance, biometric data of modern wild goats and ancient aurochs confirmed the presence of geographical variation, with body mass smaller in warmer environments and larger in colder environments (Zeder and Hesse, 2000; Wright and Viner-Daniels, 2015). We would expect that such influence affects all species if this is the main factor related to our dataset. However, pig and sheep biometric data collected from the Late Neolithic to the Late Bronze Age China indicated no distinct variation in animal body size (Luo, 2012; Zuo, 2018). Our data show that the directional size reduction only affected cattle, and therefore, climate and/or environment as causal factors during the post-domestication period can be rejected.

Another natural factor could be hybridization with wild ancestors after domestication. Measurements of cattle postcranial bones revealed a gradual size reduction during the late 9th millennium BC and revealed the early stage of indigenous domestication (Peters et al., 1999; Hongo et al., 2009). The sex-specific analysis also confirmed this trend (Helmer et al., 2005). We can assume that both female and male individuals are smaller than their ancestors of the same sex. Therefore, crossbreeding between female aurochs and male domestic individuals and male aurochs and female domestic individuals would both lead to a size increase. Ancient DNA evidence confirmed the incorporation of wild stock into a domestic cattle herd from a complete metacarpal in Switzerland, which was directly dated to 3,360–3,090 cal. BC. This small and compact adult bovid is morphologically and genetically a female. This cow possessed a novel mtDNA P haplotype variant of the European aurochs, which can be explained as breeding with female aurochs (Schibler et al., 2014). However, the circumstance of hybridization is generally very rare; therefore, we considered that its influence on body size is minor. Taken together, natural factors might not have been the primary cause of cattle body size variation in the post-domestication period.



Cattle body size variation from the Late Neolithic to the Early Bronze Age

From the body size distribution analysis above, we can see that in China, although not significantly supported by the Mann–Whitney U test, the general body size represented by metacarpal Bd decreased from the Late Neolithic to the Early Bronze Age. The decrease in body size was normally explained as the increase in the proportion of smaller individuals, females for instance (Manning et al., 2015). However, the variation of sex ratio over time revealed by mixture analysis suggested that the numbers of female individuals in the Early Bronze Age decreased by 10% (Table 3), thus not supporting the hypothesis of an increase in the proportion of females.

The means of male/castrate and female assigned by mixture analysis proved that both male/castrate and female from the Early Bronze Age were smaller than in earlier periods (Table 3). A possible explanation for this might be that the body weight of reproductive (female) individuals is decreasing. Age at puberty is important as a production trait. The puberty of modern cattle ranged from 10 to 24 months, with an average of 15 months, which means that heifers are bred to calve at the age of 2 years, as the gestation period is approximately 9–10 months (Hafez and Hafez, 2000). However, modern herders make the decision based on weight, not age. Weight is strongly linked to nutritional status, which determines the hormone level of puberty. The traditional rule in heifer development has been to develop heifers to 60–65% of their mature weight by the start of the breeding season. However, the latest animal science research suggested that from an economic standpoint, developing heifers to 50–55% of their mature weight, may yield more economical results as heifers that conceive early in the first breeding season have greater lifetime production. However, smaller heifer development weights may mean lower pregnancy rates and lower birth weights (Funston and Deutscher, 2004).

A similar hypothesis has been raised by Manning et al. (2015) as the size reduction was caused by a younger subadult reproduction age. In fact, weight, size, and age are significantly correlated (Reitz and Wing, 2008), the shift in size suggested changes in weight and/or age. Thus, the fundamental mechanism behind this observation is the lightening of heifer target weights. In modern systems that impose restricted breeding periods, calving by 24 months of age is necessary to obtain maximum lifetime productivity (Patterson et al., 1992). Although we are unable to evaluate the exact age of puberty and calving of ancient cows, the smaller size of metacarpus Bd from the Early Bronze Age is linked to a group of cattle that was delivered by lighter (smaller and younger) heifers, when compared with those from the Late Neolithic.



Cattle body size variation from the Early Bronze to the Late Bronze Age

In contrast, cattle body size increased during the Late Bronze Age compared with the Early Bronze Age. The size increase was usually interpreted as breed improvement, a direct correlation with meat yield and traction (Albarella et al., 2008). However, in our dataset, the general size increase of the assemblage does not coincide with the size increase of individuals. Mixture analysis addressed that the means of assigned female and male/castrate of the Late Bronze Age is almost the same as the Early Bronze Age. The reason for this general gain in size is due to the increased proportion of male/castrate individuals from 44 to 70% (Table 3). So, why did the slaughtering pattern of cattle undergo such a substantial shift in sex ratio?

As cattle is an animal that can be exploited for multiple purposes including meat, milk, and traction. Based on the values one can provide from different age stages and sexes, mortality pattern was widely used to chase herders’ decisions. For example, if meat production is the aim, most individuals are killed when they reach the optimum point in weight gain (Payne, 1973). The high percentage of slaughtered male claves, in contrast, is strongly linked to the intensive exploitation of dairy products (Balasse and Tresset, 2002; Balasse, 2003).

In Yuntang, the survivorship of cattle was generated from epiphyseal fusion order and timings (Silver, 1969), as mandibles were not brought to the site. The result suggested that 100% of the individuals survived through the first year and 99% survived till the age of 2 years. Sizable slaughter started during the 2–3 years old stage; approximately, 31% of the cattle were killed. Notably, 39% more were slaughtered during their 3–4 years old, and only 29% of the cattle were able to survive beyond 4 years. Overall, the intensive slaughter started after 2 years of age, and the majority of cattle were butchered before reaching 4 years old (Zhao, 2017).

Yuntang is a bone workshop, and the source of cattle bones for manufacturing was thought to be originated from settlement sites outside of Yuantang across the Zhouyuan area. Thus, the complete raw materials and offcuts that provided fusion information did not represent the cattle slaughtering pattern well in the Late Bronze Age in general. This is because the bones of immature individuals may not have been transported to Yuntang for manufacturing as they were not robust enough. Therefore, we are unable to rule out the possibility of immature culling in the settlement sites, which is linked to sophisticated milk exploitation, even though nearly no individuals aged younger than 2 years existed in Yuntang.

However, we can still use this pattern to investigate the characteristic of cattle utilization in the West Zhou Dynasty. Most of the cattle in Yuntang were killed within a concentrated age range of 2–4 years. The age of 2–4 years is basically an ideal and reasonable time for butchering cattle for beef. This is because cattle would reach adult size around 2 years old. Thereafter, their size and weight would maintain stability, thus the economic efficiency of keeping cattle older than 2 years would decrease gradually (Greenfield, 1988). Thus, we considered that the majority of cattle (approximately 70%) at Yuntang were butchered mainly for producing beef. Meanwhile, less than 30% of cattle lived longer than 4 years. It seems that not many cattle were kept for long-term secondary production. The Yuntang assemblage, therefore, is considered a good dataset representing the range and distribution of cattle body sizes that were killed for meat consumption in the Late Bronze Age.

The meat provision slaughtering pattern not only demonstrated an age preference but also a sex preference. Since most of the male and castrated individuals were not needed for herd reproduction, only a few being kept for breeding. Although the present dataset did not provide enough information on the identification of oxen, we may still infer that the change of sex ratio with time was driven by intensifying meat production strategies relying on the culling of male or castrated individuals around 2–4 years old. This might be the reason why the general body size of the Late Bronze Age showed a marked increase in the median value (Figure 2).

Although biometrical data from the Middle Bronze Age (Shang Dynasty and the Pre-Zhou period, 1600–1050 BC) is scarce at the moment, the consistency of investigation on cattle husbandry during the Bronze Age is thus limited. Relative proportion, in contrast, may provide direct evidence of herders’ preference. Relative proportions of cattle, pig, and caprids NISP from sites in Northern China during the Late Neolithic and the Late Bronze Age show a marked increase of cattle remains since the Middle Bronze Age (Figure 4; Yuan, 2000; Zhou, 2007; Hu et al., 2008; Hou et al., 2009, 2018, 2019; Shaanxi Provincial Institute of Archaeology et al., 2010; Lin et al., 2013; Li et al., 2014, 2020; Yu, 2019). During the Late Neolithic and the Early Bronze Age, the relative proportion of cattle never exceed one-third of the main domesticates, and the average is 13% in the Late Neolithic and 20% in the Early Bronze Age. In the Middle Bronze Age sites of central China, cattle took up approximately 35–60% of the main three, and the average increased to 43%. During the Late Bronze Age, the average proportion increased to 48% (Yuntang was excluded as other sites were all settlements). When calculated in terms of the contribution to the primary and secondary products per head, the significance of cattle husbandry in the Middle and the Late Bronze Age times is undeniable.
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FIGURE 4
Relative proportions of cattle remains among cattle, pig, and caprids NISP of the studied sites.





Conclusion

Osteometric data for cattle from eight assemblages from the Late Neolithic to the Late Bronze Age in China were used to evaluate the differences in body size and to explore the effect of sex ratio on size variation, based on mixture analysis using the measurements of the greatest distal breadth (Bd) of the metacarpus. Evidence for time trends shows that the general body size decreased from the Late Neolithic to the Early Bronze Age and then increased from the Early Bronze Age to the Late Bronze Age.

Sex ratio estimated by mixture analysis demonstrated an increase in male/castrate individuals with time. The average mean size of each sex reduced from the Late Neolithic to the Early Bronze Age but showed no differences in size between the Early Bronze Age and the Late Bronze Age. A similar range of size reduction was detected in both sexes, suggesting that the difference between male/castrate and female breeding strategies was minor. An early shift in body size might be correlated to the lightening of heifer target weights, resulting in faster replacement of females and feed cost reduction. Later shift in sex ratio might be correlated to a slaughtering preference for male/castrate individuals. Both were linked to meat production in the Bronze Age times.

Evidenced by biometrical assessments, in conjunction with taxonomic abundances and mortality profiles, this study addressed that although also used for other purposes such as milk, traction, and ritual, the primary motivation for cattle husbandry in Bronze Age China was to fulfill the demands of beef provision. Further investigations with larger sample sizes from the Middle Bronze Age and settlement sites from the Late Bronze Age are required to confirm this cattle utilization pattern in early China.
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