JASS Journal of Anthropological Sciences

Research articles Vol. 104 (2026), pp. 1 - 24

e-pub ahead of print doi. 10.4436/JASS.10401

Reexploring drivers of technological variation through
the complex landscapes of cultural evolution

James Clark!?, Lucy Timbrell3>4, Sarah E. Paris>> & Gonzalo J. Linares-Matas?¢

1) Corpus Christi College, University of Cambridge, Trumpington St., Cambridge, CB2 1RH, UK

2) McDonald Institute for Archaeological Research, University of Cambridge, Downing St., Cambridge, CB2
3ER, UK

e-mail: jc2012@cam.ac.uk

3) Human Palaeosystems Group, Max Planck Institute of Geoanthropology, Kahblaische Str. 10, 07745, Jena,
Germany. https://orcid.org/0000-0003-1229-554X

4) Department of Archaeology, Classics and Egyptology, University of Liverpool, 12-14 Abercromby Square,
Liverpool, L69 7WY, UK

5) Palaeoanthropology, Institute for Archaeological Sciences, Eberhard Karls University of Tiibingen, Tiibingen,
Germany. hitps:/forcid.org/0000-0002-7447-8766

6) Emmanuel College, University of Cambridge, St Andrews St., Cambridge, CB2 3AR UK. https:/lorcid.
org/ 0000-0002-0429-7636

Summary - Despite a number of issues in its collation, the dataset published by Oswalt et al. (1976)
remains a key resource for operationalising cross-cultural technological variability and understanding the
socioecological drivers of cultural change in small-scale societies. At the same time, however, it has not
been comprehensively explored using up-to-date contextual metrics of subsistence, climate, and demographic
structure in each population. In this paper, we present a novel evolutionary framework for understanding
technological change in both modern and past populations, according to the complex fitness landscapes
of cultural evolution present in different environments. We then use this framework as a lens to explore
the drivers of toolkit composition and complexity among hunter-gatherer populations to assess how they
relate to the adoption of particular behavioural strategies. We suggest a hierarchy of interlinked influences
on the nature of technology: resource distributions exert the most proximate influence on their character,
but demography (especially the size of seasonally-aggregated groups) and climate (especially seasonality and
inter-annual predictability) are themselves critical in constraining technological possibilities. Finally, we
argue that landscape knowledge is crucial in driving access over time to the highest-return technological
strategies that are possible in any given environmental context.

Keywords - Technological complexity, Cultural fitness landscapes, Behavioural ecology, Demography,
Seasonality and inter-annual variability, Landscape knowledge.

Introduction

Understanding how social and environmental
systems influence cultural dynamics in modern
and past hunter-gatherer populations remains
a major focus of research in archaeological and
anthropological studies. Previous work has high-
lighted that cultural diversity in human societies
is the product of multiple interacting processes,

incorporating both environmental conditions
and traditional knowledge. Conscious forma-
tion of identity and long-term tradition are sug-
gested to play an important role in non-subsist-
ence based activities and material culture, such
as musical instruments (Wengrow and Graeber
2022; Padilla-Iglesias et al. 2024), while eco-
logical patterns likely play a larger role in driv-
ing variation in foraging toolkits (Collard et al.
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2006, 2011). While these domains are inter-
related, here we attempt to explore technologi-
cal patterns in food-getting technology readily
explained by socioecological correlates.

There is substantial debate surrounding
measurement of technological variability, and
particularly its ‘complexity’. Oswalt et al. (1976)
pioneered an attempt to quantify these concepts
in ethnographic societies, developing the con-
cept of foraging tool “technounits”. These “tech-
nounits” refer to the number of individual com-
ponents combined in a single “subsistant” (forag-
ing tool), explicitly operationalising ‘complexity’
through modularity. This approach has received
varied criticisms since its publication, includ-
ing of the dataset itself, the way it conceptual-
ises “complexity” (e.g. Hoffecker and Hoffecker
2018), its applicability to the archaeological
record (e.g. Perreault et al. 2013), and its under-
appreciation of “complexity” in certain tool sets.

Nonetheless, authors have repeatedly
returned to the Oswalt et al. (1976) dataset
(Torrence 1983; Shott 1986; Collard et al. 2005;
Read 2008; Hoffecker and Hoffecker 2018),
because it remains one of the most useful cross-
cultural datasets for understanding hunter-gath-
erer behavioural variability. Past examinations
have extensively used regression models to assess
the relative influence of both demography and
climate on technological complexity and have
been used to support the primacy of both popu-
lation size (e.g. Kline and Boyd 2010) and eco-
logical risk (e.g. Collard et al. 2005, 2011, 2013;
Read 2008, 2012). At the same time, however,
without a careful consideration of how variables
might be horizontally, or vertically related, such
regression models risk false negatives by control-
ling for mediating or moderating relationships—
especially with the small dataset of Oswalt et al.
(1976). Other studies have utilised both model-
ling and experimental approaches to this ques-
tion (e.g. Henrich 2004; Grove 2009; Powell et
al. 2009; Derex et al. 2013; Kempe and Mesoudi
2014; Derex and Boyd 2016), but some argue
these often involve unrealistic assumptions about
the nature of human populations (e.g. Vaesen et
al. 2016; Read and Andersson 2020).

These debates highlight the importance of
a solid interpretative framework for contextu-
alising discussions of complexity, as well as the
crucial role played by selecting the appropriate
statistical tools. We argue that a reassessment of
Oswalt et al.’s (1976) dataset through the lens of
modern cultural evolutionary theory can provide
greater interpretative power than ever before,
alongside more accurate covariates. In this paper,
we present a novel evolutionary framework appli-
cable to both the archaeological record and mod-
ern populations (Clark and Linares-Matds 2024;
Timbrell 2024). This centres on the idea of com-
plex adaptive landscapes of cultural evolution,
and the different technological strategies that
can be deployed in response to socioecological
factors. We then present an updated synthesis of
the technological data from Oswalt et al. (1976),
with corresponding subsistence, climatic, and
demographic data derived from the d-Place data-
base (Kirby et al. 2016). Our work highlights
new interpretations of the dataset, with a diverse
range of hierarchically-related factors influencing
the character and complexity of the toolkit.

Evolutionary framework: the
complex landscapes of cultural
evolution

Theoretical basis

We use the concept of ‘complex landscapes
of evolution’ to explore the cultural response(s)
of populations to ecological and demographic
change (Clark and Linares-Matds 2024; Timbrell
2024). Key definitions related to this concept
are shown in Table 1. Developed originally
in genetics, this framework was proposed by
Wright (1932) as part of his ‘shifting balance
theory’ to capture how populations that are
confronted with various local fitness states, vary-
ing dynamically through space and time, adapt
to local optima. These may or may not be the
same as the global fitness optima across the space
of possible adaptations. Once a population has
begun to adopt a specific trait, it may then be
difficult to shift to another trait (‘peak’), even
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Tab. 1 - Definitions of key concepts related to the '‘complex landscapes of cultural evolution’.

CONCEPT DEFINITION

Fitness Landscape

A hypothetical space that models the range of possible genotypic, phenotypic, or cultural

traits for a given population, as well as the relative fitness returns of those traits.

Behaviour Space

Behavioural Peaks
behaviour space

Local Optima

The range of all possible behaviours available to a population

Individual behavioural strategies that confer higher than average fitness within the

Behavioural strategies that are confer higher than average fitness within a given

environment but are not the strategy returning the highest possible fitness

Global Optima

Behavioural Troughs
behaviour space

The behavioural strategy with the highest possible fitness returns for a given environment

Individual behavioural strategies that confer lower than average fitness within the

if it provides greater fitness. This constitutes a
form of phylogenetic constraint, because moving
between peaks often involves a decrease in fitness
via a fitness valley, which selection acts against.
Abrupt demographic or ecological changes can
cause disruption to the nature of the fitness land-
scape, perhaps leading to redundancy of a local
optimum to which a population has adapted.
These “flattened” landscapes can lead a popula-
tion to extinction, or dramatic biological change.
Migrants that come into contact with other pop-
ulations may also help move populations from
lower to higher fitness peaks through the explo-
ration of genotypic space.

Recently, archaeological studies have adopted
the idea of ‘complex landscapes of evolution’
to describe analogous cultural phenomena in
relation to diverse social and physical environ-
ments (Kuhn 2006; Lombard and Parsons 2011;
Timbrell 2024). In this framework, the ecologi-
cal characteristics of an environment shape the
range of potential behavioural responses viable to
a population, with the rate of adaptation to local
behavioural peaks influenced by a number of
factors. For example, increases in population size
(Powell et al. 2009; Henrich et al. 2016), density
(Grove 2016), and interconnectivity (Powell et
al. 2009; Grove 2016, 2018) have all been pro-
posed to facilitate cultural change, as has environ-
mental risk (Torrence 2001; Collard et al. 2011,
2013). As pointed out by Grove (2018), there is

no reason to treat these as mutually exclusive, as
they can each independently influence the fitness
landscape, as can their interaction.

We suggest that the ‘complex (cultural) land-
scapes of evolution’ framework can be comple-
mented by human behavioural ecology, in which
individuals make foraging decisions to max-
imise a particular currency variable (e.g. nutri-
tional return rates or social prestige), accord-
ing to their relative costs and benefits, and the
relevant constraints (Hawkes et al. 1982; Foley
1985; Stephens and Krebs 1986; Winterhalder
and Smith 1992; Ferraro 2007; Kelly 2013;
Linares-Matds and Clark 2022). At the most
proximate level, hunter-gatherers always respond
to resource distributions (Clark and Linares-
Matds 2024), with the number of adaptive solu-
tions (i.e. peaks) within ‘behaviour space’ likely
associated with the carrying capacity of the envi-
ronment—both resource density and diversity
(Lieberman 1993; Grove 2018). Building upon
the cultural evolutionary model of Deffner and
Kandler (2019), we propose that the height
of peaks in a cultural fitness landscape can be
defined according to how specialised adaptive
solutions (i.e. a toolkit) are for a specific envi-
ronment. Specialised toolkits tend to have tools
with high ‘fit’ to individual activities, producing
the greatest returns for those tasks. Often these
tools are more complex, as they must be highly
curated to perform well. Conversely, generalised
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tools can be used in a diversity of activities, but
their returns in each task are lower than a special-
ised tool form. These may facilitate the occupa-
tion of lower fitness peaks that are less sensitive to
change. Deffner and Kandler (2019) suggest that
specialised toolkits should be favoured in stable
environments, whereas environmental shocks
should be followed by an increase in technologi-
cal generalisation—though specialisation should
then return in the face of renewed stability.

This framework has important implications
for how we consider ecological risk as a driver of
technological change. In environments with sta-
ble (predictable) resources year-on-year, there is
time to specialise to the highest adaptive peaks
with the greatest returns. The pressure towards
such adaptation is exacerbated in environments
with low resource diversity, as isolated peaks
can form in an otherwise smooth fitness land-
scape—the consequences of failure are much
higher when there are fewer possible resource
bases to which adaptation can occur. This sug-
gests resource risk can support more complex
toolkits and faster adaptation. At the same time,
when inter-annual variability is high, the predict-
ability of returns from specialised strategies in any
given year is lowered. Generalised strategies, how-
ever, show continued predictability as they can
continue to provide returns from a wider diver-
sity of resources, even when one resource is less
available. Demographic variables relate to these
strategies as they influence the extent and scale
of exchange in technological know-how, there-
fore determining the total amount of informa-
tion stored in a population and the capacity for
innovation (Whallon 2006). Together, these fac-
tors condition the exploration of possible ‘behav-
iour space’ within the fitness landscape, and how
populations subsequently adopt certain cultural
traits (Timbrell 2024). For example, Lombard
and Parsons (2011) suggest that the loss of bow
and arrow technology in South Africa following
the Howiesons Poort Middle Stone Age industry
likely represents a period of demographic or eco-
logical disruption, with populations responding
by decreasing technological investment as part of
a distinct behavioural strategy.

These variables share a bidirectional influ-
ence on “landscape knowledge”, that is, the
extent to which a population is aware of the
availability, distribution, and predictability of
individual resources within their unique range.
This includes information regarding the spatial
and temporal distributions of specific resources
and, if applicable, their nutritional returns, har-
vesting requirements, and external processing
requirements (Clark and Linares-Matds 2020,
2023). The ability to adapt to significant eco-
logical risk reflects an understanding that the
behavioural solutions available in a given envi-
ronment are limited, as well as an expansive
knowledge of the available foodstuffs and how
these can be best accessed over time and space,
which is dependent on knowledge-sharing
within and between populations. Previously,
we have argued that high levels of accumu-
lated landscape knowledge is a critical baseline
for increases in technological complexity, as it
is the mechanism through which returns on
further investment become more predictable
(Clark and Linares-Matds 2020, 2023, 2024).
Substantial technological investment with-
out knowledge of the landscape through time
would make populations highly susceptible to
falling into a ‘fitness valley’, whereby behav-
ioural solutions that once incurred high fitness
become maladaptive.

Empirical predictions

Here, we formulate testable hypotheses
through which to assess the Oswalt et al. (1976)
dataset:

1) At any given moment, environmental con-
ditions shape an ecosystem’s resource dis-
tribution, and therefore the adaptive land-
scape for technological response. Where
there are fewer peaks available in the fitness
landscape, the risk of failure in resource
acquisition is higher, placing pressure on
adaptation towards a fewer number of vi-
able strategies. There is a greater diversity of
possible behavioural responses in areas with
greater resource density and diversity.
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Fig. 1 - Depiction of the 'Cultural landscapes of evolution’ model in response to seasonal and inter-
annual change. The figures show n-dimensional '‘behaviour space’ covering the range of potential
behavioural responses, with peaks in the landscape where individual strategies would constitute
increased fitness. The colour gradient is to enhance legibility of the relative height of peaks. Figure
1A: Hypothetical seasonal switching between lower fitness adaptive peaks. Figure 1B: Depiction of
how technological fitness is linked to resource predictability and availability.

2) The potential behavioural strategies with in availability by season (Clark and Linares-
greatest fitness usually result from opti- Matds 2023). Highly seasonal environments
mal exploitation of higher-value resources, lead to a particularly dynamic fitness land-
which are, however, more likely to fluctuate scape, with local optima changing between
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seasons. This may necessitate switching of
adaptive optima within years, with groups
most likely to adopt technological solu-
tions for each season closest to their existing
knowledge. In the example of Figure 1A, the
fitness landscape changes in this way between
seasons, so that peaks available at one point
in the year do not represent increased fitness
across the year. Toolkits adapted to a local
optimum in winter (red point) therefore do
not incur similar levels of fitness in summer
and fall into a fitness valley. This leads to
technological change towards a new adap-
tive peak (red dotted line). Lower seasonality
would alternatively lead to a relatively stable
fitness landscape, with groups retaining solu-
tions that are adaptive throughout the year.

3) High inter-annual predictability facilitates in-
vestment in technologies that maintain high
fitness each year. We hypothesise that pre-
dictable environments with lower resource
density are where the selection pressure for
highly specialised and adapted technological
responses will be felt greatest. This is depict-
ed in Figure 1B, where the fitness landscape
changes according to both resource density
and predictability. Resource density deter-
mines the number of different adaptive peaks,
while resource predictability determines the
differential stability of these peaks through
time, whereby high peaks are much less stable
between years than lower peaks that focus on
more widely available resources. The highest
peaks with the greatest fitness should be oc-
cupied in resource predictable environments,
with a greater range of options when there
is high resource density. When inter-annual
predictability is low, however, there is repeat-
ed reconfiguration of peaks, thus making it
maladaptive to invest in highly complex so-
lutions due to the risk of suddenly lowered
returns, and entry to a fitness valley. Groups
in unpredictable environments should, there-
fore, develop more generalised technologies
to occupy a more stable set of adaptive bases,
even if that entails not reaching the highest
levels of return.

4) The structure of populations influences the
technological response of hunter-gatherers
by facilitating or constraining exploration
of ‘behaviour space’. We propose that pop-
ulations at higher density, higher mobility,
and/or higher interconnectivity have higher
capacity for innovation (Powell et al. 2009;
Grove 2018), facilitating the adoption of
‘complex’ technological solutions at higher
fitness peaks in stable periods, or movement
between peaks after environmental change.
Conversely, groups with lower density, mo-
bility, and/or interconnectivity may be less
able to respond to changes in the fitness
landscape, and thus may have less complex,
more generalised, technology.

Materials and Methods

Oswalt et al.s (1976) dataset

Population sample. The dataset of hunter-gath-
erers compiled by Oswalt et al. (19706) incorpo-
rated four populations from “desert”, “tropics’,
“temperate”, “arctic’, and “subarctic” biogeo-
graphic zones. The resulting subset of 20 popu-
lations is shown in Table 2, with the total data-
set and discussion of its limitations included as
Supplementary Information. A further distinc-
tion was made between “desert” to “tropics” pop-
ulations on one hand and “temperate” to “arctic”
ones on the other, on the basis of perceived simi-
larities in temperature and seasonality regimes;
the latter being cooler and more seasonal. We also
note that Oswalt et al. (1976) does not include
data related to material transport, which is likely
to have influenced the nature of technological
adaptation and landscape use (see Supplementary
Information). It is likely having such data would
add an interesting variable to the different analyses
presented here, but it would not change the indi-
vidual bivariate relationships presented, nor the
challenges of multivariate analyses with the pres-
ent dataset (see section “Multivariate analyses”).

Technological variables. Oswalt et al. (1976)
quantified technology in each population accord-
ing to the overall number of tools (“subsistants”),
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Tab. 2 - Summary of hunter-gatherer populations collated by Oswalt et al. (1976) and further ana-

lysed here.
SOCIETY LATITUDE LONGITUDE HABITAT CLASS NUMBER OF MEAN
(OSWALT et al. 1976) SUBSISTANTS NUMBER OF
TECHNOUNITS
SV Paiute (Kidutokado) 41.50 -120.06 Desert 39 2.49
Aranda -23.7 133.76 Desert 16 2.63
Naron -21.64 21.61 Desert 12 3.33
OV Paiute (Mono Lake) 38.11 -118.45 Desert 28 3.82
Tiwi -11.59 130.87 Tropics 11 1.27
Ingura (Anindilyagwa) -14.00 136.62 Tropics 13 2.46
Chenchu 16.25 78.97 Tropics 20 2.75
Andamanese 13.32 92.89 Tropics 11 4.64
Tasmanians -41.38 145.21 Temperate 11 1.36
Klamath 42.62 -121.50 Temperate 43 3.51
Tlingit 57.00 -133.59 Temperate 28 4.32
Twana 47.55 -123.16 Temperate 48 4.94
Caribou Inuit 64.33 -96.20 Subarctic 34 3.47
Nabesna 63.44 -143.12 Subarctic 25 4.2
Ingalik (Deg Xit'an) 61.82 -157.75 Subarctic 55 5.38
Tanaina (Dena’ina) 61.74 -150.45 Subarctic 40 5.60
Copper Inuit 68.58 -106.61 Arctic 27 4.52
Iglulik Inuit 69.45 -81.51 Arctic 42 5.36
Tareumiut 71.24 -156.78 Arctic 35 5.86
Angmagsalik (Tasiilaq) 65.64 -37.64 Arctic 33 6.12

their complexity (see below), and their typologi-
cal assignment. This latter variable represents a
categorical distinction between “instruments”
(hand-manipulated tools), “weapons” (designed
to maim or kill edible species), “tended facilities”
(constraints on species movement that require
people to be present), and “untended facilities”
(‘constraints on species movement that do not
require people to be present). Instruments were
broadly related to acquisition of stationary food-
stuffs (mostly plants, but also shellfish and other
stationary creatures), while each of the other three

categories were broadly associated with the harvest
of mobile animals and fishes (Oswalt et al. 1976).

Oswalt et al. (1976) define tool “complexity”
according to the number distinct material com-
ponents of the artefact (“technounits”), as well
as a capacity to change state (attached-detached,
open-closed) during use. We chose not to use
the latter measure, nor the related metric of
Hoffecker and Hoffecker (2018)—the number
and proportion of multiple-state artefacts—for
the following reasons. First of all, the measures
have only a binary set of outcomes, which may
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mask how complex tools are in relation to each
other. Secondly, the raw number of multiple-
state artefacts as the marker of complexity used
by Hoffecker and Hoffecker (2018) will inevita-
bly correlate with the overall number of tools in
the toolkit (r = 0.784, p < 0.001 amongst the
populations they examine that are also present
in the Oswalt et al. [1976] dataset). Thus the
raw number of these artefacts does not produce
a straightforward measure of their complexity.
Finally, when you use the proportion of multiple-
state artefacts in an assemblage, there is still a sub-
stantial association with the average number of
technounits (r = 0.697, p < 0.001) as defined by
Oswalt et al. (1976). Therefore, as Hoffecker and
Hoffecker (2018) themselves acknowledge, the
two complexity metrics are broadly comparable.

Population and climatic variables. Data regard-
ing the diets, demography, and environments

of each population were collated from Binford
(2001) through d-Place (Kirby et al. 2016).
Demographic variables collected were: popula-
tion density, the distance moved in a year, the
number of moves in a year, and the maximum
size of aggregated camps or villages. Following
Grove et al. (2023), we also calculated a distance/
frequency index (distance moved in a year/num-
ber of moves), referred to as the DFI. The corre-
sponding environmental variables studied were:
mean monthly precipitation, mean monthly
temperature, mean monthly net primary pro-
ductivity (NPP), monthly precipitation vari-
ance, monthly temperature variance, monthly
NPP variance, precipitation predictability, tem-
perature predictability, and NPP predictability.
The predictability values are calculated from
Colwell’s (1974) models of inter-annual vari-
ability, which combine “constancy” (how stable a
variable that is broadly invariant within a year is
between years) and “contingency” (how stable a
variable that is seasonally distributed is between
years). These are therefore explicitly measures of
temporal predictability in resource availability.
Oswalt et al. (1976) provide data on the rela-
tive dietary contributions of “immobile”, “terres-
trial mobile”, and “aquatic mobile” foodstuffs in

each society. The reason for these divisions was
that immobile foodstuffs were thought to have
a common technological basis (instruments),
while the complexity of the remaining tool cat-
egories (weapons, tended facilities, and untended
facilities) was thought to be higher when exploit-
ing aquatic resources (fish or marine mammals).
While these dietary estimates were declared valid
for Inuit groups, they were described as “rea-
sonable guesses” for the other populations in
the dataset, and so are not considered accurate
enough here. Instead, using d-Place (Kirby et al.
2016), we have incorporated Binford’s (2001)
measurements of “gathering”, “hunting”, and
“fishing” as percentage dietary contributions. It
is important to note that these metrics are not
the same as Oswalt et al.’s (19706) categories,
which, for example, grouped together plants
and stationary animals as “immobile” foodstuffs.
Nonetheless, the metrics are more or less compa-
rable, with correlations between the “immobile”
and “gathering” (r = 0.856, p < 0.001), “ter-
restrial mobile” and “hunting” (r = 0.504, p =
0.023), and “aquatic mobile” and “fishing” (r =
0.760, p < 0.001) variables all highly significant.

Data analysis and availability

All analyses were carried out in RStudio
2023.12.1.402 running R 4.3.3 (Posit Team
2023; R Core Team 2024). As a result of the risk
of false negatives described in the introduction,
we carried out our analysis in two stages. The first
involved a series of bivariate Pearson’s Correlation
Coefficients using base “stats” commands, along-
side some partial correlations carried out using the
package “ppcor” (Kim 2015). We explicitly chose
to start with these simple tests to identify vari-
able associations without @ priori assumptions of
outcome, and to ensure variables were not ruled
out from our discussion by controlling for related
variables. Subsequently, we used significant pre-
dictors of toolkit size and complexity as inputs to
a path analysis which uses multiple regression to
test a specified hierarchical relationship between
variables. According to the logic of the model we
presented in section “Evolutionary framework:
the complex landscapes of cultural evolution”,
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Tab. 3 - Relationships between different technological variables in the dataset. Instr. = Instruments,

TUs =

Technounits, Weap. = Weapons, TF = Tended Facilities, UF = Untended Facilities. Tp<0.1,

*p<0.05, **p<0.01, ***p<0.001. NS = Not Significant.

VARIABLE %INSTR. MEAN  %WEAP. MEAN  %TF MEAN TF %UF MEAN  TOTALN
INSTR. WEAP. TUS UF TUS
TUS TUS
9%INSTR. | — - - - - - - - -
MEAN NS = = = = = = = =
INSTR. TUS
%WEAP. | NS NS - - - - — - —
MEAN NS 0.538* NS - — - — — —
WEAP. TUS
%TF NS NS -0.730%%* NS — — — — —
MEANTF  |NS NS NS 0.437* NS = = = =
TUS
%UF 0737+ NS NS NS NS 0.633%* — - —
MEAN UF | -NS NS NS 0.431° NS 0.548*%  0.627*%* — =
TUS
TOTALN  |-0.629%* NS NS NS NS 0.560** 0.665*%* 0.547* —
MEAN -0.593** 0.467* NS 0.841%*%* NS 0.710%** 0.547*% 0.738*** 0.625**
TOTAL TUS

climatic variables were considered the most ulti-
mate drivers of technological characteristics, with
demography and diet also a function of climate
(see Figure S7). A full description of the procedure
can be seen in the Supplementary Information.
All figures were produced using the package
“ggplot2” (Wickham 2016). All data are available
as a supplementary file to this manuscript.

Results

Summary of dataset

There is enormous variability between popu-
lations in the proportion of each of Oswalt et
al’s (1976) tool types, as illustrated in Figure
S4. Each population displays some deployment
of instruments, weapons, and tended facilities,
while untended facilities are absent amongst the
Andamanese, Chenchu, and Tiwi. Instruments
are notably rare among the Tareumiut and

Nabesna, but are broadly uncommon in arc-
tic and subarctic populations. Instruments are
also the least (or joint least) complex tool type
by average technounits in 14/20 populations,
but are the most complex in 2 of the remain-
ing 6 (Figure S5). In 10 populations, weapons
are the most complex tool type, compared to
untended facilities in 7, and tended facilities in 1.
Descriptions of dietary composition, demogra-
phy, and climatic context for each population, as
well as the relationships between these variables,
are shown in the Supplementary Information.

Technological diversity and complexity
Relationships between the numbers of each
tool type involved in food acquisition and their
average number of technounits from Oswalt et al.
(1976) are displayed in Table 3, where p<0.1 (full
details can be seen in Table S2). We find a posi-
tive relationship between the absolute number of
foraging tools in the cultural repertoire and the
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Fig. 2 - Relationship between number of tools in the foraging toolkit and the mean number of TUs

for each tool.

average number of technounits for each of those
tools across societies (r = 0.625, p = 0.003). This
is shown in Figure 2. The relationship is similar
to Oswalt et al.’s (1976) documented relation-
ship between the ot/ number of technounits in
an assemblage and the number of foraging tools,
but the number of technounits was not standard-
ised by the size of the toolkit.

Table 3 shows that overall toolkit complex-
ity is associated with a reduced proportion of

instruments and an increased proportion of
untended facilities, as well as increased complexity
within each of the four tool categories (especially
among weapons, tended facilities, and untended
facilities). Complexity of instruments is associated
with the complexity of weapons but not of either
type of facility, with the average number of tech-
nounits within weapons showing a slight influence
on the number for each form of facility. The com-
plexity of tended and untended facilities is clearly
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Tab. 4 - Relationships between technological variables and dietary components. TUs = Technounits,
TF = Tended Facilities. Tp<0.1, ¥p<0.05, **p<0.01, ***p<0.001. NS = Not Significant.

% HUNTING % FISHING

VARIABLE % GATHERING
% Instruments 0.744**x*
Mean TF TUs -0.446*

% Untended Facilities -0.647**

Total n -0.579**
Mean Total TUs -0.525%

NS -0.589(0.006)**
NS NS

NS 0.409*

NS 0.439"

NS 0.481*

related, while the complexity of both tended and
untended facilities also clearly increases when
there are more untended facilities being deployed.
These data suggest that more closely related tool
types may have more transferable knowledge that
increases the complexity of each form.

An increased total number of tools in the
toolkit is related to a lower proportion of instru-
ments, an increased number of untended facili-
ties, and more complex tended and untended
facilities. The proportion of tended facilities is
clearly negatively associated with the proportion
of weapons, suggesting a trade-off in technologi-
cal strategies, which is also seen in the negative
relationship between the proportion of instru-
ments and the proportion of untended facilities.

Diet and technology

The notable relationships between dietary
variables and Oswalt et al.’s (1976) technological
variables are shown in Table 4, with the full results
shown in Table S3. The results suggest that,
overall, increases in the proportion of gathering
reduce the number of tools in the toolkit, as well
as their average complexity, whereas increases in
fishing produce a greater total number of tools,
and a more complex toolkit. Increases in gath-
ering significantly increase the proportion of
instruments in the assemblage (which are signifi-
cantly decreased by fishing), decrease the propor-
tion of untended facilities (which are increased by
fishing), and decrease the complexity of tended
facilities. Hunting has no relationship with the
character of the toolkit. These data reaffirm that

instruments are most closely related to gather-
ing behaviours, and are perhaps preferred when
plant availability is greatest. Other technological
behaviours are less clearly associated with hunt-
ing and fishing, probably because both are vari-
ously responsible for the nature of the other tool
categories in different populations.

Demography and technology

The notable relationships between demo-
graphic and technological variables are shown in
Table 5, with full information shown in Table S4.
Population density is associated with an increased
proportion of instruments in the assemblage—
likely because both are supported by environ-
ments with increased plant availability—and a
decrease in the proportion of untended facili-
ties—probably due to an increase in hunting
and especially fishing in areas where the envi-
ronment does not support plant productivity.
Instruments are also complex where populations
are more dense. Increases in DFI are associated
with a reduced proportion of instruments and an
increased proportion of untended facilities, which
are similarly explained: fewer moves of greater
distance are made in low productivity environ-
ments where plant distributions are restricted,
with more hunting and fishing instead required.
Moreover, groups that practise lower residential
mobility (and therefore have higher DFI) may be
more likely to engage in the provisioning of places
(sensu Clark and Barton 2017; see also Kuhn
1992) through untended facilities monitored by
logistical task groups deployed from residential

11
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Tab. 5 - Relationships between technological variables and demographic information. TUs
= Technounits, TF = Tended facilities, UF = Untended facilities.'p<0.1, *p<0.05, **p<0.01,

12

***p<0.001. NS = Not Significant.

VARIABLE LOG (POP. LOG (YEARLY YEARLY CAMP DFI LOG
DENSITY) DISTANCE) MOVES (MAXIMUM

AGGREGATED
SETTLEMENT)

% Instruments 0.661** NS NS -0.635%* -0.407*

Mean Instrument -0.453%* NS NS NS NS

TUs

% Tended Facilities NS 0.393* NS NS NS

Mean TF TUs NS NS NS NS 0.654**

% Untended -0.546%* NS NS 0.493%* 0.413%

Facilities

Mean UF TUs NS NS -0.463" NS NS

Total n NS NS NS 0.423* NS

Mean Total TUs NS NS NS NS 0.548%*

bases (Binford 1980). This may also be reflected
in a generally increased size of the toolkit where
DFI is higher in the present dataset. The number
of yearly camp moves potentially being negatively
associated with the complexity of untended facili-
ties may be most parsimoniously explained by
the fact that populations who do not stay in the
same place for long are less able to monitor these
apparatuses, and therefore have less to gain from
investment in them.

The only demographic association with tech-
nological complexity is seen through the size of
the maximum aggregated settlement. Increases in
the sizes of these seasonal settlements are asso-
ciated with an increased complexity of tended
facilities, a potential increase in the number of
untended facilities, a potential decrease in the
number of instruments, and an overall increase
in average complexity across the toolkit. To rein-
force the influence of raw camp size over camp
density, the increased complexity of tended
facilities (r . =0.471, p = 0.042) and the whole
toolkit (r ., = 0.447, p = 0.055) largely remain
when controlling for log population density. The
increased proportion of untended facilities does

not remain when controlling for log popula-
tion density (r . = 0.247, p = 0.308) but the
reduced proportion of instruments does (r_ ., =
-0.453, p = 0.051).
Climate and technology

The notable relationships between climatic
variables and technological outcomes are shown
in Table 6, with full data in Table S5. There is
a strong correspondence between different envi-
ronmental variables, especially between precipita-
tion, precipitation seasonality, temperature, and
(inverse) temperature seasonality and their rela-
tionships with different technological variables.
This again suggests that distinct behavioural
strategies are being followed in different environ-
ments, whereby those with greater plant avail-
ability show greater use of (less complex) instru-
ments, while those with reduced plant availabil-
ity see greater focus on other tool forms and/or
investment in the complexity of one or more tool
categories. NPP and its seasonality follow these
variables in many places, but exert independent
influence on the proportion of weapons in an
assemblage, especially in the relationship between
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Tab. 6 - Relationships between technological variables and climatic characteristics. Instr. =
Instruments, TUs = Technounits, weap. = Weapons, TF = Tended facilities, UF = Untended facilities,
Precip. = Precipitation, Temp. = Temperature, NPP = Net Primary Productivity. 1p<0.1, *p<0.05,

**p<0.01, ***p<0.001. NS = Not Significant.

VARIABLE ENVIRONMENTAL BASELINE ENVIRONMENTAL ENVIRONMENTAL
SEASONALITY PREDICTABILITY
LOG TEMP. LOG LOG LOG LOG PRECIP. TEMP. NPP
(PRECIP.) (NPP) (PRECIP.) (TEMP.) (NPP)
%]Instr. 0.613** 0.799*** (0,512% 0.681*** -0,769%** (.246 -0.353 0.800%**  -0,741***
Mean -0.553* -0.595%* -0.749*** -0.475* 0.531%* -0.585*%* NS -0.484*% 0.704%**
Instr. TUs
% Weap. NS NS -0.427* NS NS -0.512*% NS NS NS
Mean NS -0.486* -0.613** NS 0.451%* -0.433* NS -0.434* 0.534%*
Weap. TUs
Mean NS -0.393* NS NS NS NS 0.500% -0.406" NS
TF TUs
%UF NS -0.619*%* NS -0.547* 0.629** NS 0.533%* -0.713%%*  0.395*
Mean NS NS NS NS NS NS NS -0.574* NS
UF TUs
Total n NS -0.651** NS -0.441% 0.703*%** NS NS -0.734*%*%x 0,529%
Mean NS -0.678** -0.512* -0.450* 0.583** NS NS -0.633** 0.596%**
Total TUs

NPP seasonality and the proportion of weapons
in the toolkit.

Temperature predictability seems to have a
profound impact on the toolkit, as it is broadly
associated with an increased proportion of
instruments, decreased instrument complexity,
decreased weapon complexity, decreased tended
facility complexity, fewer untended facilities,
decreased untended facility complexity, fewer
tools in the toolkit, and decreased average tool
complexity overall. Increased precipitation pre-
dictability is associated with increased complexity
of tended facilities and an increased proportion
of untended ones, while increased NPP predict-
ability is associated with fewer instruments, more
complex instruments, more complex weapons,
perhaps more untended facilities, more tools in
the toolkit, and overall increases in complexity.
These patterns seem related to a strong inverse
correlation between temperature predictability

and NPP predictability (r = -0.822, p = 8.69¢-
06), with populations in more northerly lati-
tudes seeing low temperature predictability but
high NPP predictability.

A schematic of the influences of both season-
ality and predictability variables on technology
are displayed in Figure 3. These highlight that
seasonality and predictability appear to play
largely inverse associations with each variable,
as temperature in particular is more predict-
able in environments where its log-transformed
seasonality is lower (r = -0.972, p = 8.218e-13).
Precipitation seasonality often shows inverse rela-
tionships with NPP predictability, but often not
with rainfall predictability. This would suggest
that NPP, but not always rainfall, is more pre-
dictable (though predictably lower) where rain-
fall seasonality is lower. Indeed, log-transformed
monthly precipitation variance is more strongly
associated with NPP predictability (r = -0.828, p
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Fig. 3 - Schematic of relationships between seasonality and predictable variables and each of the
technological variables. Green lines denote positive associations, and red lines denote negative
associations. Thick lines denote p < 0.05, and thin lines denote 0.1 > p > 0.05.

= 6.652¢-00) than it is with rainfall predictability
(r = -0.520, p = 0.019).

Multivariate analyses

Path analyses for each technological vari-
able are documented in the Supplementary
Information, with the independent variables only
those that reached significance in the bivariate
analyses. These tests show quite poor fit for the
small samples available in the present dataset,
resulting in some spurious findings for different
outcome variables, including significant findings
in the opposite direction to those expected. For
example, the proportion of the diet attributed
to gathering becomes positively associated with
toolkit complexity, as does precipitation sea-
sonality, while temperature seasonality becomes
negatively associated. These trends are extremely
hard to interpret in the face of the raw data and
a continued negative relationship between mean
monthly temperature and the mean number of
technounits in the path analysis. In this context,
we believe such findings are likely statistical arte-
facts, and re-emphasise the difficulty with inter-
preting complex multivariate analyses of small
datasets. This makes simple relationships and a
strict interpretative framework crucial for inves-
tigating the drivers of technological complexity.

Discussion

Defining complexity

We reiterate that the Oswalt et al. (1976)
dataset is imperfect, both in terms of the sample
and in the operational definition of “complexity”.
Defining complexity according to the number of
composite units subsumes substantial variability
within the category of “1 technounit”, which has
major implications for the broader application of
this framework. Firstly, as long as the artefacts are
made of a single component, this broad group-
ing equalises the use of natural objects (“nature-
facts” in the terminology of Oswalt et al. 1976)
and those modified by humans (“artefacts”), as
well as between objects used for ad hoc versus
planned purposes more broadly (Binford 2001).
This rather does a disservice to the material
complexity of even chimpanzees, whose tools
would almost always be defined by a single tech-
nounit, yet they can create some tool forms by
selecting and modifying raw materials through
multiple stages to fit specific tasks (e.g. Suzuki
et al. 1995), and they can combine individual
components to make more complex tool systems
(e.g. Boesch 2003). Use of tools in this way is
clearly distinct to more simplistic manipulations
of material, such as in the use of leaves for water
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dipping (e.g. Goodall 1986; Boesch and Boesch
1990; Whiten et al. 1999).

Nonetheless, technounits clearly downplay
the technological sophistication of present,
recent, and ancient humans to a much greater
extent than they do to chimpanzees.

For example, rudimentary “spears” used by
Fongoli chimpanzees, torn from trees and modi-
fied with teeth (Pruetz and Bertolani 2007; Pruetz
et al. 2015), are not analogous to the elongated
wooden spears made on highly selected and mod-
ified wooden materials by human populations
across the world (see Milks 2020 for a review).
Similar objects are also seen in the archaeological
record, including the 300,000-year-old wooden
tools from Schéningen, which recently were
shown to reflect elongated and complex chaines
opératoires with defined end goals (Leder et al.
2024). All of these forms would nonetheless be
classified as a single technounit by Oswalt et
al. (1976), as they share manufacture on a sin-
gle material form with no composite additions.
These technounit counts have been misused to
claim an overlap in material complexity between
chimpanzee and modern human toolkits
(McGrew 1987), which creates the potential for
overly simplified narratives of human evolution.

On the other hand, Hoffecker and Hoffecker’s
(2018) focus on the binary presence of “multiple
state artefacts” in foraging toolkits may mask
even more variability than technounits, group-
ing together everything from chimpanzee mate-
rial to relatively simple components of modern
human toolkits as non-complex. In our opinion,
therefore, the quantitative nature of Oswalt et
al.’s (1976) technounits makes them a much bet-
ter starting point for preliminary investigations
of technological variability, certainly within eth-
nographic human populations where issues of
‘missing elements’ are less pertinent. Future stud-
ies will be better served by defining complexity
units according to how many steps are involved
in their operational sequences (Perreault et al.
2013; Paige and Perreault 2024), or how many
discrete behavioural procedures constitute their
manufacture and the structure of these actions
(Muller et al. 2017; Fajardo et al. 2023; Kozowyk

et al. 2023), allowing for more robust compari-
sons between populations, species, and over evo-
lutionary timescales. Moreover, understanding
how these different measures of complexity relate
to each other will remain an important avenue
of research.

Scales of analysis

Previous authors have extensively discussed
the drivers of technological change in modern and
past populations with the view to better under-
standing change in the ethnographic and archaco-
logical record, drawing attention to either demo-
graphic and ecological variables, with little atten-
tion to their interaction (though see Grove 2018;
Timbrell 2024). This is what we have aimed to
address in this study, using the complex landscapes
of cultural evolution as a lens through which to
explore Oswalt et al.’s (1976) dataset. The impor-
tance of this interpretive framework is highlighted
by the aforementioned difficulties with multi-
variate analyses, which can produce inconsistent
findings with the small dataset of technological
complexity in hunter-gatherer populations. In the
context of our evolutionary model, we emphasise
that, at the most proximate level, it is resource
distributions through space (and the relative con-
tributions of different resources to the diet) that
hunter-gatherers are adapting to, and that other
variables exert influence at different scales (Clark
and Linares-Matds 2024). All being equal, diver-
sity and stability of these resource distributions
through time determines what types of toolkits are
the most adaptive in a given environment and the
level of investment worth putting into their devel-
opment and adoption. Hunter-gatherer popula-
tions acquire and apply technological knowledge
in response to these environmental factors, with
demography determining the conditions of its
accumulation, and thus innovation and diffusion.

Diet. The most direct associations with com-
plexity can be seen in the relative contributions
of gathering, hunting, and fishing to hunter-
gatherer diets. This is a rather coarse division of
food acquisition, but it suggests that hunting is
most stable between populations, with increased
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amounts of gathering reducing average tool
complexity, and increased amounts of fishing
increasing it. This is driven partly by an increase
in the use of instruments (the simplest tool form
according to Oswalt et al. 1976) when collect-
ing plant foods, compared to more untended
facilities (some of the most complex tool forms)
when focusing on fish. Weapons and tended
facilities are important across the hunting and
fishing spectrum. This reliance on more complex
technologies underlines that an increased focus
on hunting and fishing necessitates a tradeoff in
greater technological—and time—investment,
to access the optima they offer on the fitness land-
scape. At the same time, even the comparatively
simple instruments appear to be more complex
when the whole assemblage is more complex,
which is also true of the other three tool types.
Similarly, the complexity of both types of facil-
ity is interrelated. These findings highlight two
key things: a) the relative appearance of specific
types of cultural solution are intrinsically related
to the foodstuffs being consumed, and b) that
technological knowledge is transferable between
domains, especially when they are closely related.
Both of these points were emphasised by Oswalt
etal. (1976, p. 189) when examining inter-pop-
ulation variability, but they did not have the data
to examine higher-level influences.

Demography. Demographic structure should
subsequently follow the nutrition obtained from
these diet-technology interactions, and feed-back
into the knowledge base from which technology
is derived. In particular, foodstuffs that provide
increased nutritional density—but that are only
found in an isolated area and/or need more indi-
viduals to successfully acquire (e.g. animal prod-
ucts)—will support a larger population for any
given environment (Grove 2018). On the other
hand, a focus on such resources is enforced where
gathered foodstuff productivity is low (including
plants, insects, honey, and shellfish, for exam-
ple), and may require quite substantial (seasonal)
moves. Where populations can successfully sub-
sist on gathered resources, they may be able to
maintain density over a larger area through a

number of smaller groups with distinct forag-
ing radii, more frequent moves over shorter
distances, and reduced aggregation of foraging
subunits. These patterns are supported in the
associations between rainfall, rainfall seasonality,
mean temperature, and/or reduced temperature
seasonality with reduced DFI, maximum aggre-
gated settlement size, and distance moved in a
year, along with increased population density
(Supplementary Information).

The findings described above highlight that
access to the broadly more calorie-dense food-
stuffs of animals and fish come with important
tradeoffs that would favour a focus on gathered
resources where these are more widely avail-
able. The scales evaluating this tradeoff are not
always the same throughout the year. This is
most obviously seen in the near-universal pref-
erence of hunter-gatherers towards honey—a
calorie-dense but seasonal and spatially-dispersed
resource—which is eagerly consumed in place of
these resources almost whenever it is accessible in
large quantities (e.g. Marlowe et al. 2014). For
example, Turnbull’s (1961) classic observations
of the MButi in the Ituri Forest (Democratic
Republic of Congo) describe the hunting group
fissioning into smaller camps during the honey
season, only to later fuse as the group returned
to hunting when honey became less avail-
able. Similarly, the Hadza—as in the Kua and
Ju/’Hoansi of the Kalahari Desert (Bartram et al.
1991; Lee 2013)—form larger aggregated hunt-
ing camps nearby to water sources that attract
animals in the dry season, but disperse into
smaller camps focused on the location of fruit-
ing berry trees during the wet season, when they
also bring more honey back to camp (Vincent
1985; Hawkes et al. 1989, 1991; Marlowe and
Berbesque 2009; Marlowe et al. 2014). These
patterns reflect a shifting of the complex fitness
landscape at different times of the year, towards
a greater number of local optima when focus-
ing on the gathering of berries and honey, and
a global optimum when having to shift towards
animal resources.

The data presented here showed that at least
one demographic variable, the size of the largest
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seasonally-aggregated camp or village, is associ-
ated with increases in toolkit complexity (due to
an increase in the complexity of tended facilities,
but also a reduced proportion of instruments and
an increased proportion of untended facilities).
This remained when controlling for the influence
of overall population density. It is logical that we
see greater investment in tended facilities when
there are (at least seasonally) more people who can
tend them. In such contexts, as argued by advo-
cates of population size and structure as a driver
of behavioural change, larger aggregations may
create stronger spheres of interaction and knowl-
edge sharing, whereby an increased encounter
rate leads to new innovations that can result in
increased complexity (Grove 2009, 2018). More
individuals may also facilitate greater efficiency
in foraging and other tasks critical for survival,
creating more time for technological experi-
mentation and investment (Kraft et al. 2021).
Seasonal aggregations—reflecting ‘partial con-
nectivity’ of a wider population network (sezsu
Derex and Boyd 2016)—provide populations
with a greater capacity to reach global optima
than those that remain in contact all year round,
as fully connected groups explore inherently less
of ‘behaviour space’. Large seasonal aggregations
may therefore lead to technological innovations
that both incur higher fitness and greater resil-
ience to environmental change and subsequent
fitness landscape alterations. This provides one
possible mechanism in support of hypothesis 4
within section “Empirical predictions”, but more
data are needed to explore this further.

Climate. At the most ultimate level, the climatic
properties of the environment are what deter-
mines its resource productivity, seasonality, and
year-to-year predictability, and thus the tech-
nological responses of hunter-gatherers within
‘behaviour space’. A number of the associations
between climatic variables and toolkit composi-
tion and complexity are logically mediated by
resource acquisition and population structure.
For example, toolkits are more diverse and com-
plex in colder environments, with the most sea-
sonal and unpredictable temperatures but most

predictable NPD, reflecting the increased focus
on hunting and especially fishing, and perhaps
also the large seasonal aggregation of groups
that come together to survive harsh arctic win-
ters. Such seasonal reconfigurations of necessary
behavioural strategies also support hypothesis
2 of section “Empirical predictions”. This also
strongly underlines the role of ecological risk in
driving technological complexity, because the
success of resource acquisition becomes para-
mount in areas relying on sparse mobile resources
where other foodstuffs, especially plants, are not
readily available (Torrence 2001; Collard et al.
2011, 2013).

Conversely, in warmer and less seasonal envi-
ronments, the diversity of behavioural possibili-
ties does not seem to necessitate diverse or com-
plex tool use, especially due to the low ecological
risk of any given strategy failing, as predicted
by hypothesis 1. Increased rainfall seasonality
in areas of greater carrying capacity also cycli-
cally revitalises the ecosystem, and thus people
have greater access to plant resources. Smaller,
less complex toolkits with higher proportions of
instruments and fewer untended facilities may
allow for a diverse range of plant gathering and
processing activities in more tropical areas. This
is likely to influence the foraging strategy of pop-
ulations in these regions towards a “forager strat-
egy” of movement between abundant resource
patches, rather than a “collector strategy” of more
intensive exploitation of a single area, which has
its own set of influences on ecological risk (Read
2008; Read and Andersson 2020). In these con-
texts, we may expect rainfall variables to have a
greater influence on the toolkit in tropical areas,
while temperature variables may be more impor-
tant in higher or lower latitudes. At the same
time, populations in these environments may
experience fewer selection pressures guiding the
adoption of highly specific adaptations at a sin-
gle global optimum, as the adaptive landscape is
highly dynamic through time. Highly complex
technologies should only become adaptive when
the reward or time invested in traversing a steep
adaptive peak outweighs the risk of not having
done so.
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We have previously argued that climatic
variables should be most important in pattern-
ing and/or constraining technological invest-
ment, through its influence on both resource
risk and population structure, rather than influ-
encing it directly. In particular, we emphasised
that seasonality should determine how consist-
ent the toolkit is across seasons (Figure 1A), and
that inter-annual (resource) unpredictability
would provide a constraint on investment, given
year-to-year returns would be uncertain (Figure
1B). Viewing these climatic variables as part of
a wider environmental system in the data pre-
sented here broadly conforms with these predic-
tions presented via our evolutionary framework.
The alternative explanation for the associations
between various aspects of climate seasonality
and predictability, and different technological
variables is that more generalised toolkits were
deployed as a response to more dramatic changes
between seasons and years (sensu Clark and
Linares-Matds 2024). However, this is much less
plausible than the simple association between
areas of increased plant availability and increased
rainfall seasonality, as well as extensive evidence
of hunter-gatherer responses to completely dis-
tinct seasonal conditions in tropical environ-
ments. Further elucidation of these two alterna-
tives would require greater sampling of multi-
ple populations from within the same climatic
regime, especially those who share a greater need
to respond to rainfall seasonality, rather than
from across much broader areas.

Landscape knowledge and technological
organisation

As per hypothesis 3 of section “Empirical pre-
dictions”, assuming the increased complexity of
toolkits in northerly latitudes is due to reduced
plantavailability, and the necessary complexity of
exploiting animals and fish—alongside the high
risk of failure—the predictability of resource dis-
tributions (as judged by high NPP predictabil-
ity) may be particularly important in facilitating
technological investment within these strategies.
This predictable environmental productivity,
even if predictably low, may underpin an ability

to accumulate knowledge about areas that have
a high knowledge threshold, often because of
a limited number of behavioural optima, and
would otherwise be very difficult to first occupy
(Rockman 2003). In northerly, and especially
sub-arctic to arctic environments, these barriers
to initial occupation include the lack of wide-
spread plant resources on which to subsist whilst
understanding the processes involved in subsist-
ence on foodstuffs of greater caloric density, the
isolation and dramatic seasonal movements of
these calorie-dense foodstuffs, and the lack of
obvious landmarks from which initial waypoint
navigation can proceed (see Rockman and Steele
2003, and papers therein). Encoding of this
environmental information forms the basis for
memory formation (Prezioso and Alessandroni
2023), and thus it is a critical baseline for sub-
sequent adaptation through cumulative cultural
evolution (sensu Tomsello 1999).

The importance of predictability in such
environments is illustrated by Oswalt et als
(1976, p. 185-186) own summary of indig-
enous technologies along the American Pacific
Northwest Coast: “the complexity of Northwest
Coast Indian [sic.] life usually has been attributed
to the abundance, predictability, and richness
of salmon as food”, and that “the technological
forms designed by these peoples to take salmon
were among their most developed subsistants”.
In this way, we should conceptualise the inter-
play between climatic context and the ability of
populations to understand the temporal and spa-
tial distribution of key resources as the driver of
investment and access to optima within complex
fitness landscapes. The convergence of harpoon-
based technological strategies for hunting large
marine mammals in western Alaska and the
Tierra del Fuego in extreme South America high-
light this pattern, given neither are amongst the
earliest technologies in their respective regions,
but represent continued patterns of landscape
adaptation through time (Linares-Matds and Lim
2024). They differ, however, through their asso-
ciation with Holocene neoglaciation in Alaska,
which increased the risk associated with resource
acquisition failure. Meanwhile, their appearance




Complex drivers of technological change

in southernmost South America is not associ-
ated with any known climatic reconfiguration,
only an increase in investment facilitated by
landscape habituation. The continuation of cold
conditions in Alaska subsequently provided the
stability required to occupy novel environments
and re-specialise the technological base (Linares-
Matds and Lim 2024).

In terms of how predictability relates to tech-
nological organisation, Binford (1979) drew a
distinction between “personal” and “situational”
gear from his observations of foraging behaviour
in the Nunamiut, with the former carried by indi-
viduals in anticipation of future need, and the lat-
ter being collected or produced in response to an
unexpected opportunity. Personal gear—includ-
ing dressed stone cores for the release of flakes
in the event of butchery—was said to be heav-
ily curated (that is, recycled, reused, and main-
tained), whereas situational gear was expedient
according to the availability of material. Curated
tools are often also more specialised towards a
specific task, but can be multi-functional tools
(McCall, 2012). Kuhn (1992) elaborated on
this framework for the Palacolithic, emphasising
that either individuals could be provisioned with
tools—especially where their need was relatively
unpredictable—or places could be provisioned
with raw material and/or tools, where their need
would be more predictable. Kuhn (1992) is
largely referring to spatial predictability—where
resources will usually be acquired from the same
patches, even if acquisition was unpredictable at
the day-to-day scale—whereas Binford (1979)
is largely referring to temporal predictabilicy—
where resources can reliably be obtained on any
given day, but from varied points across the land-
scape. Where both variables are high, the two
models would suggest the provisioning of either
places or individuals with curated tools (sezsu
Binford 1979), but the predominance of the for-
mer is consistent with Binford’s (1979) reports
of Nunamiut caching material and technology at
strategic places to which they expected individu-
als to return. These strategies are heavily depend-
ent on consolidated landscape knowledge that
facilitates such adaptation.

In the data presented above, DFI is broadly
associated with a greater overall size of the toolkit,
and with an increased proportion of untended
facilities. We would suggest that these patterns
may be related to greater provisioning of places
in areas of high spatial and temporal predictabil-
ity, whereby untended facilities are more com-
plex and could be more frequently monitored by
logistical groups moving from residential bases
(Binford 1979, 1980). This fits well with the
findings relating to the almost all-encompassing
relationships of climatic predictability, as well as
the association between technological complex-
ity and the overall size of the toolkit, which sug-
gests applicability of knowledge bases beyond
their original context. In sum, landscape knowl-
edge is a critical mediator of the identified rela-
tionships between ecology, demography, climate,
and technology, forming the basis for conscious
population-level reconfiguration of behaviour.
This is the difference between the existence of
theoretical peaks within the fitness landscape,
and the ability to climb and traverse them.

Conclusions

In this paper, we have re-analysed Oswalt
et al’s (1976) classic dataset on technological
complexity in modern human hunter-gatherers,
using updated dietary, demographic, and cli-
matic variables, in order to understand the eco-
logical and demographic drivers of technological
diversity. While we acknowledge the limitations
of the Oswalt et al.’s (1976) dataset and its opera-
tionalisation of complexity, we suggest it can still
provide important insight into current debates
surrounding the nature of technological vari-
ability in lieu of future methodological advances,
especially when examining its findings through
modern cultural evolutionary theory. We have
interpreted our results through a novel frame-
work focused on the complex fitness landscapes
of cultural evolution, integrating previous work
in behavioural ecology and models of adapta-
tion through time, to show how different factors
hypothesised to relate to technological change
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can cach play a role in shaping the structure and
nature of human behaviour. Future work must
tackle issues surrounding the operationalisation
of complexity in both modern and past popula-
tions, and how to compare between the two, as
well as expanding the cross-cultural sample for
the application of multivariate statistics.

We argue that resource distributions impose
the most proximate and direct influences on the
fitness landscapes, which technological adapta-
tions can help navigate, while changes to the
height and the frequency of these changes of
individual fitness peaks are dictated by local cli-
matic factors—especially seasonality and inter-
annual predictability. We also re-emphasise the
importance of resource risk in eliciting speciali-
sation of toolkits in lower productivity environ-
ments, including an interlinked role for the size
of seasonal population aggregations in allowing
for cultural development, as well as the funda-
mental importance of accumulated information
about the landscapes inhabited by hunter-gath-
erer populations. This knowledge is critical for
human populations to exploit the niches theo-
retically available in a landscape, and optimise
their environmental returns through time.
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