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Abbo and Gopher contend that we offer nothing new to the study of domestication in three recent papers
(Bogaard et al., 2021; Allaby et al., 2021, Allaby et al., 2022b). They claim that we offer no “innovation, a
new venue of research” and “use a new jargon to express old ideas.” They further claim as erroneous our
key conclusions about domestication as: protracted, co-evolutionary, comprising multiple pathways of
convergent evolution, and taking place at the landscape scale. Here we defend these recent contributions
as genuine progress that builds on previous ideas and hypotheses through empirical illustration and a
raft of new data. Combining new data with old and new theory, we develop frameworks that suggest
future directions for research.
© 2022 Elsevier Ltd. All rights reserved.
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1. Standing on the shoulders, but new heights
As opposed to our work lacking innovation, we have built-on
concepts of our predecessors, based on considerable bodies of
new data and data-types not previously available. Bogaard et al.
(2021) point out that language used to describe domestication
has its roots in 19th century European thinking. This historical
background means that revised and inclusive deﬁnitions of
domestication are needed. Some cultivated plants ﬁt less easily into
concepts developed initially for European cereals. This challenges
us to reﬁne and expand the vocabulary and concepts we use,
especially for non-cereal crops (e.g. Denham et al., 2020). This does
not mean that we can or should abandon the work of our academic
predecessors; on the contrary, it is crucial to revisit ‘old’ inﬂuential
concepts and terminology (Bogaard et al., 2021). Given the vast
body of theoretical ideas pertaining to domestication produced in
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the last century it is not surprising we have found support for some
of the concepts of our predecessors when applying hard data; for
example the concept of co-evolution between crops and people of
Darlington (1969) and Rindos (1980), and the landscape perspective proposed by Terrell et al. (2003). We might add that the
concept of different pathways to crop domestication, such as contrasting cereals and tubers (Fuller and Denham, 2022), as well as for
livestock (Zeder, 2012), was also already presaged by Harris (1977).
We bring empirical evidence from excavated archaeobotanical and
-zoological remains, together with revised and high precision
archaeological chronologies from multiple species and world regions that illustrate these processes. Where our insightful predecessors had much less empirical basis for their theories, we offer
data that both support but also move beyond previous theorizing.
We integrate evidence from genomics and ancient DNA unavailable
until the past few years. Our contributions provide new insights
into four areas.
First, these data illustrate generally protracted and variable rates
of evolution (Bogaard et al., 2021; Allaby et al., 2022a). Second, the
variable rates require explanation at the population genetic level in
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terms of selection processes, which we illustrate ﬁts a model for
competitive selection (for seed size) and environmental selection
(for non-brittle rachis), but not the truncation selection that has
typiﬁed selective breeding in agronomic contexts (Allaby et al.,
2021, 2022a). Third, morphological changes during domestication
can be compared in terms of rates across crops from different regions (grain size data in Allaby et al., 2022b), and in terms of
different phenotypic traits for the same crop (Fuller et al., 2014,
2018), as well as comparing across livestock and crops from the
same region (Bogaard et al., 2021). The processual, generally protracted yet dynamic, evolutionary rates cannot be understood from
the evidence of any single archaeological site, rather a regional
“landscape” perspective is imperative, representing something of a
paradigm shift (Allaby et al., 2021). Fourth, new data raise questions
about comparability of pathways to domestication, including how
quantitatively documented domestication in some seed crops and
livestock might differ from those of other crop types. David Harris
(1977) discussed “alternative pathways to agriculture” and highlighted major differences between cereals, tubers, tree-nuts and
ungulates within systems of hunter-gatherer exploitation and
domestication; he saw parallelisms for which he could draw on
very little zooarchaeological or archaeobotanical, and no genetic
evidence. The new body of evidence supports many of Harris's insights, but also challenges us to think about language revisions and
new frameworks of interpretation, such as the landscape and
process philosophy.

phenotypic change rather than the previous assumption of uniform
rates throughout the process (Purugganan and Fuller, 2011).
Genomic evidence suggests that wild barley populations
throughout western Asia contributed to the domesticated population (Poets et al., 2015), while the limited ancient genomic evidence
does not indicate the strong bottleneck predicted if rapid domestication had occurred (Allaby et al., 2019). Similar domestication
scenarios are inferred from ancient genomes of maize (Kistler et al.,
2018), sorghum (Smith et al., 2019) and rice (Ishikawa et al., 2022).
Human cultures also co-evolved slowly, as seen in a gradual increase and reﬁnement of stone sickle technology alongside and
after the evolution of non-shattering in cereals in western Asia
(Maeda et al., 2016), and sickle or hand-harvesting knives were
adopted after rice was domesticated in China (Fuller, 2007). Both
indicate a cultural evolution at times reactive to changes in plants.

3. Alternative selection models for domestication traits
Allaby et al. (2021, 2022a) describe three ways in which crop
selection might occur. In the classic model of environmental selection, leading to change in the population at a rate proportional to
the ﬁtness difference of a trait to an environmental threshold value.
The evolution of non-shattering follows such a process leading to a
typical logistic curve of genotype frequency. This contrasts with
selective breeding, in which individuals with a below minimum
trait value are eliminated with certainty (truncated) leading to very
rapid trait ﬁxation. A third model, described formally for the ﬁrst
time by Allaby et al., 2022b, is competitive selection, whereby a
common resource available to competing individuals is differentially acquired, such as soil resources accumulated by different
sized seedlings. The increased success in one genotype exerts a
resource cost to others, which increases with more advantaged
individuals and intensiﬁes the removal of less competitive individuals, despite a diminishing competitive advantage to individual advantaged genotypes. Overall this leads to a snowballing
rate of change in the population, a pattern that ﬁts with evidence
for seed size change under domestication across several cereals,
pulses and oilseeds (Allaby et al., 2022b).

2. Protracted rates of co-evolution under domestication
A slow ﬁxation of non-shattering morphotypes in cereals was
ﬁrst suggested by Tanno and Willcox (2006) for wheat from 4 sites
and barley from 2 sites. Since then, larger datasets have accumulated (Fuller, 2007; Tanno and Willcox, 2012; Arranz-Otaegui et al.,
2016; Allaby et al., 2017), all of which ﬁt with a process measured in
millennia that becomes visible at a regional level of study. Grain
size change, another correlate of cereal domestication, also indicates a millennial long window of change (Fig. 1). Bogaard et al.
(2021) illustrated the data for einkorn wheat and Chinese rice,
demonstrating a new approach for estimating variable rates of

Fig. 1. Archaeobotanical evidence for barley domestication traits over time. Plotted against median age, years BCE (based on summed probability of calibrated radiocarbon dates):
(left) the proportion of non-shattering rachis remains with estimated standard deviation (from Allaby et al., 2017 augmented from Riehl et al., 2013; Whitlam et al., 2020), at right,
the mean and standard deviation of grain width (from Fuller et al., 2014; Colledge et al., 2018).
2
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used to represent our data and how these categories developed (as
explored in Bogaard et al., 2021; Clement et al., 2021; Iriarte et al.,
2021), in the end our understanding of domestication must be
informed and constrained by empirical observationsdthe evidence
excavated from archaeological sites that represents the past fragmentarily, and the evidence revealed through the analysis of crop
and livestock genomes present and past. Our recent papers have
modiﬁed and renewed interpretative frameworks to accommodate
this growing empirical record.

4. Variable rates in time and space
Variable rates of phenotypic change during the domestication
process have been estimated from archaeobotanical data, marking
an improvement over linear regression estimates for the entire
process (Purugganan and Fuller, 2011). Allaby et al. (2017) introduced the idea that the rate of selection for non-shattering (in rice,
barley, einkorn and emmer) varied over time, generally accelerating as the proportion of archaeological non-shattering increased
above ~25% of the population or more, while Allaby et al. (2022a)
demonstrate periods of faster and slower evolution in grain size
(in 7 crops). Such patterns ﬁt with geographical mosaics of coevolution (Thompson, 2005), rather than conventional models of
two co-evolving local populations. Hence, we argue the process is
best understood at a landscape or metapopulation level (Allaby
et al., 2021), drawing attention to the importance of “networks of
interaction” and “broader ecological contexts” (Bogaard et al., 2021:
11). Domestication was not an event isolated in a particular ﬁeld.
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