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Cattle are one of the most intensively bred domestic animals, providing
humans with a multitude of products and uses. Using data from the fossil
record, we test if their domestication, as for other taxa, has resulted in a
reduction of their brain size. We not only conclude that Bos taurus (domestic
cattle) have smaller brains than their wild ancestor, Bos primigenius (aurochs),
but that brain size varies significantly by breed, with some having much
smaller brains than others. Differences in husbandry practices between sev-
eral breed categories align with a range of human engagement, which also
aligns with the degree of selection for docility. Sampling 317 domestics
from 71 breeds, we investigate if differences in brain size correlate with
the intensity of human contact. A clear pattern emerges whereby a brain
reduction gradient parallels a gradient in behavioural selection. Bullfighting
cattle, which are bred for fighting and aggressive temperament, have much
larger brains than dairy breeds, which are intensively selected for docility.
Our results add to a fundamental aspect of animal domestication theory:
the interplay between basic features of the domestic environment—selection
for docility, absence of predators and human provision of resources—seems
to explain differences in brain size.

1. Introduction

Nearly all domestic animals have been shown to have smaller brains than their
wild counterparts [1-7]. Those that are most important to humans, mostly for
consumption or companionship, display the greatest amount of reduction.
These include pigs (approx. 34%) [8] and sheep (approx. 24%) [2], and dogs
(approx. 29%) [3] and cats (approx. 24%) [3], whose brains reduce more than
twice as much as those of other domestics [6,9-12]. Quantifying these changes
has significant implications for assessing differences in information-processing
[13,14] and the speed and mode of brain evolution [15-18], particularly since
different sensory systems are variably affected in different domestic taxa [7].
Cattle are globally one of the most populous and widespread livestock [19],
and yet have not been examined for brain size change, due to the extinction of
their wild form (Bos primigenius, ‘aurochs’) nearly 400 years ago [20]. In many
ways, however, cattle are a prime model for studying domestication. Genomic
advances have highlighted the difficulty in identifying the wild ancestors of
domestic populations [21], but the aurochs has been confirmed as the wild pro-
genitor of all taurine cattle (Bos taurus) [22]. Moreover, extinction has prevented
introgression between the aurochs and domestic cattle for hundreds of years,
which may mean a clearer distinction between wild and domestic populations,
in contrast with other wild/domestic comparisons [23]. Like most domestics
today, the state of cattle is far beyond ‘initial domestication” [24]; they have
been specifically bred for a variety of purposes and phenotypes [25]. Here,
we capture this range of variation with a sample of 317 specimens across 71
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Figure 1. (a) Relative brain size difference between wild and domestic cattle. Regression of EV estimate versus MZW; table 1 for statistics. (b) Skull measurements
used for EV estimation in current study (bold) and in Finarelli [41]: BCL = braincase length and BCW = braincase width. BCH = braincase length was omitted from
analyses as it is a poor estimator of EV in bovids (Finarelli [41]). MZW = muzzle width, was used for allometric size correction. Silhouettes credited to: DFoidl
(modified by T. Michael Keesey) (aurochs), https://creativecommons.org/licenses/by-sa/3.0/; and Steven Traver (dairy). (Online version in colour.)

breeds. Using an approach that circumvents the limitations of
an extinct ancestor, we test for relative brain size change
between wild and domestic forms.

(a) Brain reduction in specialized breeds
Brain reduction in domestic taxa has been consistently linked
to two pillars of domestication: selection for tameness and
engagement with humans [24,26-30]. Anatomical studies sup-
port this, reporting that overall brain reduction is driven by the
reduction of the limbic system, a composite of brain regions
responsible for the processing of fear, reactivity and aggression
[7,11,29]. Experimental studies also support a correlation
between human engagement, behavioural selection and a
reductive influence on the brain and/or cranium [9,30-33].
However, not all domestics are tame or equally selected
for tameness, nor do they experience equal amounts of
human exposure [25,34]. Among domestic cattle, the bull-
fighting breed (Andalusian Black) is specifically selected for
aggressiveness, while other breeds have no human contact
throughout most of their lives [25,35]. More so than other
livestock, cattle breeds are specialized for a broad range of
uses [36]. These specializations correspond to different hus-
bandry practices which invariably correlate with different
degrees of human contact and selection for docility. Conse-
quently, cattle provide a model for testing whether the
amount of brain reduction in domestics (if any) depends on
the degree of docility or aggressiveness of different breeds.
Most specialized beef and dairy cattle are bred under
tailored human care, yet both types differ greatly in the inten-
sity and quality of human contact [37,38]. A few breeds are
bred for sport, like the bullfighting cattle, which are intensively
selected for aggressive temper and a tendency to fight [25].
The free-ranging park breeds, like the British White Park and
Chillingham herds—referred to as ‘wild white beasts'—were
originally enclosed for private sport or to decorate the land-
scape and are barely managed compared to other breeds
[25,35,39]. Most breeds, however, are non-specialized and are

used for a combination of dairy, meat or draught [25].
We sample this broad spectrum of domestic cattle types
(71 breeds) and test if breeds less intensively selected for
tameness or devoid of human contact have larger brains.

(b) Brain reduction and phylogeny

Our sample of domestic cattle (1 = 317) is broad enough to be
classified into breed groups based on genealogical, morpho-
logical and geographic relatedness [40]. Thus, we also test if
breed relatedness has an effect on brain size in cattle.

2. Material and methods
(@) Wild versus domestic cattle

Skull measurements were taken from 13 Pleistocene adult auroch-
sen and 317 adult domestic taurine cattle (71, mostly European
breeds) (electronic supplementary material, data D1). Measure-
ments included braincase length, width, height and muzzle
width (MZW) as in figure 1 (electronic supplementary material,
data D2). Aurochsen data were taken with mechanical calipers
(mm) by the first author. Domestic cattle data were taken from
Veitschegger ef al. [42] and converted to linear measurements.
Equivalency of measurements between the two datasets was con-
firmed by first authors of both studies. Endocranial volume (EV)
was used as a proxy for brain size, and estimated with the
‘Bovidae’ model of Finarelli [41]:

Ln(EV) = 1.3143 x Ln(BCL) + 0.8934 x Ln(BCW) — 5.2313.

In order to maintain a uniform dataset, our cranial measure-
ments were necessarily different from those of Finarelli [41], as
depicted in figure 1b; electronic supplementary material,
data D2. Greater precision would be achieved by matching
Finarelli’s measurements. However, when estimating EV as the
geometric mean of cranial dimensions, reduction results are
very similar to those when using the Finarelli model (electronic
supplementary material, data D3).

For the estimation of relative brain size differences between
wild and domestic cattle, EV was regressed against MZW in

€180L707 88T § 0§ 'Y 20id  qdsi/jeuinol/biobuiysiigndAiaposiefo H


https://creativecommons.org/licenses/by-sa/3.0/
https://creativecommons.org/licenses/by-sa/3.0/

Table 1. ANCOVA statistics for regression of EV versus MZW for wild versus domestic cattle. Logged data. Adj. R*=0.73, F-statistic = 437, DF; 314, p-value <
0.001. CI =95% confidence interval. Interactive ANCOVA (slope difference) p-value = 0.982. BH = Benjamini—Hochberg multi-test correction.

intercept
coefficient

—0.6317
—0.1282

—0.9890 to —0.2745
—0.1710 to —0.0854

wild intercept
intercept difference

log-log space, thus simulating brain-to-body size allometry in
both samples [43,44]. The slopes of the allometric lines were com-
pared with an interactive ANCOVA. If allometry did not differ, a
non-interactive ANCOVA was performed to test for intercept
differences, which were then interpreted as differences in ence-
phalization [7,8]. P-values were considered significant at values
below 0.05. P-values corrected for multi-test comparisons using
the Benjamini-Hochberg (BH) method are also provided [45].
Calculations for all analyses were made in R Studio and
conducted in R [46] using the packages ‘dplyr’ (v. 0.8.4) [47],
‘MASS’ (v. 7.3-49) [48] and ‘ggplot2’ (v. 3.2.1) [49].

MZW (figure 1) has been used previously to estimate body
size in ungulates [50]. It was chosen here as a proxy for body
size due to its preservation in many of the aurochsen skulls
sampled, and for being separate from the cranial module. We
found no indication of MZW being a selected feature in any par-
ticular breed [25,51], only that soft tissue patterns on the snout can
be used like fingerprints for individual identifications [52]. Rostral
shortening has been reported in many domestics [53-55], but
appears more correlated with morphological disparity across
breeds than between wild/domestic populations [56], and it has
not been reported in domestic cattle [42]). A test of the correlation
between MZW and mean breed body masses is detailed in the
electronic supplementary material, data D4.

Even though there is little evidence to suggest this [57-59],
one could suspect that selection for a high food intake capacity
in beef and dairy cattle could have led to particularly wide muz-
zles. To test this potentially confounding factor, we compared
MZW against posterior tooth row length (PTL), which is a
more typical body size proxy, in those specimens that presented
both variables. If, in this comparison, those species with presum-
ably the smallest brains in the brain-muzzle-width comparison
would have the highest MZW for a given body size (=PTL),
then this paper’s main finding would be compromised. There-
fore, domestic cattle breed MZW was regressed against PTL to
test for differences in MZW between breeds.

(b) Brain reduction in specialized breeds

Domestic specimens were classified into four breed types accord-
ing to their distinct specializations: dairy production (1 =41),
beef production (1 = 68), bullfighting (n =7) and park cattle (1 =4)
[25,35,39]. Brain-to-body size allometry was compared for these
four groups against wild cattle, using the same method as for
wild versus domestic cattle [7,8]. Non-specialized, i.e. multi-
purpose breeds (n=120), were compared in a supplementary
analysis (electronic supplementary material, data D5).

(c) Brain reduction and phylogeny

Domestic specimens were categorized into six phylogenetic
clusters, as per Felius et al. [40]. This classification system incor-
porates continental origin, geographic distribution, breed history
and morphological criteria [40,51]. Geographic data appear to be
most influential in determining breed relationships—a theory
that is supported by molecular evidence [40]. A subset of our

pairwise
Wilcoxon (BH) brain
p-value test p-value reduction
—348 <0.001 <0.001 —
—5.89 <0.001 <0.001 25.6%

data (n=293, from 60 breeds) could be categorized into the six
breed clusters: (i) Northern Polled Celtic (1 =40), (ii) North-
Western Lowland (1 =63), (iii) Western-Central Highland (n =
130), (iv) Highland Solid-coloured (1 =26), (v) Iberian (1 =14)
and (vi) Podolian (1 =7) [40] (electronic supplementary material,
data D1). The bullfighting cattle belonged to the Iberian cluster,
and park cattle to the Northern Polled Celtic. Brain-to-body
size allometry was compared for these six groups and wild
cattle, using the same method as for wild versus domestic
cattle [7,8].

3. Results

(a) Wild versus domestic cattle

Domestic cattle have 25.6% smaller brains than wild cattle,
according to regressions of EV versus MZW (figure 1). The
slope (allometry) of their regressions is similar (ANCOVA,
p=0.982), but their intercepts differ significantly (ANCOVA,
p <0.001) (table 1). When EV is estimated with the geometric
mean of cranial dimensions, the reduction estimate is similar:
22.0% (electronic supplementary material, data D3).

(b) Brain reduction in specialized breeds

Relative brain size varies widely among domestic cattle
(figure 1). This variation correlates with the primary use, or
selection pressure, of specialized breeds (figure 24; electronic
supplementary material, data D6). Confidence intervals of
several regressions overlap to different degrees, but mean
encephalizations (y-intercepts) depict a clear pattern of differ-
ential reduction by breed type. Dairy and beef cattle exhibit
the most distinct reductions in EV compared to wild cattle,
at 30.6% and 24.9% reduction, respectively. Both differences
are highly significant (ANCOVA, p<0.001), even after
multi-test correction (electronic supplementary material,
data D6). The difference between beef and dairy breeds is
also significant (ANCOVA, p =0.010).

MZW does not seem to increase, in relation to body mass,
from bullfighting cattle to dairy cattle—on the contrary, dairy
cattle have significantly smaller relative MZWs compared to
bullfighting cattle (p=0.028) (electronic supplementary
material, data D5). The finding of small brains per MZW in
dairy thus cannot be explained by dairy cattle having particu-
larly wide muzzles (figure 2b). In fact, this means the dairy
brain reduction estimate is likely an underestimation. The find-
ing of larger brains in bullfighting cattle also cannot be
explained by them having smaller muzzles than other breed
types (figure 2b). Brain reduction in bullfighting cattle is half
that observed in dairy breeds: 15.3% (electronic supplementary
material, data D6). The results for park cattle (n = 4) we report
with caution due to their smaller sample size, but they display
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Figure 2. (a) Brain size variation between breeds; table 2 in electronic supplementary material, data D6 for statistics. (b) MZW variation between breeds, measured
against overall size (PTL = posterior tooth row length); table 3 in electronic supplementary material, data D6 for statistics. Silhouettes credited to: DFoidl (modified
by T. Michael Keesey) (aurochs), https:/creativecommons.org/licenses/by-sa/3.0/; Steven Traver (dairy); Tracy Heath (beef); and Mariana Ruiz Villarreal (bullfighting).

(Online version in colour.)

similar encephalization to that of bullfighting cattle, with brain
reduction of 18.2% relative to the aurochs. ANCOVA tests indi-
cate these reduction magnitudes are borderline significant:
bullfighting cattle p = 0.038, park cattle p = 0.035. These values
become significant after multi-test correction (electronic
supplementary material, data D6).

Non-specialized breeds lie in an intermediate space
between dairy and beef breeds (electronic supplementary
material, data D6). Among these, we looked closely at two
unique breeds: Heck cattle (1 =3), which were initially bred
to resemble the aurochs [60], and Hérens ‘Swissfighting’
cattle (n=3), which often engage in female-to-female com-
petitive fighting [61,62]. They show no outstanding pattern
(electronic supplementary material, data D6).

(c) Brain reduction and phylogeny

When categorized phylogenetically, all breed clusters display
significant brain reduction compared to wild cattle (electronic
supplementary material, data D9). The domestic sample size
(n=280) here is more than double that in the ‘wild versus
specialized breeds’ analysis (1 = 120). Therefore, we compare
the results of both analyses considering that their statistics are
not directly comparable.

Cattle in the Iberian cluster (1 = 14) have the highest relative
brain size compared to all other clusters (electronic supplemen-
tary material, data D7). There are four different breeds within
the Iberian sample, but 50% of them are bullfighting and the
rest are beef breeds. Bullfighting cattle appear to express a
higher encephalization plateau than other Iberian breeds
including the Tudanca. A third member, the Andalusian
Black (1 =4), has a nearly flat regression line so it is unclear
how it compares to other members (electronic supplementary
material, data D7).

The remaining phylogenetic groups express serially increas-
ing brain reduction in the range of 21-31%, in the following
order: Podolian, Northern Celtic, West-Central Highland,
North-Western Lowland, and Highland Solid-coloured
(ANCOVA, p-values <0.001) (electronic supplementary
material, data D7). The park cattle (Whitepark and Chillingham
breeds) appear to have higher encephalization than most other
members in their cluster (Northern Celtic) (electronic sup-
plementary material, data D7). Only the Scottish Highland, a
specialized beef breed, plots closer to park cattle. Further com-
parisons within Iberian and Northern Celtic clusters are
detailed in the electronic supplementary material, data D7.

4. Discussion

The domestic cattle brain is reduced by approximately 25.6%
compared to the wild aurochs, as measured by allometric
regressions of EV versus MZW, adding support to the trend
observed in most domestic taxa. The magnitude of reduction
among domestics varies according to breed specialization.
These specializations align with different husbandry practices
which differ markedly in the intensity of selection for
tameness or aggression. Breed genealogy also correlates
with brain size, but even within these genealogical groups,
bullfighting and park cattle appear to have larger brains com-
pared to beef and dairy breeds in their cluster, suggesting a
significant influence on brain size by behavioural selection.

(a) Phylogenetic influence

Genealogy also correlated with brain size, but this also
appears to support our hypothesis that breeds with less
human engagement have larger brains. Iberian breeds exhibit
higher encephalization than all other breed groups. This
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distinction may be driven by bullfighting cattle, which dom-
inate the sample, but it may also be because the remaining
sample is also comprised breeds that are infrequently
handled. The Tudanca, for example, are considered ‘semi-
feral’ and have only recently been classified into a formal
breed [51]. Within the Northern Celtic cluster, park cattle
(Whitepark and Chillingham breeds) partially overlap with
the Scottish Highland (beef) (figure 3b). This may be due to
their close ancient origin [51], but may also be because the
typical husbandry of the Scottish Highland is also free-
ranging, on large pastures [63]. This breed is referred to as
a ‘less domesticated” or ‘semi-wild” breed [63] and is known
for its ability to survive on its own in harsh environments [51].

(b) Behavioural selection

In cattle, docility has been shown to be heritable [64,65], and
among all domesticates, the brain region most affected by
brain reduction is the limbic system, which is responsible
for the processing of aggression and fear [7,11,66]. When
examining how distinctly different husbandry practices are
among specialized cattle breeds, the correlation of brain
reduction and degree of human contact becomes clearer.

Bullfighting cattle are exceptional in being selected for
aggressive behaviour [25]. Similar to other cattle, their
environment is devoid of natural predators, and their nour-
ishment and protection are abundantly provided [67].
However, until the day they first enter a fighting ring as
adults, they experience no human contact [20] and spend
most of their lives ‘roam[ing] at liberty ... in unfrequented
prairies’ [67]. During these debut fights, docility is specifi-
cally selected against [25] when individuals that fight
weakly, hesitate to attack or submit to an opponent, are elimi-
nated from breeding [67]. These selective pressures may be
maintaining the bullfighting cattle brain in a state closer to
that of its wild ancestors.

Park breeds like the Chillingham and Whitepark herds
have been reared in ‘baronial parks” since 1225 AD [25,35].
They are enclosed but free-ranging, have little to no human
contact, and their life cycles are not managed, as in most
other breeds [35]. They are also not bred for any product or
aesthetic purpose [25]. The Chillingham herd, in particular,
are referred to as ‘wild’ cattle and have no human contact,
even for veterinary care [68]. This lack of human engagement
may be maintaining their larger brain, compared to other
Northern Celtic breeds. The Scottish Highland cattle, which
overlap with the park cattle, are a rare breed known for
low beef productivity and are mainly used in land manage-
ment [69,70]. Described as being ‘less affected by breeding’
they have thrived in open, harsh environments [71] and are
able to survive in marginal landscapes [72].

(c) Selection for commercial production

The dairy cow brain is reduced twice as much as that of bull-
fighting cattle, and only somewhat less than that in beef
cattle. In both types, docility is a commercially important
factor, so its selection is systematic [37]. Docility makes hand-
ling easier but also improves the volume and quality of milk
and beef production [65,73], so animals that are aggressive or
excessively fearful are culled [65]. However, dairy cattle are
more intensely selected for this due to being handled much
more frequently than beef cattle [37]. Since birth, dairy
calves experience regular human interaction through cleaning

and feeding, building bonds with humans throughout their
life [38]. This can be seen in the markedly shorter flight dis-
tances for dairy versus beef breeds [37]. By contrast, beef
herds tend to perceive humans as a potential danger [37].
There are, however, other factors that are likely adding to
the disparity in brain size between beef and dairy cattle. This
difference may be intensified by their different metabolisms
and life histories [74]. Producing milk is energetically and
physiologically more taxing than beef production: the ratio of
calories produced to calories ingested is dramatically higher
in dairy (24%) compared to beef cattle (1.9%) [19], and this con-
version is not offset by richer diets—on the contrary [75,76].
Differential allocation of resources [77] could be widening
their difference in brain size. In addition to this, reproductive
rates, which are also associated with differences in brain size,
are under stronger selection in dairy than in beef cattle [20,78].

5. Conclusion

We report a decrease in encephalization of 25.6% in domestic
cattle compared to the aurochs, as well as great variation in
brain size among domestic cattle breeds. The magnitude of
reduction appears correlated with the intensity of human
contact and the degree of selection for or against docility
and aggression. More aggressive, ‘wilder’ breeds display
larger relative brain size. Bullfighting cattle have the largest
brain of all breeds, most similar to the wild aurochs. Conver-
sely, breeds intensely selected for tameness and which have
strong human contact, have smaller brains, particularly
dairy cattle. We also observe a correlation between brain
size and genealogy, but this may also be driven by differences
in the level of human engagement.

The effect of specific selection pressures on brain size
could be further explored by sampling more breeds. Hérens
cattle, for example, are partly selected for competitive fight-
ing [61] and exhibit above-average testosterone levels [62].
Their exposure to human care is otherwise similar to other
dairy breeds [61]. A sampling of regionally distinct aurochs
is also relevant. Ancient DNA work has reported varying
mitochondrial DNA haplotypes in British and German aur-
ochsen, which are now only recorded in some domestic
Korean cattle [79]. By contrast, Italian aurochs haplotypes
are more similar to European cattle ‘landraces’ [79]. The exist-
ence of breeds with distinct breeding protocols opens
avenues for continued research in this area.
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