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Abstract Under the conventional view of evolution, species
over time come to exhibit those characteristics that best enable
them to survive and reproduce in their preexisting environ-
ments. Niche construction provides a second evolutionary
route to establishing the adaptive fit, or match, between organ-
ism and environment, viewing such matches as dynamical
products of a two-way process involving organisms both
responding to problems posed by environments as well as
setting themselves new problems by changing their environ-
ments through further niche construction. Not surprising, the
analysis of niche construction is complicated. For example,
variables of interest might contain measurement error, or some
variables might not be observable. In other cases, variables
might not be datable and have to be measured at the same
date. A time-series generalization of path analysis, which itself
can be viewed as a version of simultaneous-equation analysis,
offers a means of highlighting causal relationships in complex
systems of niche construction by graphically representing a
hypothesis of causality between variables and, in some in-
stances, providing an estimated weight that a hypothesized
causal variable has on another variable. Path analysis forces
researchers to specify how variables relate to one another and
encourages development of clear and logical theories

concerning the processes that influence a particular outcome.
As we show through a case study—the coevolution of cattle
husbandry and the tolerance for milk consumption—path
analysis can also call attention to potential areas of weakness
and ambiguity in data sets and how they are used in construct-
ing inferences.

Keywords Dairying . Granger causality . Lactase
persistence . Neolithic . Niche-construction theory . Path
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Introduction

Under the conventional view of evolution, with its emphasis
on natural selection as a causal process, species over time come
to exhibit those characteristics that best enable them to survive
and reproduce in their preexisting environments (Godfrey-
Smith 1996). Although environmental change may trigger
bouts of selection, standard evolutionary theory (SET) holds
that changes in organisms, rather than changes in environ-
ments, generate the organism–environment match commonly
described as Badaptation.^ In SET, this is a one-way process.

In contrast, niche-construction theory (NCT) provides a
second evolutionary route to establishing the adaptive fit, or
match, between organism and environment. In NCT, such
matches are treated as a two-way process involving not only
organisms responding to Bproblems^ posed by their environ-
ments (SET) but also solving some of those problems, and
creating new problems, by changing their environments
through further niche construction (Lewontin 1983, 2000;
Odling-Smee 1988; Odling-Smee and Turner 2011). NCTem-
phasizes the capacity of organisms, through their metabolism,
activities, and choices, to modify not only their own niche but
also those of others (Erwin 2008; Levins and Lewontin 1985;
Lewontin 1983; Odling-Smee et al. 2003).
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In NCT, organisms co-direct their own evolution, often, but
not exclusively, in a manner that suits their genotypes. In the
process, organisms modify patterns of selection acting back
on themselves as well as on other species that inhabit their
environment. Because modification of the environment con-
tinues over generations, the process is referred to as
Becological inheritance^ (Erwin 2008; Odling-Smee 1988,
2010; Odling-Smee and Laland 2011; Odling-Smee and
Turner 2011), although the by-products of niche-
construction activities may confer no selective advantage to
the constructor itself (Jones et al. 1997; Krakauer et al. 2009;
Wright 2006). Multiple case studies, among human and ani-
mal communities, support the multiple-inheritance processes
of NCT (e.g., Furrow et al. 2011).

Numerous mathematical models have been developed to
explore the evolutionary ramifications of niche construction
(e.g., Boni and Feldman 2005; Borenstein et al. 2006;
Donohue 2005; Ihara and Feldman 2004; Laland et al. 1996,
1999, 2001, 2009; Lehmann 2008; Odling-Smee et al. 2003;
Oyama et al. 2001; Schwilk and Ackerly 2001; Silver and Di
Paolo 2006). All have concluded that niche construction is
evolutionarily consequential and that ecological inheritance
generates unusual evolutionary dynamics (Laland et al.
1996, 1999, 2000, 2001, 2009; Silver and Di Paolo 2006).
Populations evolving in response to features of the environ-
ment modified by their ancestors exhibit lag effects, such as
continuing to evolve in the same direction after selection has
stopped or reversed or had a delayed evolutionary response to
selection for a number of generations (Laland and Brown
2006). With respect to humans, mathematical models suggest
that niche construction resulting from cultural processes is
likely to be evenmore potent than gene-based niche construc-
tion (Laland et al. 2007; Odling-Smee et al. 2003; Smith
2007a). Furthermore, suchmodels establish that cultural niche
construction can plausibly modify selection on human genes
and actually drive evolutionary events (Feldman and Laland
1996; Gerbault et al. 2011; Laland et al. 2001; Rendell et al.
2011).

These claims have created a lively debate between those
possessing SET and NCT perspectives (e.g., Brodie 2005;
Dawkins 2004; Scott-Phillips et al. 2014).1 With SET as the
long-established approach, the challenge for NCTadvocates is
to test their hypotheses robustly through empirical evidence
(Odling-Smee et al. 2003; Scott-Phillips et al. 2014). One

method of testing NCT has been to detect statistically how
phenotypic characters (recipient traits) evolve as a conse-
quence of feedback from prior niche-constructing traits
(Harvey and Pagel 1991). Such analysis, for example, yielded
only weak support for hypothesized coevolution of dog use
and successful specialized reindeer economies in Late
Paleolithic (ca. 14.7–11.5 thousand years ago) Scandinavia
(Riede 2011).

Because NCT involves complex cause-and-effect relation-
ships, fitting NCT predictions to real data can be challenging,
especially concerning human niche construction, which often
involves genetic and archaeological evidence that vary in time
intervals, strength of selection, and regional variation. It is one
thing to posit NCT as a driver of evolution; it is another to
prove it, especially in situations where one is confronted with
a large number of confounding factors such as missing data
and measurement error—not uncommon occurrences in ar-
cheology. Here, we propose an explicit path-analysis approach
as a way forward. Path analysis has a long history in the life
sciences (Wright 1921, 1934) as well as in the social and
behavioral sciences (e.g., Dunbar and Shultz 2007; Pearl
1995, 2009; Shipley 2000; Wolfle 2003).

In brief, path analysis offers a way of graphically
representing a hypothesis of causality (sometimes weighted)
between variables. By forcing researchers to specify how var-
iables relate to one another, path analysis clarifies the hypoth-
esized processes that influence a particular outcome (Lleros
2005). In simplified terms, path analysis effectively uses
multiple-regression analysis to estimate the strength of effects
in a hypothetical causal system (Lleros 2005; Scheiner et al.
2000). In one approach, the hypothesized causal scheme is
used to make predictions about patterns of evolution, either
from first principles or from previous experimental and obser-
vational studies (Scheiner et al. 2000).

Let us start with SET, which is based on a straight-line path:

Selection→Organismst→Adaption→Organismstþ1

Here, environmental change works on a population of or-
ganisms at time t, leading to differential reproduction and the
appearance of an adaptation in the subsequent population at
time t+1. Under SET, any path dependence is independent of
the activities of the focal organisms. As originally formulated
in the cross-sectional literature (e.g., Wright 1934), path dia-
grams were recursive, meaning that cause moves in one direc-
tion only, so that if X1 affects X2, then X2 does not affect X1

either directly or indirectly.
When we consider a path under NCT, however, the chal-

lenge of testing it (versus SETas the null hypothesis) becomes
apparent. NCTcan imply not only multiple possible pathways
but also pathways whose dynamics are interdependent and
therefore prone to feedback in the long-term dynamics.
Thus, selective environments encountered by descendent

1 To clear up possible confusion, we need to make clear that the article by
Scott-Phillips et al. (2014), BThe niche construction perspective: a critical
appraisal,^ started out with four authors—Thomas Scott-Phillips, David
Shuker, Tom Dickins, and Stuart West—all of whom subscribe to the
position that NCT is little more than a proximate mechanism that is
already accounted for by SET. They then invited Kevin Laland, a prom-
inent NCT advocate, to join them as an author and to respond to their
claims. The contexts in which we cite the article should make it clear
which side we are talking about.
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organisms at time t+1 stem not only from independent
sources of natural selection pressures—climate, for exam-
ple—but also from sources of natural selection that have pre-
viously been modified by ancestral niche construction. The
two-way nature of NCT pathways, often featuring multiple
dependent variables, makes them well-suited to modern
path-diagram analysis, which deals with causality in both di-
rections (Hauser and Goldberger 1971; Heckman and Pinto
2014).

Given that the debate between advocates of NCT and SET
lies in the time-series domain, we focus here on path analysis
and Granger (1969) causality testing within it. We hope to
move the debate into a statistical-testing domain by introduc-
ing concepts from time-series causality analysis, such as
exogeneity testing (Engle et al. 1983; Ericsson 1992;
Geweke 1984) and, more recently, time-series directional-cau-
sality testing and path-diagram analysis (Eichler 2007). These
concepts allow us to discuss not only what is needed to test
NCT versus SET but also to discuss who should bear the
burden of proof in a precise manner: What is the null hypoth-
esis being tested? What should be the choice of significance
level? What should be the alternative hypothesis? Our own
inclination is that, while SETmay serve as the null hypothesis,
more latitude (e.g., higher p values before rejection) should be
given for exploring NCT as an alternative hypothesis in order
to harness the creativity of the hypotheses it generates (Laland
and Sterelny 2006). As we intend to show, this is especially
important because NCT places a high burden of proof on
archaeological and genetic evidence and should not be
rejected before we obtain the resolution of evidence to test it.

To exemplify how this approach sharpens the SET–NCT
debate, we discuss the evolution of lactase persistence among
humans, which has become Ba flagship illustration of niche
construction^ (Scott-Phillips et al. 2014, p. 3). We hope to use
the discussion as a prelude to identifying not only lines of
further data acquisition and analysis but also the precise kinds
of data that will be needed, including proxy data in instances
where direct measures are impossible to attain.

NCT case study: the coevolution of cattle husbandry
and lactase persistence

Despite the nutritional value of milk (Wooding 2007) in its fat,
proteins, carbohydrates, vitamins, and calcium, about 65 % of
the world’s population does not have the lactase persistence
allele (LP) and cannot digest milk because of an inability to
break down the disaccharide lactose into its two monosaccha-
rides (Ingram et al. 2009; Itan et al. 2010; McCracken 1971;
Simoons 1970). LP populations lie mainly in Western Africa,
the Middle East, North America, and northern Europe, where
LP rates can exceed 95 % (Ingram et al. 2009; Itan et al. 2009,
2010). Most LP populations have a prehistory of dairying

activity (Gerbault et al. 2011), and there is strong phylogenetic
evidence that adult lactose tolerance must have arisen inde-
pendently at least three times in cultures that already kept
animals for milk but not in nondairying cultures (Holden
and Mace 1997; Mace 2009).

Despite multiple origins (Mulcare et al. 2004; Nagy et al.
2011; Schlebusch et al. 2013; Tishkoff et al. 2006), the pattern
in Europe, which is tied to a single nucleotide polymor-
phism—13910*T, located 13.9 kilobases upstream of the lac-
tase gene (Enattah et al. 2002)—appears to explain much of
the modern distribution of LP (Gerbault et al. 2013; Itan et al.
2010). Estimated dates of origin of the LP allele range from
about 2000 years ago to just over 20,000 years ago
(Bersaglieri et al. 2004; Coelho et al. 2005; Mulcare 2006).
The allele has not been found (so far) in ancient DNA extract-
ed from early Neolithic Europeans of 7000–8000 years ago
(Burger et al. 2007). Farming diffused from Anatolia to
Britain over these same millennia, so it appears that dairying
spread with the earliest Neolithic populations of Europe
(Gerbault et al. 2011), although there was by no means equal
coverage by such populations (Gamba et al. 2014). The LP
allele had risen to over 70 % in west-central Europe—its
more-or-less modern percentage—by around 1200 AD
(Krüttli et al. 2014).

Overall, the combined genetic and archaeological evidence
(discussed later) indicates that the natural-selection coefficient
for LP in European populations is among the strongest of any
gene in the genome, between about 0.1 and 0.2 (Bersaglieri
et al. 2004; Tishkoff et al. 2006). Although Bno definitive
conclusions have been drawn about why LP was so
advantageous^ (Gerbault et al. 2013, p. 988), it seems reason-
able to assume that milk provided nutrients more reliably than
seasonal crops (Shennan et al. 2013) and that strong selection
for the LP allele would have necessitated milk production
being a reliably learned tradition, such that the offspring of
milk drinkers were themselves milk drinkers with high prob-
ability (Aoki 1996; Feldman and Cavalli-Sforzi 1989). Both
aspects are likely if there existed specialist traditions of pro-
ducing cheese—manufactured in central Europe beginning
6800–7200 years ago (Bogucki 1986; Salque et al. 2013)—
as it is more digestible, less perishable, and more transportable
than raw milk (Lomer et al. 2008). Probably Bthe manufacture
of cheese was an essential step in the exploitation of milk by
populations who possibly had a high level of lactose
intolerance^ (Bogucki 1984).

Other cultural dynamics would have enhanced the niche-
construction effects of dairying: domesticated cattle provided
not only milk, meat, and labor but also sociocultural advan-
tages such as status and wealth, which correlate positively
with human reproductive success (Bogucki 1993; Conolly
et al. 2012; Mace 1998). Demographic processes in early
Neolithic Europe were also a factor, especially if population
sizes experienced bottlenecks through substantial cycles of
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rise and decline (Shennan et al. 2013). Consequently, selection
on LP should have varied across time and space (Gerbault
et al. 2011).

Understanding LP causality through path analysis

Given that the LP allele spread only after domesticated dairy
animals were introduced (Burger et al. 2007), both SET and
NCT advocates agree that prehistoric dairying effected a se-
lective pressure to which human genomes responded through
lactase persistence (Burger et al. 2007; Curry 2013; Flatz
1987; Gerbault et al. 2011, 2013; Harvey et al. 1998; Hollox
et al. 2001; Leonardi et al. 2012; Myles et al. 2005; Ulijaszek
and Strickland 1993). The difference between SET and NCT
lies in the pathways they invoke in explaining this evolution.
In SET, Bthe advent of dairy farming…meant that variation in
the gene(s) for lactose tolerance… correlated with variation in
fitness, which was acted upon by natural selection^ (Scott-
Phillips et al. 2014, p. 3; see also Gerbault et al. 2011). In
other words, SET sees dairying, like climate, as just another
aspect of the exogenous environment that contributes to selec-
tion pressure. In NCT, the fact that dairy farming preceded
genetic change is more significant in that dairy farming is
what caused the evolutionary event of LP. Unlike environ-
mental change, niche construction, as Bthe expression of ge-
netic and acquired (semantic) information,^ drives the ecolog-
ical change, often over multiple generations (Scott-Phillips
et al. 2014, p. 5).

Path analysis makes the difference between SET and NCT
accounts more explicit. The path diagram for NCT, shown in
Fig. 1, illustrates a chain of proposed causal influences in the
evolution of LP, such that the domestication of cattle triggers
(1) milk consumption, which (2) favors the spread of LP, (3)
which promotes further milk consumption, which (4) elicits
further milk-product manufacture and consumption, which (5)
leads to selective breeding of cattle, which (6) selects for alleles
conferring high milk yield in dairy cattle. In addition, cattle
farming and dairy-product consumption (7) lead to population
growth, which (8) triggers dispersal into new environments.

In the LP example, matters are complicated by using prox-
ies for actual variables, such as cattle raising inferred from
archaeological faunal remains (with specially bred dairy cattle
inferred from the age–sex structure, which itself is inferred),
milk consumption inferred from genetic markers and milk
residues on pottery (supposed nonceramic containers such as
gourds are used), and population growth inferred from the size
and number of Neolithic communities through time and/or the
fraction of adolescents among human skeletons recovered.
The chronology of all these changes is based on radiocarbon
dating, which has a substantial uncertainty during the
Neolithic period because of Bflat^ sections of the radiocarbon
calibration curve.

At any point in the analysis, we might be confronted with
problems that seem intractable, such as large measurement
error, variables that are not separable, or variables with uncer-
tain dates. We maintain, however, that path analysis offers a
way forward and here turn to simple methods—Granger cau-
sality testing and linear vector autoregressions—that can be
used with limited data to test for causality as well as to esti-
mate the strength of a path within a causal-path diagram.

Granger causality

Because niche construction involves bi-directionality, we use
Eichler’s (2007) notion of path diagrams that was developed
specifically for nonrecursive, time-series analysis (Granger
1969). We refer to this as Granger causality. This general
linear modeling approach involves a variety of structural-
equation modeling methods (Geweke 1984; Maruyama
1998). We stress here that Granger Bcausality^ is not Btrue
causality^ in the sense of Heckman and Pinto (2014).
Rather, it is only a statement about incremental prediction.
We say that time series X Blinear Granger causes^ time series
Y if past values of X and Y incrementally predict future values
of Y better than past values of Y alone.

Although the coupled dynamics of NCTare nonlinear (Han
and Hui 2014; Laland et al. 1999; Leonardi et al. 2012), we
nonetheless start by imagining linear stochastic dynamics.
Linear methods enable us to use some of the simplest concepts
from time-series analysis to begin to scratch the surface of this
difficult identification-and-quantitative-estimation problem in
settings where data availability is lean and data quality is low.
We can consider Granger causality testing as applied to the
niche-construction context in a minimalist dynamic linear sys-
tem of regression equations (nonparametric and nonlinear ver-
sions can be found in Diks and Panchenko (2006) and
Bahadori and Liu (2013).We restrict ourselves to linear vector
autoregressive systems as a workable approximation (at the
initial stage where the frequency of the LPt allele is close to
zero), but we point out that a variable such as allele frequency,
LPt, lies in the interval [0,1], so clearly, we must use a general
nonlinear Granger causality approach that respects this basic
nonlinearity2 in a more realistic approach.

2 In the nonlinear case, an example of Granger causality testing in the
context of a nonlinear analog of the bi-variate linear example (1b) is to
test for the cross partial derivative, ∂f2(Mt,LPt,e2,t+1)/∂LPt=0, in the pair
of nonlinear Eq. (1a),

Mtþ1 ¼ f 1 Mt ;LPt; e1;tþ1

� �
;LPtþ1 ¼ f 2 Mt; LPt ; e2;tþ1

� � ð1aÞ

Testing ∂f2(Mt,LPt,e2,t+1)/∂LPt=0, instead of α21=0, in the linear
Eq. (1b) can be done using the methods of Diks and Panchenko (2006)
and Bahadori and Liu (2013). Lee et al. (1993) discuss testing for the
presence of neglected nonlinearity. Please see the appendix for more
discussion of nonlinear dynamical systems and the NCT–SET issue.
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Initially, we thought that, for simplicity of an initial illus-
tration, we could restrict ourselves to the bivariate linear
autoregressive system (1) below,

Mtþ1 ¼ α10 þ α11Mt þ α12LPt þ e1;tþ1; t ¼ 1; 2…
LPtþ1 ¼ α20 þ α21Mt þ α22LPt þ e2;tþ1; t ¼ 1; 2…

ð1aÞ

where LP denotes fractions of people with the allele, which we
call the Bgene pool,^ andM denotes numbers of dairy animals,
which we call the Benvironment.^ This formulation is quite
restrictive, however, because it allows only direct influences
between LP andM (via coefficientsαij) rather than the indirect
influences of the more complex niche-construction pathways
that we set out below.

We assume the system (1a) as well as (1b) below is initial-
ized with a very small value of LP1. We emphasize that all
series that we write down are assumed to be stationary and to
satisfy the relevant assumptions needed for valid regression
analysis. Greene (2003, Chapter 20) contains an excellent dis-
cussion of problems that arise in time-series analysis. In a
more realistic nonlinear system, in which the probability that
the LP allele Binvades^ the population depends on a critical
density of dairy animals, we could assume α22=α22(Mt) is
zero until Mt is large enough that it becomes positive.

That dairy animals were present before emergence of the
LP allele is not decisive in the SET–NCT debate, as both can
incorporate this into their accounts (Scott-Phillips et al. 2014).
The difference is that SET sees domestication as Bthe
environment^—no different in evolutionary perspective than
climate, for example—whereas NCT sees domestication as
the start of the human-constructed niche (O’Brien and

Laland 2012). In other words, an SET hypothesis would let
the density of dairy animals at date t,Mt, Bcause^ the frequen-
cy of lactase persistence at date t+1, LPt+1. Under SET, this is
one-way causation, as LPt does not then Bcause^ more dairy
animals,Mt+1, at date t+1 any more than it would Bcause^ the
state of the climate at date t+1.

For NCTskeptics, at the risk of repeating, the change in the
number of dairy animals, unless there was evidence of active
domestication of those animals (e.g., evidence of cheese or
yogurt consumption), is analogous to a change in climate
(Scott-Phillips et al. 2014). In Eq. 1a, this implies α12=0
and α21≠0. In other words, all feedback is from the presence
of dairy animals at date t to the number of people having the
LP allele at date t+1. We will refer to the hypothesis α12=0 as
Bonly the earlier and current environments cause the future
gene pool^ and consider it as the null hypothesis.

To make their case, NCTadvocates would like to reject this
null hypothesis, H0:α12=0, in favor of α12>0, which would
be consistent with the NCT view that Neolithic groups with
the LP allele at date t constructed a Bniche^ of more dairy-
producing animals at date t+1 than would have been present if
α12 were zero. We doubt, however, that SET advocates would
be very impressed with an NCT study that rejected this partic-
ular null hypothesis in this bivariate system. They would like-
ly point out that a population with a higher fraction of the LPt
allele would surely be associated with more dairy-producing
animals at period t+1 and, hence, testing H0:α12=0 is not a
Bfair^ test of their position. SET advocates might argue that
we need to add a third equation for the dynamics of the pop-
ulation and the effect of those dynamics on the number of
dairy animals, e.g.,

Fig. 1 Path diagram depicting the chain of causal influences following a
cultural niche-constructing practice for dairy farming (from O’Brien and
Laland 2012). Cultural processes are shown in light-blue boxes, and ge-
netic change is shown in yellow boxes. The domestication of cattle trig-
gers (1) milk consumption, which (2) favors the spread of lactase persis-
tence (LP), (3) promoting further milk consumption, which (4) elicits

further milk-product manufacture and consumption, which (5) leads to
selective breeding of cattle, which (6) selects for alleles conferring high
milk yield in dairy cattle. In addition, cattle farming and dairy-product
consumption (7) lead to population growth, which (8) triggers dispersal
into new environments
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Mtþ1 ¼ α10 þ α11Mt þ α12LPt þ α13Nt þ e1;tþ1

LPtþ1 ¼ α20 þ α21Mt þ α22LPt þ α23Nt þ e2;tþ1

Ntþ1 ¼ α30 þ α31Mt þ α32LPt þ α33Nt þ e3;tþ1

ð1bÞ

We suspect that an NCT study that now rejected
H0:α12=α32=0 would be more convincing to SETadvocates.
This rejection would be consistent with the view that the gene
pool at time t had an effect on the number of dairy animals at
period t+1 above and beyond the effect of the number of
people at date t. Adding population to the system as in (1b)
raises the potential issue of time trends in Nt and maybe even
the number of dairy animals, Mt, over the period of interest,
which began with the introduction into Europe of milkable
domestic species from Anatolia some 8000 years ago
(Leonardi et al. 2012). It is likely that the Neolithic population
grew over time, as did the cattle population, so the time-series
measurements may need to be adjusted for time trends in order
to correct for the Bspurious regressions^ problem (Greene
2003, Section 20.3.2).

Linear systems 1a and 1b are oversimplified versions of,
for example, the di-allelic two-locus dynamic system, where
the frequency of alleles at the E locus governs a population’s
capacity for niche construction (Han and Hui 2014; Laland
et al. 1999). In one example, Laland et al. (1999) have four
state variables to represent the genetics alone, and the pathway
in Fig. 1 has even more state variables. One can imagine
assuming that the fitness functions of the Laland et al. system
are functions of environmental-state variables (e.g., the stock
of dairy animals) and then linearizing that system around a
convenient base point and treating unobserved genetic-state
variables as unobserved state variables. We hope to illustrate
what a simple linear time-series model would look like of
systems 1a and 1b, which can be viewed as a linearization
of a one-locus, two-allele system, where the fitnesses are in-
fluenced by environmental variables. With one state variable
for the genetics and several state variables for the environment
below, systems 1a and 1b are intended to illustrate what kinds
of hypothesis testing could be done.

The bi-variate system (1a) without the explicit population
channel forces the effect of the population size at period t on
the number of dairy animals at period t+1 to go through the
LPt channel; hence, this would likely lead to a spurious rejec-
tion. NCT advocates might argue, however, that the playing
field of statistical testing is loaded against them if SET advo-
cates force them to rejectH0:α12=α32=0 at a standard signif-
icance level of p=.05. If using SET as the null hypothesis
inhibits discovery of subtler NCT pathways, we think it is fair
to level the playing field by writing down time-series-model
representations of NCT and SET that specify testable hypoth-
eses for each.

In order to estimate (1) and obtain the estimated path-link
strengths, {aij,i=1,2,3,j=1,2,3}, we must use available data
to construct proxies for Mt,LPt,Nt and discuss what the

empirical counterparts of the time periods t=1,2… might be
in any data set that is potentially available. Furthermore, we
must discuss whether enough dated measures for Mt,LPt,Nt

can be constructed so that the regression analysis in Eq. (1)
can estimate the parameters {aij,i=1,2,3,j=1,2,3} precisely
enough to be useful. Because we focus here on cases where
the relative frequency of the LPt allele is initially small—ca.
7000 years ago, when adults were uniformly lactose intolerant
(Burger et al. 2007)—the linear approximation of Eq. (1)
should be useful for expositional simplicity (see note 1
concerning nonlinear methods).

In what follows, we translate the path diagram in Fig. 1 by
using the linear-dynamic-system assumption of Eq. (1) but
with more variables and equations. This allows us to test for
the presence of that particular path by using the ordinary least-
squares (OLS) method. We begin by imagining an Bideal^
data situation, which shows what parameters can be empiri-
cally identified in a causal-path diagram and highlights the
limitations that exist even with infinite data (so much for an
Bideal^ situation). We then consider two problems that exist
with most data sets: varying degrees of measurement error and
the omission of key variables.

The Bideal^ case

Let us suppose that we have excellent data for all variables in
our LP example. What kinds of data might those be? As back-
ground, the coevolution of European LP and dairying proba-
bly originated between the northern Balkans and central
Europe sometime between ca. 6250 and 8700 years ago
(Gerbault et al. 2013; Itan et al. 2009). It is assumed that LP
frequency increased slowly in these Balkan populations
through selection but then spread rapidly into central and
north-central Europe through the rapid demographic expan-
sion of the subsequent Linearbandkeramik, or LBK, culture
from around 8000 to 7500 years ago (Edwards et al. 2007).
This led to the establishment of highly developed cattle-based
dairying economies of Neolithic Europe around 6500 years
ago.

Faunal remains from radiocarbon-dated Neolithic sites
show that farmers began domesticating cattle, goats, and
sheep between 10,000 and 11,000 years ago in the Middle
East (Helmer et al. 2005; Peters et al. 2005; Troy et al. 2001;
Zeder and Hesse 2000) and that milk production in
Mediterranean Europe and the Middle East began about
2000 years later (Conolly et al. 2011, 2012; Manning et al.
2014; Vigne 2008; Vigne and Helmer 2007). Milk residues on
pottery fragments (Dudd and Evershed 1998) indicate early
milk-production exploitation as early as 7000–8000 years ago
in northwestern Anatolia, about 7000 years ago in central
Europe (Salque et al. 2013), and 6000 years ago in Britain
(Copley et al. 2003, 2005; Craig et al. 2005a, b; Evershed
et al. 2008).
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Returning to Fig. 1, we can label the variables this way:

Ct Dairy animal husbandry
Nt Population
Mt Milk-product consumption
LPt LP alleles
FMt Further consumption of milk products
FMPt Further milk-product manufacture and consumption
SBt Selective breeding of dairy animals
AMt Alleles conferring high milk yield in dairy animals
Dt Dispersal at date t

We start by assuming that there is only one observable
measure—which may be archaeological, genetic, or
archaeogenetic—for each of variables at time t. Table 1 pre-
sents potential data sources for construction of proxies for the
variables listed above except for the four variables that to our
knowledge have never been quantified for the early Neolithic:
FMt, FMPt, SBt, and AMt.

As Table 1 suggests, the main constraint is the temporal
resolution of time series for each variable. Some variables,
where data exist, are characterized only for one or two
millennia-scale eras of the past. Among the best data are esti-
mates of population densities, Nt, using the relatively new
proxy of total number of radiocarbon dates per region per
chronological bin, corrected for an assumed exponential

decay in probability of site discovery with age (e.g., Collard
et al. 2010; Gamble et al. 2005). Shennan et al. (2013) used
7944 radiocarbon dates from across western Europe as a
proxy for population size, from which they substantiated the
radical interpretation (Shennan 2000) that Neolithic popula-
tions did not just grow steadily but underwent substantial rise-
and-decline cycles. Their data, as a proxy for Nt, are the best-
resolved time series currently available for Table 1. Figure 2
shows an example from one of their subregions, southern
Germany, with 841 dates binned into 246 time slices over a
period of about 4000 years. This is about a bin every 16 years,
or about one per human generation. If all the variables in
Table 1 were well-resolved chronologically, we might be in
business.

A substantial aggregated dataset, from 133 cemeteries dur-
ing the transition from foraging to farming, shows the propor-
tion of human skeletons from individuals 5 to 19 years old
among all skeletons in the assemblage (Bocquet-Appel 2011).
For the period prior to the Neolithic, there are about 23 datum
points over 4000 years, or about one every 160 years. For the
Neolithic, there are about 100 data points in 4000 years, or
about one every 40 years. Although these data indicate the
general population growth that took place in farming societies
(Bocquet-Appel 2011), the data are from across the Northern
Hemisphere and again show the current data-resolution limits

Table 1 Potential data sources for construction of proxies

Variable Description Evidence/proxy Date(s) Best
resolution

Location References

Ct, Dt Domestic-animal
density

400,000 animal bones
recovered from 114
archaeological sites

ca. 12,000–7500
BP

1000 years SWAsia, SE Europe Connoly et al. 2011, 2012

Ct Domestic animals Proportion of domestic
fauna in the assemblages
of Early LBK sites

7500 BP 0 Central Europe Jeunesse and Arbogast 1997;
Chaix 1997

Ct Domestic animals 6-household village:
40 cattle and 40 caprines
using 6 km2 land

ca 7000 BP 0 SW Germany Gregg 1988:165-167

Nt Human population 7944 radiocarbon dates
from across western
Europe

ca. 8000–5000
BP

16 years Europe Shennan et al. 2013
(and refs. 33–41 within)

Nt Population LBK longhouses in the
Merzbach Valley

7300–6900 BP 25 years Germany Stehli 1989

Dt Population Radiocarbon-dated sites 9000–4000 BP 100 years Europe Gkiasta et al. 2003; Pinhasi
et al. 2005; Shennan et al.
2013; Timpson et al. 2014

dNt/dt Rate of change in
population

Proportion of adolescent
skeletons in the assemblage

n.d. 40 years Europe Bocquet-Appel 2011

Mt Milk-product
consumption

Fraction of dated pottery
sherds with milk residues

8500 BP 0 Anatolia,
southeastern
Europe, and the
Middle East

Evershed et al. 2008;
Gerbault et al. 2013;
Salque et al. 2013

LPt LP alleles Frequency of the
(−13,910*T)
allele across Europe

20,000–2000 BP 0 Central Europe Burger et al. 2007; Bersaglieri
et al. 2004; Coelho et al.
2005; Gerbault et al. 2013;
Itan et al. 2009; Mulcare 2006
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in establishing a well-resolved time series for Nt and Dt in
testing the NCT hypothesis.

Bocquet-Appel (2011) estimates that, compared to the
Mesolithic, the Neolithic fertility rate increased by about two
births per woman, followed by an increase in mortality rate,
such that pre-industrial farming populations grew about 0.1 %
per year. On the local scale, however, growth inNtmight have
been much faster. A good case study is LBK settlement of the
Merzbach Valley in western Germany, where about 160 long-
houses were constructed along a 1-km stretch of theMerzbach
River over a period of four centuries, 5300–4900 BC
(Ammerman and Cavalli-Sforza 1984; Stehli 1989).
Assuming population growth was logistic (Ammerman and
Cavalli-Sforza 1984), an initial growth rate, dNt/dt/Nt, of
about 2 % per year fits the archaeological sequence (Stehli
1989) fairly well, except for the sharp drop in occupied houses
after 5000 BC. Again, these data are from but a single region.

Regarding the other variables in Table 1, the next best in
terms of resolution would probably be the density of domestic
animals, Ct. One of the most highly resolved data sets
concerning Ct has been reported by Conolly et al. (2011,
2102) from southeastern Europe and Southwest Asia, with
400,000 animal bones recovered from 114 archaeological
sites. As impressive as this is, the temporal resolution is re-
duced considerably once the minimum number of identified
specimens per site has been estimated from these data and the
results put into temporal bins such as the five shown in Fig. 3
that refer to the percentages of bones of domestic and wild
cattle pooled from sites across the Levant that date between
the 12th and 8th millennia calBP.

These kinds of data,most ofwhich are publically archived
at places such as the Archaeological Data Service at York
University, yield excellent geographic representations of
the relative dispersal of people (e.g., Gkiasta et al. 2003;
Pinhasi et al. 2005) or domestic- versus wild-animal dispers-
al (Conolly et al. 2012) and would appear to yield hope for
good data for the dispersal variableDt, but again, the data are
binned into time slices, with the resolution of the time series
being one or twodatumpoints permillennium.This is not the

kind of temporal resolution one would want in an ideal
situation.

In the Neolithic of central and northern Europe, where we
currently have the strongest selection for the LP allele (Itan
et al. 2009),Ctmight be less variable in time but more variable
in space. In Early LBK sites in the upper Rhine and upper
Rhône valleys, for example, domestic fauna constitute over
90 % of the assemblage (Chaix 1997; Jeunesse and Arbogast
1997). Around the same time, however, early LBK sites in the
Paris Basin range from 60 to 97 % domestic fauna (Jeunesse
and Arbogast 1997), and at sites in the Alps south of Geneva,
there may be less than 10 % domestic animals (Chaix 1997).
For illustration, Fig. 4 shows the variability in proportion of
domestic fauna in France and southern Germany ca. 7500
calBP (Jeunesse and Arbogast 1997).

Fig. 2 An example of summed
radiocarbon dates as a proxy for
population size. Data from
southern Germany—841 dates
binned into 246 time slices from
8000 to 4000 calBP (from
Shennan et al. 2013)

Fig. 3 Percentages of wild and domestic cattle bones (based on number
of identified specimens), pooled from sites across the Levant that date
between the 12th and 8th millennia calBP. Note that from about 11,800 to
9000 calBP, the use of domestic cattle increased slowly and that after
8500 calBP—corresponding to the earliest introduction and
development of the Neolithic in southeastern Europe—domestic cattle
increased exponentially. This shows that it took as long as 2000 years
before domestic cattle began to fix within early agricultural communities
as the dominant domestic animal species (from Conolly et al. 2012
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Let us say, then, that we want to focus an NCTmodel on an
area with majority domestic fauna. What can we say about the
dynamics of Ct? Different lines of evidence—clustering of
Neolithic houses, preserved plant remains, and isotopic anal-
ysis of human skeletons—suggest that land ownership devel-
oped in the early LBK (Bentley et al. 2012; Bogaard 2004;
Bogaard et al. 2011), and Gregg (1988) estimated (based part-
ly on assumptions of optimality) that a six-household
Neolithic village might have held about 40 cattle and 40
sheep/goats and used perhaps 6 km2 of land for cultivation
and grazing. Perhaps climate records could be used to extend
this estimate over time. Conolly et al. (2012), for example,
discovered a significant positive correlation in the Levant be-
tween the ratio of domestic/wild cattle and annual precipita-
tion, and a negative correlation between that ratio and maxi-
mum annual temperature. Are there similar correlations
elsewhere?

In the ideal case, in which we have time-series data avail-
able from proxies of all the above variables (Fig. 1), we can
write the estimating equations as

Mtþ1 ¼ a10 þ b12Ct þ a13LPt þ a12Nt þ e1tþ1

Ntþ1 ¼ a20 þ b22Ct þ a21Mt þ a22Nt þ e2;tþ1

LPtþ1 ¼ a30 þ b32Ct þ a31Mt þ a33LPt þ a34FMt þ a35FMPt þ e3;tþ1

FMtþ1 ¼ a40 þ a41Mt þ a43LPt þ a42Nt þ e4;tþ1

FMPtþ1 ¼ a50 þ a53LPt þ a54FMt þ a52Nt þ e5;tþ1

SBtþ1 ¼ a60 þ a65FMPt þ a62Nt þ e6;tþ1

AMtþ1 ¼ a70 þ a76SBt þ e7;tþ1

Dtþ1 ¼ a80 þ a82Nt þ e8;tþ1

ð2Þ

We treat the cattle dynamics, Ct+1=c0+c1Ct+eC,t+1, as ex-
ogenous to the system (2) in order to give a faithful translation
of the O’Brien and Laland (2012) path diagram reproduced in
Fig. 1. O’Brien and Laland associate the paths a13,a43,a53
with NCT, so it would be natural to set up a null hypothesis
for NCT that all these path coefficients are zero. More will be
said about this below.

Let the column vector, Xt+1, denote the variables of (2) that
appear on the left-hand side of the equation, which are

numbered by rows, i.e., M is row 1, N is row 2, LP is row 3,
and so on. Note that the coefficients ai,j quantify, from the path
diagram (Fig. 1), the relationships between the variables in
rows i and j. Then we can write (2) in the equivalent vector–
matrix form,

X tþ1 ¼ a0 þ AX t þ b⊗Ct þ etþ1 ð3Þ
where X is an 8×1 column vector, A is an 8×8 matrix, C is a
scalar, b is an 8×1 column vector, and b⊗Ct denotes the
Kronecker product, which is an 8×1 vector. Note that only
the first three elements of the 8×1 column vector b are non-
zero and that each multiplies Ct. Now that we have an explicit
time-series path-analytic model, we can define SET and NCT
in the context of the model. The quantity of dairy animals, Ct,
that are present at time t are the Benvironment,^ which influ-
ences the fraction of DNA sequences in the population having
the LP allele, i.e., LPt+1 at period t+1.

In the representation above, in which SET is nested
within NCT, the difference between SET and NCT lies in
the estimations of coefficients aij. Specifically, we could
resolve that SET implies that a13=a43=a53=0, meaning
that no gene/al lele variable at t ime t inf luences
Benvironmental^ variables at t+1. Advocates of NCT
would then look to reject the null hypothesis H0 :a13=
a43=a35=0, but at what confidence level?

Although p=.05 is typical, we believe that NCT deserves a
higher confidence level, say, of p=.25 because NCT offers
such novel, rich potential insights. As NCT is a multivariate
system, we might make an analogy to a crossword puzzle, in
which one may guess at words with much less than 95 %
certainty in order to generate a critical mass of evidence to
either to solve the puzzle or make it obvious that those initial
guesses were incorrect.

If NCT advocates failed to reject such a null, would this
force them to give up NCT in favor of SET? Perhaps it would
be better to take a Bayesian model uncertainty approach (e.g.,
Cogley et al. 2011), such that one could put a prior of 0.5 on
the NCTmodel and the SETmodel, estimate them on the data,
and compute the posterior probability of each model given the
data. This might enable both sides to advance their research
agendas by formulating and estimating models that reflect
both NCT and SET.

Equation (3) describes a vector auto-regression system
with one lag, for which it is standard to assume the square
matrix A is stable, in that its eigenvalues are all inside the
unit circle of the complex plane (Greene 2003). If the time-
series analog of the standard condition (Greene 2003,
Eq. 1b)

E etþ1f X t;Ctgj ¼ 0; t ¼ 1; 2; 3;… ð4Þ
holds, then, under additional regularity assumptions in the
time-series case, we may estimate systems (2) and (3) by

Fig. 4 Variability in proportion of domestic animals from Neolithic sites
in France and southern Germany that date ca. 7500 calBP (after Jeunesse
and Arbogast 1997)
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OLS, row by row. To put it another way, if the regression
errors, ei:tþ1; i ¼ 1; 2;…; 8f g, are conditionally independent
of the regressors at each date t, then we may estimate each
equation of (2) by OLS, equation by equation, and obtain,
under modest additional sufficient conditions, consistent
estimates of the parameters. In this case, consistent estima-
tion means that the estimates of the parameters of the ma-
trix A in Eq. 2 converge to their true values as the number
of observations of the Xs gets larger and larger (Greene
2003).

In addition to consistency of estimation, the practical
understanding of experienced researchers must ensure that
specification of the equations shown in (1b) is at least
approximately correct (White 1996). For example, we
are using a linear approximation at the initial stage of
diffusion of the LP allele, for the period when field re-
search indicates that the frequency should be approxi-
mately zero.

Condition (4) may be violated in the case of omitted
variables, which can lead to bias in the estimated re-
gression coefficients (Greene 2003, Eq. 8.4). For exam-
ple, in the bi-variate context of Eq. 1, the estimated
coefficients are likely to be biased as a result of the
omission of other variables that should be in the equa-
tions in addition to Mt and LPt. Even in the context of
(2), one might be tempted to just add more variables to
try to correct for omitted variable bias. As Clarke
(2005) shows in the context of linear regression analy-
sis, however, this strategy of Bbloated specifications^
will not work. Concerning the uncertainty of any pa-
rameter estimate using finite sample data, we are
avoiding the more technical discussions of how to han-
dle the uncertainty in estimating that uncertainty itself
(Greene 2003).

The case of measurement error

We now turn to a less-ideal situation, one where all variables
in the path-diagram Eq. (1b) are measured, but with error.
Suppose we observe X=X*+u,C=C*+uC and try to estimate
the parameters A, b of the true system,

X *
tþ1 ¼ a0 þ AX *

t þ bC*
t þ etþ1;E etþ1jX *

t ;C
*
t

� �
¼ 0 ð5Þ

using the observed data X=X*+u,C=C*+uC, where vari-
ables with asterisks are the true values and those without as-
terisks are observed but have large measurement error, i.e., the
variances of u,uC are large relative to the variances of X*,C*.
Using only observed variables, we are reduced to attempting
to estimate the system,

X tþ1 ¼ a0 þ A X t−utð Þ þ b Ct−uC;t
� �þ etþ1 þ utþ1

¼ a0 þ AX t þ bCt−Aut−buC;t þ etþ1 þ utþ1
ð6Þ

to obtain unbiased estimates of (A,b). If the condition

E utþ1 X t;Ctjf g ¼ 0 ¼ E etþ1 X t;Ctjf g ð7Þ
holds, then if {ut,uC,t} were absent, OLS could be applied to
obtain unbiased estimates of (A,b). If (7) holds but {ut,uC,t} is
present, then for unbiased estimates of (A,b), we need the
following condition to hold:

E AutjX t;Ctf g ¼ E AutjX*
t þ ut;C

*
t þ uC;t

� �
¼ 0 ð8Þ

In more detail, the relationship between the true and ob-
served values, Xt

*=Xt−ut, causes a dependence between the
measurement error and the observed variable, which biases
the OLS estimates of the matrix, A, and the vector, b.

These measurement errors change the system of equations
from (2) as follows:

Mtþ1 ¼ a10 þ b12 Ct−uC;t
� �þ a13 LPt−u3;t

� �þ a12 Nt−u2;t
� �þ u1;tþ1 þ e1tþ1

Ntþ1 ¼ a20 þ b22 Ct−uC;t
� �þ a21 Mt−u1;t

� �þ a22 Nt−u2;t
� �þ u2;tþ1 þ e2;tþ1

LPtþ1 ¼ a30 þ b32 Ct−uC;t
� �þ a21 Mt−u1;t

� �
þ a33 LPt−u3;t

� �þ a34 FMt−u4;t
� �þ a35 FMPt−u5;t

� �þ u3;tþ1 þ e3;tþ1

FMtþ1 ¼ a40 þ b41 Mt−u1;t
� �þ a43 LPt−u3;t

� �þ a42 Nt−u2;t
� �þ u4;tþ1 þ e4;tþ1

FMPtþ1 ¼ a50 þ a53 LPt−u3;t
� �þ a54 FMt−u4;t

� �þ a52 Nt−u2;t
� �þ u5;tþ1 þ e5;tþ1

SBtþ1 ¼ a60 þ b65 FMPt−u5;t
� �þ a62 Nt−u2;t

� �þ u6;tþ1 þ e6;tþ1

AMtþ1 ¼ a70 þ b76 SBt−u6;t
� �þ u7;tþ1 þ e7;tþ1

Dtþ1 ¼ a80 þ a82 Nt−u2;t
� �þ u8;tþ1 þ e8;tþ1

ð9Þ

This gives us a context in which to discuss the effects of
measurement error among the proxies for LP. If we can rank
the relative sizes of measurement errors in (9), we can then
expect that the equations with small measurement errors in the

regressors on the RHS should yield less-biased estimates of
their coefficients (Greene 2003). Among linked equations,
measurement error in one variable typically biases all the other
estimates (Greene 2003), but in the last three equations of (9),
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which have only one regressor on the right-hand side, only the
error in those single regressors should bias the respective es-
timates (Greene 2003). In this case, one might even work out
explicit expressions for biases in estimated coefficients in
terms of measurement errors in the one right-hand side regres-
sor, and if the constant term, a82, is restricted to be zero, then
the bias in the slope term a82 is easy to write down. Generally,
measurement error biases the estimate of a82 toward zero, and
the amount of attenuation toward zero is larger as the variance
of the measurement error increases (Greene 2003, equations
5.29 and 5.30). The problem is that measurement error in-
duces correlation between the regressors and the disturbance,
which then biases the estimations.

What is the implication of measurement error for
attempting to test the null hypothesis, H0:a13=a43=a53=0,
which we had earlier established as one-way NCT advocates
could generate potentially convincing evidence if this null
hypothesis could be strongly rejected by the data? The well-
known Battenuation bias^ Greene (2003, Section 5.6.1) could
potentially bias the estimated coefficients toward zero, and
these estimated coefficients are needed to test the null.
Hence, measurement error is potentially a serious problem in
detecting NCT effects in the data when NCT effects are actu-
ally there.

The case of missing data

What about the impact of data limitations? Suppose we cannot
obtain observations on each component of the vector, Xt. In
this case, even with no measurement error, we are forced to
estimate the system,

X k ¼ a0 þ AX k þ bCk þ ek ð10Þ
for each observation k=1,2,…,N. One might view Eq. (10) as
a steady-state version of Eq. (2), which solves for the vector
Xk, given (Ck,ek).

Even if E{e|X,C}=0, we face difficulties in estimating the
parameters of the matrix A. Suppose A is n x n, i.e., there are n
variables. For each r=1,2,…,n, we can solve (10) for Xrk and
run an OLS regression of Xrk on the remaining regressors in
row r of (10). Thus, for each row r, OLS estimates the coef-
ficients as

1−arrð Þ−1ars; 1−arrð Þ−1brs; s ¼ 1; 2;…; n; s≠r ð11Þ

Recall that in our two-dimensional example, the terms (1−
arr)

−1brs are nonzero only for r=1,2 and that s=2. The basic
problem here is that we are short one regressor for each row
r=1,2,…n, so only the ratios in (11) may be estimated. The
individual components of each ratio cannot be separated.

To return to our case example, say we have measures of
milk consumption only from bone fragments and pottery. This
means we do not have independently dated measures ofM(t),

FM(t), and FMP(t). Suppose we obtain only one measure of
all three,

FM tð Þ ¼ M tð Þ;
FMP tð Þ ¼ M tð Þ ð12Þ

In this case, (2) becomes

Mtþ1 ¼ a10 þ b11Ct þ a13LPt þ a12Nt þ e1;tþ1

Ntþ1 ¼ a20 þ b21Ct þ a21Mt þ a22Nt þ e2;tþ1

LPtþ1 ¼ a30 þ b32Ct þ a33LPt þ a12 þ a35ð ÞMt þ e3;tþ1

Mtþ1 ¼ a40 þ b41Ct þ a43LPt þ a42Nt þ e4;tþ1

Mtþ1 ¼ a50 þ a53LPt þ a54Mt þ a52Nt þ e5;tþ1

SBtþ1 ¼ a60 þ a65Mt þ a62Nt þ e6;tþ1

AMtþ1 ¼ a70 þ a76SBt þ e7;tþ1

Dtþ1 ¼ a80 þ a82Nt þ e8;tþ1

ð13Þ

It is clear from the third equation of (13) that only the sum
a34+a35 can be identified, which means that we cannot iden-
tify all the parameters of the original model (2). Furthermore,
notice that the fourth and fifth equations are the same regres-
sion equation with different coefficients frommatrix A, which
forces the parameters to satisfy the restriction, a41=a54,a43=
a53,a42=a52. Finally, suppose unobserved variables, Xt

u, Ct
u,

are present in the matrix–vector equation:

X tþ1 ¼ a0 þ AX t þ bCt þ AuX u
t þ buCu

t þ etþ1 ð14Þ

The omitted variable formula of Greene (2003, eq. 8.4)
may be adapted and applied to each row of (14) in order to
obtain the bias in the estimated coefficients of each row of (14)
and to obtain sufficient conditions for that bias to be zero.
Prolifically adding Bcontrol^ variables will not fix this prob-
lem and may make it worse (Clarke 2005).

Discussion

We have used the example of LP evolution to illustrate the
basic method of testing for causal feedback paths as a step
forward in testing two evolutionary models, SET and NCT.
It would be taxonomic to go through all the possible causal
paths in the path diagram in Fig. 1 that could be tested using
the statistical time-series methods we advocate. The NCT lit-
erature has strongly emphasized the two-way feedback loops
involved in niche-construction dynamics and has pointed out
that those loops are outside the dynamics in SET. To advance
past the debate stage, we suggest employing the kinds of
methods that have the ability to test for the statistical signifi-
cance of any feedback path. The use of explicit dynamic
linear-estimating equations to represent the path diagram in
Fig. 1 enables us to apply Granger causality testing to the
potential two-way feedback implied by NCT. Actually, any
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empirical testing of niche construction must use a time-series
causality framework because NCT implies the possibility that
phenotypic features (O) at time t may cause genes (G) at t+1,
that Ot+1 may cause Gt+2, and so on, as well as causation
running from genes at t to organismal characteristics at t+1
for all times.

The Granger causality framework is a convenient method
for testing for the directionality of potential causal paths. We
say that BGGranger causes O^ if adding past measurements of
genes incrementally helps predict future organismal character-
istics in addition to usage of past measures of organism char-
acteristics. To test that hypothesis, we would test the null
hypothesis, namely, that O fails to Granger cause G. More
formally, adding past measurements of organism characteris-
tics, including measures of niche-construction activity, fails to
incrementally predict future measured genes beyond usage of
past measured genes.

We illustrate in the simplest possible system the hypothesis
formulation and testing strategy for the context of LP andmilk
production by removing all the feedback channels in Fig. 1
and concentrating on only the minimalist linear system of
regression equations shown in (1). Recall that LP and M de-
note frequencies of the LP allele and milk usage, respectively.
NCT argues that there is feedback from the LP allele in previ-
ous periods to the spread of dairy products consumption in
future periods (Fig. 1). Note that the bi-variate model aggre-
gates all three paths from LP to milk-product consumption
into only one path. Hence, we set up the null hypothesis,
α12=0, to be tested. How might this be done? Suppose we
have measures of the frequency of LP alleles in populations
p=1,2,…P at two periods of time t=1,2. Suppose we also
have measures of milk consumption for these same P popula-
tions for the same two periods of time t=1,2. We may then run
OLS regressions,

Mp2 ¼ α10 þ α11Mp1 þ α12LPp1 þ e1;p;2
LPp2 ¼ α20 þ α21Mp1 þ α22LPp1 þ e2;p;2

ð15Þ

for p=1,2,…P and get OLS estimates α̂i j; σ̂α̂i j of the regres-

sion coefficients and their standard errors.
How might we use these estimates to test the null hypoth-

esis? A common convention is that the estimate α̂i j is statisti-
cally significant if the ratio α̂i j j=σ̂α̂i j > 2. Under this conven-

tion, one would reject the null hypothesis if jα̂12 j=σ̂α̂12
> 2. In

other words, if α̂12j =α̂α̂12

��� > 2, we would say that the evidence

is consistent with LP Granger causing M. In plain English, we
would say (1) there is evidence of feedback from the spread of
the LP allele to milk-product usage, i.e., through dairy hus-
bandry, and (2) that this is indirect evidence of niche construc-
tion. We emphasize that this bi-variate model is being used
only to illustrate statistical testing of a path direction in the
simplest possible way. It does not specify, for instance, other

benefits of dairy husbandry—such as the production of hides,
meat, and rudimentary cheese and yogurt—that probably also
helped prepare the niche for relatively rapid spread of LP
alleles.

Even in this simple linear formulation, we are facing a
general model-selection problem, i.e., finding a model process
that is closest in some sense to the real data-generating pro-
cess. Vuong (1989) has a particularly clear exposition of
methods that use the Kullback–Leibler information criterion
(KLIC) distance measure for estimating closeness of model
processes to the real data-generating process. These methods
are all based on likelihood ratio-based tests that the competing
models are equally KLIC close to the real process against the
alternative that one of the models is KLIC closer. As Vuong
(1989) shows, these methods are closely related to the work of
Akaike (1973) based on the KLIC criterion as well as Neyman
and Pearson (1928) and methods based on quasi-maximum-
likelihood estimators (see White 1996). We have focused on
simple linear methods here and have avoided discussion of
methods, for example, of optimal selection of the number of
lags in order to keep the presentation as simple as possible.

Regarding the debate between NCT and SET (Scott-
Phillips et al. 2014), Bayesians would probably avoid it and
simply let data speak by reporting the posterior odds of SET
and NCT. Of course, a Bayesian approach raises the issue of
how to choose the prior. The Bayesian model uncertainty ap-
proach (Cogley et al. 2011) weights each model in a way that
keeps a model with a small weight, but with important impli-
cations, in case such a transformative model turns out to be
Btrue.^ This approach could frame the SET–NCT debate
around the uncertainty of different time-series path-analytic
models, one in which organisms actively construct the envi-
ronment that impacts the future dynamics of their gene pool
(NCT) and the other in which environmental dynamics exog-
enously drives the dynamics of DNA sequences (SET).

To further the debate, these analytical statistical approaches
necessitate an explicit dynamic time-series model of NCTand
of SET, as in (2), that allows for explicitly testing for the
presence/absence of feedbacks that distinguish NCT from
SET. It may be difficult to do this, however, because NCT
and SET are hard to discriminate using real data, via their
respective causal path channels in an explicit time-series
model.

Conclusion

The NCT research program is gaining considerable traction in
archeology and anthropology (e.g., Broughton et al. 2010;
Collard et al. 2011; Gerbault et al. 2011; Kendal et al. 2011;
Laland and Brown 2006; Laland and O’Brien 2010, 2011;
Laland et al. 2001, 2010; O’Brien and Bentley 2015;
O’Brien and Laland 2012; Odling-Smee and Turner 2011;
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Riede 2011; Rowley-Conwy and Layton 2011; Shennan
2011; Smith 2007a, b, 2009, 2011a, b, 2015; Wollstonecroft
2011; Zeder 2012, 2015), which is appropriate, given that
humans are the Bultimate niche constructors^ (Odling-Smee
et al. 2003, p. 28). As Laland and O’Brien (2010, 2012) point
out, NCT would appear to offer a broad, biologically and
culturally informed conceptual framework suited to the hu-
man sciences—one that recognizes the active agency of
humans as part causes of their own development, history,
and evolution. It also recognizes ecological inheritance as a
second general legacy that organisms inherit from their ances-
tors, thereby providing researchers with additional explanato-
ry mechanisms. These mechanisms would seem particularly
relevant to archaeologists, given that (1) human niche con-
struction is frequently a manifestation of acquired characters
(Laland and O’Brien 2010, 2011) and (2) human ecological
inheritance includes a rich material culture (O’Brien and
Bentley 2015;Wollstonecroft 2011). Furthermore, NCToffers
a highly fertile way of thinking about problems and brings
with it a suite of novel hypotheses, both directly from an
emphasis on the agency of the organism and indirectly by
suggesting general patterns and rules.

Despite being enthusiastic, advocates of NCTmust face the
fact that testing NCT versus SET is not easy. The difficulty lies
in the statistical-identification problem of a dynamic
population-genetics model, where the fitnesses are functions
of environmental variables, not all of which are observable.
Advocates of NCT must deal with unobserved Bconfounders,
^ which might misleadingly look like NCT effects, and statis-
tically identify whether the dynamics of the environmental
variables are coupled (nonlinearly) to the dynamics of the
gene pool.

So, what have we learned, and what, if anything, can path
analysis and time-series analysis contribute to the debate be-
tween advocates of NCTand advocates of SET? It seems to us
that our analysis and discussion are useful for structuring and
focusing the debate in more precise directions and focusing
discussion on what kinds of data need to be generated and
what kinds of statistical-inference problems must be faced in
order to advance the discussion on causal directionality of
path links. We believe the kind of analysis we advocate is also
useful for identifying path links that might have been
overlooked without the road map provided by path analysis.
Our discussion is also useful for identifying potential
Bconfounders^ that might lead one to think that causality is
in a particular direction when it is not actually there. In settings
where quality data are hard to come by, especially in the social
sciences, where disputes about direction and size of causation
are particularly strong, some researchers have advanced a
partial-identification approach, whereby we simply agree to,
and accept, the reality of large uncertainties about directional-
ity and size of causal paths. This approach reports Bpartial
identification sets,^which can be narrowed only by better data

or by certain kinds of experiments (Manski 2005). Path-
analysis discussions are useful for focusing attention on where
effort should be allocated toward reducing the size of the
partial identification set.
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Appendix

Freedman (2004) is an excellent source for the warnings and
difficulties of trying to infer causality from regression analy-
sis. Sensible theory and interpretation must always be used,
even if the Bfit^ is good and all the usual specification tests are
passed. The theory in the LP example is quite convincing
about the qualitative directions of the causal arrows in the path
diagram, but suppose we want to estimate the quantitative size
of those paths of causality and conduct quantitative statistical
inference. How would we do it, what problems are likely to
arise, and how can we fix them?

The main text of the paper focuses on how to statistically
test for two-way feedback effects that distinguish NCT from
SET using the expository device of linear time-series analy-
sis. The text illustrated this problem using the example of
lactase persistence (LP), which was modeled using a linear
time-series dynamical system with several environmental
variables and a one-locus, two-allele system. In some sense,
the LP example is not a good choice to illustrate the approach
because the causal mechanisms behind the spread (and ab-
sence) of LP are quite well understood (e.g., Ingram et al.
2009).

Population-genetics modeling, however, inherently gener-
ates nonlinear dynamical systems. Here, we construct some
simple models of NCT versus SET, including a simple non-
linear dynamic population-genetics model where the fitness
functions depend not only on allelic frequencies but also on
environmental stock variables (e.g., stock of animals capable
of producing dairy products), which may have been augment-
ed by activities in the past. Examples of mathematical models
of niche construction are Laland et al. (1999), Creanza et al.
(2012), and Han and Hui (2014).

We begin by writing down a discrete time-simple dynamic
model of interactions between organisms and environment by
adapting Laland et al.’s (2009) Eqs. (1a, 1b) and (2a, 2b) and
executing a Bsmall noise^ expansion to get a linear time-series
model. We then use the resulting linear model to discuss some
statistical-identification issues in distinguishing NCT from
SET.

We have as a mathematical metaphor for SET, where all
feedback is from E to O and not vice versa,
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Otþ1 ¼ f Ot;Et; εe1;tþ1

� �
; Etþ1 ¼ g Et; εe2;tþ1

� � ðA1Þ

Differentiating (A1) with respect to ε and evaluating it at
ε=0, we get

dOtþ1=dε ¼ f OdOt=dεþ f EdEt=dεþ f ee1;tþ1; dEtþ1=dε

¼ gEdEt=dεþ gee2;tþ1 ðA2Þ

Here, partial derivatives are denoted by subscripts, partial
derivatives are evaluated at ε=0, and Ot,Et denote the state of
the organism and the state of the environment at date t.
Equation (A2) is a linear time-series model for the
perturbations.

A Bmathematical metaphor^ for NCT is

Otþ1 ¼ f Ot;Et; εe1;tþ1

� �
; Etþ1 ¼ g Ot;Et; εe2;tþ1

� � ðA3Þ

with derivative equation

dOtþ1=dε ¼ f OdOt=dεþ f EdEt=dεþ f ee1;tþ1; dEtþ1=dε

¼ gOdOt=dεþ gEdEt=dεþ gee2;tþ1 ðA4Þ

Here, there is feedback from organisms to environment
because of niche construction. If we had data on proxies for
the perturbations, {dOs/dε,dEs/dε,s=1,2,…}, we could po-
tentially design a statistical test of (A2) against (A1) by esti-
mating the slope coefficient, gO, and testing the null hypoth-
esis that gO is zero against the alternative that it is not zero.

If we put the state of the organism to be the fraction of
organisms—humans in this case—having the LP allele at date
t, i.e., Ot=LPt, and define the environmental-state variable,
Et=Mt, then the linear system (1a) in the text is the same as
equation (A4), provided the partial derivatives are constant in
time. If the regression condition is E{eit+1|LPt,Mt}=0,i=1,2
for all dates t, then we can run simple ordinary least squares
(OLS) to test the null hypothesis H0:α12=0. Rejection of the
null is consistent with NCT being true. Discussion is in the
main text. If we replace the scalar Et with the vector Et=(Mt,
Nt), then Eq. (A4) would correspond to Eq. (1b) in the main
text, provided the partial derivatives in (A4) are constant in
time. The main text discusses the relevant null hypothesis in
this case.

When might the partial derivatives be constant in time?
One example is when the perturbations occur around a deter-
ministic steady state of the system. What should one do if the
underlying system is too nonlinear for linear approximations
to be of workable quality? In this case, we would recommend
a nonlinear testing approach (e.g., Bahadori and Liu 2013;
Diks and Panchenko 2006; Lee et al. 1993), as explained in
the main text.

A potentially useful analogy to testing NCT versus SET is
testing endogenous growth theory (EGT) against conventional

exogenous growth theory (CGT) in economics (Jones 1995).
EGT argues that increases in human research-and-
development (R&D), much like increases in niche construc-
tion, create a permanent effect on growth, whereas CGT
would argue that the effect of increased R&D is transient
and wears off over time. Jones argued that statistical methods
for testing for Bunit roots^ could be used to test for EGT
effects if one has an explicit measure for the amount of
R&D conducted at each date. His methods shifted the debate
between advocates of EGT and CGT when he found little
evidence for the persistent effect on productivity of the econ-
omy that was predicted by EGT.

By analogy, if we had an explicit measure for the amount of
niche construction being done at each date, we could adapt
Jones’s methods to test NCT versus SET. Unfortunately, find-
ing data on quantitative measures of niche construction at
different time periods is difficult. Thus, if we use this route,
we must have a proxy for the actual amount of niche construc-
tion. It might be difficult to detect niche-construction effects
even if they are there. As an example, consider the following
modification of Eqs. (A3) and (A4):

LPtþ1 ¼ f LPt;Et; εe1;tþ1

� �
;

Etþ1 ¼ μE þ ρEEt þ βLPLPt þ β−LP 1−LPtð Þ þ e2;tþ1

βLP > β−LP ≥0
ðA5Þ

The idea here is that humans with and without the LP allele
can indulge in environmental modification—for example, by
the husbandry of animals with potential dairy-production ca-
pability for whatever reasons, some of which may be totally
independent of consumption of dairy products. In (A5), we
assume βLP>β−LP≥0 to capture the idea that humans with the
LP allele should be more interested in adding and caring for
animals with dairy-product potential than humans not carrying
the allele. However, humans without the LP allele may have
βLP>β−LP≥0. Suppose we cannot observe the actual amount
of dairy husbandry but have observations on LPt. We can look
at parameter values in (A5) that are consistent with feedback
from LPt to Et+1 but where this feedback is hard to detect
statistically. Note that we have not required the function f(.)
in (A5) to be linear. Nonlinearity in f(.) allows one to treat
threshold phenomena—for example, LP being an advanta-
geous allele only when the population of dairy animals
reaches a threshold level.

Even though (A5) is a simple, essentially trivial dynamic
model, it directs our attention to two potential problems in
statistically detecting NCT effects, even though the effects
are present. The first is where the difference, βLP−β−LP, is
small. A regression of an observable measure of Et+1 on Et
would deliver estimates of the constant term, μE+β−LP, the
slope effect, βLP−β−LP, and the persistence parameter, ρE. If
βLP−β−LP is close to zero, one would conclude there is no
NCT effect, even though it is present. If the persistence
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parameter, ρE>0, is close to one, the NCT effect on the ulti-
mate state of the environment could be very large, even
though it would be extremely difficult to detect.

The second problem is the case where β−LP=0 and βLP>0
is small. It is clear from the discussion above that it would be
empirically difficult to detect the NCT effect, βLP>0.
However, the NCT effect could be very important if ρE>0 is
very close to one. Indeed, if μE=0, so that the environment
would decay to nothing if there were no niche construction, a
very small βLP>0, coupled with ρE>0 very close to one,
would lead to a large ultimate effect on the environment, E,
even if only a small fraction of the population has the LP
allele.

A crude approach to detecting NCTeffects in the two cases
above might be to take the current state of the environment as
a proxy for niche-construction activity and examine how fast a
surprise increase in the environment—perhaps a result of
some kind of observable pos i t ive shock to the
environmental-state variable—wears off on the measure of
organism state once we have a measure of the state of the
organisms. In other words, we could plot the empirical
impulse-response function (Jones 1995) of the system to a
positive shock to the state of the environment. A rapid decay
rate would be consistent with the absence of NCT effects, and
a much slower decay rate would be consistent with the pres-
ence of NCT effects. Admittedly, this would be a crude, indi-
rect way of dealing with the problems exposed in the two
cases above, but perhaps it is better than nothing.

Here is another example where NCT effects might be dif-
ficult to detect when present. Suppose niche construction is
not Bfree^ to an organism, meaning it might take energy, time,
or some other resource away from the organism that it could
have used for something else that would increase fitness. A
simple model of this effect is

Otþ1 ¼ f Ot;Et;At; εe1;tþ1

� �
; Etþ1 ¼ g Et;At; εe2;tþ1

� � ðA6Þ
where an increase in At increases g(.) but where f(.) is increas-
ing then decreasing in At. This assumption on f(.) reflects
diminishing returns and increasing marginal costs to the or-
ganism in terms of its reproductive success for the next period.

Suppose there is selection for organisms to solve the problem

maxAt

Z n
f Ot;Et;At; εe1;tþ1

� �o
dFe1 ðA7Þ

This maximization problem implies that At is a function of
(Ot,Et), call it A(Ot,Et). If A(Ot,Et) is a function ofEt alone, and
if we do not observe At, then clearly we will not detect NCT-
type feedback into g(.) by trying to relate Et+1 to Et by any
method. When might this happen? A sufficient condition is

∂2 f =∂A∂O ¼ 0 ðA8Þ

Examples of functions f(O,E,A,e) that satisfy (A8) are

f O;E;A; eð Þ ¼ f 1 O;E; eð Þ f 2 A;E; eð Þ
f O;E;A; eð Þ ¼ f 1 O;E; eð Þ þ f 2 A;E; eð Þ ðA9Þ

When might NCT effects be detected in an empirical study
but in reality are not actually there, i.e., a false positive occurs?
Consider the dynamics

Otþ1 ¼ f Ot;Et; Zt; εe1;tþ1

� �
; Etþ1 ¼ g Et; Zt; εe2;tþ1

� �
ðA10Þ

where Zt is an unobserved state variable at period t. If
the dynamics were linear with constant coefficients, we
could write them in the form of a bi-variate auto-regres-
sion:

Etþ1 ¼ α10 þ α11Et þ α12Ot þ α13Zt þ e1;tþ1; t ¼ 1; 2;…; T
Otþ1 ¼ α20 þ α21Et þ α22Ot þ α23Zt þ e2;tþ1; t ¼ 1; 2;…; T

ðA11Þ

We could use the omitted variable formula (Greene
2003, Section 8.2.1) to indicate that typically there will be
bias in the estimate of α12, even when the true value is zero.
Because it is difficult to exclude omitted variables, Zt, un-
less one has strong theory, omitted variables are likely to be
present and cause false positives of NCT effects even when
they are not really there. Using theory to argue for the
presence (or absence) of omitted variables may help sharp-
en theoretical discussions in adducing arguments in support
for (or against) NCT.

Estimating selection strength

We have been asked on occasion to compare our approach to
others, such as that of Itan et al. (2009). We can do that by
considering their Eq. (3):

p0 ¼ 1þ sð Þp2 þ 1þ sð Þpq� �.
1þ s p2 þ pq

� �� �
N 0 ¼ N 1þ s p2 þ 2pq

� �� � ðA12Þ

where their p,p’ and N,N’ are, in our notation,

p≡pt ¼ LPt; p
0≡ptþ1 ¼ LPtþ1; q≡1−p;N≡Nt;N

0≡Ntþ1

ðA13Þ

The Itan et al. (2009) population-genetics system (A12)
is a one-locus, two-allele diploid model, where fitnesses
are specified as w11=w12=1+s for homozygotes and het-
erozygotes with the LP allele and w22=1 for homozygotes
without the LP allele, and where s>0 denotes the relative
fitness of those individuals with the LP allele. Populations
containing individuals with the LP allele are assumed to
grow faster.
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The analogy to (A12) in our model is

LPtþ1 ¼ a30 þ b32Ct þ a31Mt þ a33LPt þ a34FMt þ a35FMPt þ e3;tþ1

Ntþ1 ¼ a20 þ b22Ct þ a21Mt þ a22Nt þ e2;tþ1

ðA14Þ

which can be viewed as a linearization of the Itan et al. (2009)
model, where their selection coefficient, Bs,^ is not constant
but rather a function:

stþ1≡S Ct;Mt; LPt; FMt; FMPt; etþ1ð Þ ðA15Þ

If we inserted (A15) in place of s in Itan et al.’s Eq. (A12)
and linearized them around pt=0, we would obtain a system
much like (A14) except the coefficients would be time
dependent.
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