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Introduction: Enacting transitions toward more sustainable management and
use of land, energy, and natural resources poses multiple challenges for human
societies. Such transitions have been a constant throughout human history and
therefore there is a need to learn from them and apply that knowledge to current
land-use policies and management. Significant human impact on landscape and
environment in Cantabrian Spain has been documented in alignment with the
Neolithization (ca. 7,000 cal BP). While the classic approach of identifying cultural
phases based on historical and archaeological data has been extensively studied,
much less is understood on how such phases are dependent upon increasing
anthropogenic influence on the environment.

Methods: Cantabrian Spain is well-known for its long mining history.
Key processes historically shaping landscapes in the region include the
implementation of mining/metallurgy industries and extraction of forest
resources. These historical processes were characterized, respectively using
heavy metal pollution contents (Hg, Zn, Cd, As, Ni, REE, Pb, and 206 Pb/207Pb)
and total arboreal pollen percentages in peat bogs, providing global trends
of human impact on the environment. These trends were then compared
to climate (temperature and precipitation) and natural vegetation evolution
modeling through time.

Results: Results show seven phases ofmajor human impact on the environment:
(1) the Copper phase ca. 4,400–4,100 cal BP, (2) the Middle Bronze phase ca.
3,500–3,150 cal BP, (3) the Iron phase ca. 2,800–2,500 cal BP, (4) the Roman
phase ca. 2,200–1,750 cal BP, (5) the Medieval phase ca. 1,250–1,000 cal BP, (6)
the Colonial phase ca. 650–400 cal BP, and (7) the Industrial phase ca. 150 cal
BP-Present.

Discussion: Four phases are tightly related to substantial changes in
land use and subsistence strategies: (1) Production, with the appearance
of productive economies during the Neolithic, (2) Specialization,

Frontiers in Environmental Archaeology 01 frontiersin.org

https://www.frontiersin.org/journals/environmental-archaeology
https://www.frontiersin.org/journals/environmental-archaeology#editorial-board
https://www.frontiersin.org/journals/environmental-archaeology#editorial-board
https://www.frontiersin.org/journals/environmental-archaeology#editorial-board
https://www.frontiersin.org/journals/environmental-archaeology#editorial-board
https://doi.org/10.3389/fearc.2024.1339172
http://crossmark.crossref.org/dialog/?doi=10.3389/fearc.2024.1339172&domain=pdf&date_stamp=2024-02-26
mailto:a.f.martinez@vu.nl
https://doi.org/10.3389/fearc.2024.1339172
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fearc.2024.1339172/full
https://www.frontiersin.org/journals/environmental-archaeology
https://www.frontiersin.org


Martinez et al. 10.3389/fearc.2024.1339172

with the appearance of specialized activities and trade during the Middle Bronze
phase, (3) Urbanization, with the first urban centers during the Roman phase, and
(4) Globalization, with worldwide colonialism and capitalism economies during
the Colonial phase.

KEYWORDS

Cantabrian Spain, deforestation, metal pollution, climate evolution, energy regimes,

Holocene

Introduction

Rising sea-level and increasing global temperatures driven
by greenhouse gas emissions, biodiversity loss, and depletion of
primary resources are urgent challenges that human societies
are currently facing (IPCC, 2022). Major changes in our energy
systems and landscape management are needed to render our
society more sustainable. But such challenges are not new;
landscape changes in Europe have been well-documented since
the Mid-Holocene, starting with the foundation of the first
farming communities. Expansion of cropland and pastures, loss of
wilderness and wild land, land use intensification, urbanization and
industrialization are key processes related to the historical human
transformation of landscapes (Ellis and Ramankutty, 2008; Ellis,
2015).

One way to describe major changes in human societies
is through the use of energy. Energy is available in primary
resources such as wood, coal, food, etc., and can be stocked,
converted or used to produce useful work in numerous activities
(heating, farming, metallurgy, etc.). Energy use largely changed
through time along with knowledge and technological evolution
(Sieferle, 2001; Burke, 2009; Fischer-Kowalski et al., 2014;
Krausmann et al., 2016). The framework of Energy Regimes
(ERs) considers resources and energy sources that sustain
the development of human societies, and explores the inter-
relations between human societies and their environment
(Vlachogianni and Valavanidis, 2013). ERs are independent
from time and cultural sequences, allowing comparison
from past and modern societies. Four ERs are currently
acknowledged: hunter-gatherer, agrarian, industrial and low-
carbon (Goudsblom, 1992; Sieferle, 2001; Fischer-Kowalski and
Haberl, 2007; Simmons, 2008; Burke, 2009; Valavanidis and
Vlachogianni, 2013). If the theoretical framework of ERs has been
developed for more than 30 years, its application in concrete
case study is a novel approach (Martinez et al., 2022, 2023).
ERs can be addressed with geoarchaeological proxies to explore
land-use strategies and the impact of anthropic activities on
the environment.

The complex ways in which climate has influenced vegetation
and cultural changes during the Holocene have been widely
debated (DeMenocal, 2001; Roberts et al., 2011; Lillios et al.,
2016; Griffiths and Robinson, 2018). Coincidences between
climatic changes and cultural developments or major societal
disruptions have been detected (Berglung, 2003; Arbogast
et al., 2006; Turney et al., 2006; Schmid et al., 2015) along
with the influence of climate and human activities on
landscape and vegetation evolution (Martínez-Cortizas et al.,

2005; Jalut et al., 2009; López-Merino et al., 2012; Silva-
Sánchez et al., 2014; Silva-Sánchez, 2015; Sánchez-Morales,
2023).

A wealth of studies on landscape transformations in relation
to human activities in Northern Spain have already provided a
well-documented landscape evolution storyline throughout the
Holocene. Nonetheless, the focal point of such research line is
often limited to specific time periods or cultural entities, and
considers very specific thematics, such as fire activity (Pérez-
Obiol et al., 2016; Carracedo et al., 2018; Uzquiano, 2018),
agrarian activity (López-Merino et al., 2010, 2011; Fernández
Mier et al., 2014), vegetation and environmental reconstitution
(Schellekens et al., 2011; Irabien et al., 2015; Pérez-Díaz et al.,
2016b), climate evolution (Muñoz-Sobrino et al., 2005; Mighall
et al., 2006, 2023), or human land-use (López-Merino et al.,
2014; Pérez-Díaz et al., 2018; González-Álvarez, 2019a,b). All
studies acknowledge the difficulty to disentangle anthropogenic
influences on landscape changes from natural ones (Mighall et al.,
2023).

In this work, we focus on the identification of major changes in
the history of human impact on the environment in Northern Spain
along theHolocene. This region is well-known for its long history of
mining andmetallurgy (Comendador-Rey et al., 2017), and its well-
documented vegetation history and exploitation by human groups
(Sánchez-Morales, 2023). Northern Spain hosts the largest metal
ore belt in Western Europe which has been extensively exploited
since the late Prehistory (Comendador-Rey et al., 2017; Fernández
et al., 2018). It also possesses a substantial amount of wetlands,
lakes and caves that act as natural archives for pollen accumulation,
which can provide insights into forest cover evolution (López-
Sáez et al., 2006; Sánchez-Morales, 2023). Hence, to disentangle
these complex histories, Heavy metal content (HMC) and Total
Tree Cover (TTC) have been used as indicators of human mining
and metallurgy activities and forest exploitation, respectively.
Previous interdisciplinary studies in Europe taking into account
geochemical, palynological and archaeological/historical proxies to
identify phases of human impact (e.g., Wick et al., 2003; Lomas-
Clarke and Barber, 2006; Pontevedra-Pombal et al., 2013; Wacnik
et al., 2016; Bajard et al., 2022; Robles et al., 2022) are multiplying
and provided interesting results. The goals of this paper are: (1)
to propose an interdisciplinary synthesis of, and confront available
information, on HMC and TTC in Northern Spain, (2) to identify
key periods of major changes in human impact history in this
region, (3) to confront our results with cultural contexts from
archaeological and historical literature, and (4) to develop and
test the ERs framework for agrarian societies based on our multi-
proxy analysis.
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Geographic and temporal settings

Our geographic focus is on Cantabrian Spain, which is spread
across the NUTS-2 regions (Eurostat, 2020) of Asturias, Cantabria,
and the Basque Country (provinces of Biscay and Gipuzkoa;
Figure 1). The study area covers a surface of ca. 20,000 km² which
is dominated by karstic limestone lithology (IGME and LNEG,
2015), alterning with metamorphic substrates (such as shales or
sandstones) and some granite outcrops (Vera, 2004). The collision
of European and Iberian tectonic plates during the Alpine orogeny
resulted in a high intensity of crustal deformations and a very sharp
topography (Amigo et al., 2017). The study area fits fully within
the Eurosiberian biogeographic region (Rivas-Martinez, 2007),
under a wet and temperate climate with abundant rainfall, even
during summer, and a low yearly variation of temperatures (Amigo
et al., 2017; Díaz González and Penas, 2017). These conditions
favored the development of deciduous forests dominated by taxa
such as Quercus and Fagus, among others, with the presence of
evergreen species (i.e., Ilex and Pinus, among others), grasslands,
and heathlands in higher altitudes (Amigo et al., 2017; Díaz
González and Penas, 2017). Warm and wet conditions together
with topographic and geomorphological caracteristics are favorable
to the formation of numerous peatlands in flat mountain tops
(Ramil-Rego et al., 1996; Izco et al., 2001). The study area is limited
to the north by the Bay of Biscay and to the south by the ridge line of
the Cantabrian mountain range. The westernmost major waterway
is the Navia river in Asturias, which is located over limestone karst

terrains and marks the western boundary of the study area. Its
eastern boundary is delimited by the Bidasoa river in Gipuzkoa,
which is the easternmost major waterway that discharges into the
Bay of Biscay. The study area is marked by a dissected terrain with
inner valleys and mountains consecutively following each other
over very short distances (Mata Olmo and Sanz Herráiz, 2004).
The Cantabrian range consists in rugged and youthful mountains,
which are some of themost recently formed and steep in the Iberian
Peninsula (Meléndez Hevia, 2004).

In this work we investigate the impact of anthropogenic
activities on the landscape during the Holocene, stretching
between the Neolithic Agricultural (ca. 7,000 cal BP), and the
Industrial Revolutions (ca. 150 cal BP). This time period therefore
encompasses a long succession of cultural phases and socio-
political regimes (Martín, 1975; Marín Suárez, 2011; Lillios, 2019)
as well as unstable climatic sequences of warm/wet and cold/dry
periods (Bond et al., 2001; Martín-Chivelet et al., 2011; Walker
et al., 2012; Baldini et al., 2019). A synthesis of the successions
of cultural phases and climatic sequences, retrieved from the
literature, is provided in Figure 2. Both anthropogenic and climatic
sequences have influenced the configuration and evolution of
landscapes during the Holocene, making it particularly challenging
to separate one source from the other (Ellis et al., 2021). Moreover,
landscape evolution is closely linked to phases of development and
disruptions of the evolution of human societies. The adoption of
productive economies totally sifted prior land-use strategies by
hunter-gatherers (Martinez et al., 2023), facilitating many other

FIGURE 1

Study area in Northern Spain with localization of peat bogs with tree pollen (green) and metal content (red) data.
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FIGURE 2

Cultural phases and climate sequences extracted from the literature (8,000 cal BP-Present day). The timeline is separated into two columns; (1) from
present day to 4,000 cal BP on the left, and (2) from 4,000 cal BP to 8,000 cal BP on the right. Thick lines represents short cold events. Abbreviations
for climate sequences: BE, Bond Event. Sources for climate sequence: Holocene Climate Maximum dates (López-Merino et al., 2010); Neoglaciation
dates (Baldini et al., 2019); Bronze Age warm period, Iron Age cold period, Roman warm period, Dark Ages cold period, Medieval warm period, Little
Ice Age and Modern warming dates, and all short cold events (Martín-Chivelet et al., 2011); Bond events dates (Bond et al., 2001). BE0: 0.4 ka event
cal BP; BE1: 1.4 ka event cal BP; BE2: 2.8 ka event cal BP; BE3: 4.2 ka event cal BP; BE4: 5.2 ka event cal BP. Abbreviation for cultural phases: CA,
Copper Age; BA, Bronze Age; IA, Iron Age; RE, Roman Empire; MA, Middle Ages; MP, Modern Period; AD, Age of Discoveries; CP, Contemporary
Period. Sources for cultural sequence: Neolithic starting date (Fano et al., 2015); Agricultural Revolution dates (Martinez et al., 2022); Neolithic ending
date and Copper Age dates (Pérez-Obiol et al., 2016); Early BA dates (there is no clear boundary between the end of the CA and the beginning of the
Early BA; Blanco-González et al., 2018; Lillios, 2019); Atlantic Koine dates (Pontevedra-Pombal et al., 2013); Late BA-Early IA transition dates
(Pérez-Obiol et al., 2016); Early IA-Late IA transition, Late IA-Early RE transition, and Early RE-Late RE transition dates (López-Merino et al., 2014); Late
RE-Early MA transition, Early MA-Late MA transition, and Late MA-MP transitions dates, and Germanic period (also called the late Roman-medieval);
dates (Martín, 1975); AD dates (Arnold, 2021); Industrial Revolution date (Leorri et al., 2014); CP dates (Blumenberg, 2008).

societal innovations and/or disruptions during late prehistoric and
historical times that could have important consequences on land-
use and landscapes. Among those societal innovations, settlement
of Bronze Age populations into villages led to unprecedented land
clearing with more cultivated and managed landscapes (Ontañón-
Peredo, 1995; Amigo et al., 2017). Another major disruption is
the colonization of other continents by Iberian political authorities
from the fifteenth century AD onward, leading to the introduction
of many foreign wood, plant and fiber resources into the region,
and significantly affecting the local biodiversity (Amigo et al.,
2017).

Methodology

In order to disentangle complex histories of cultural
influences on the landscape over deep time history, two main
methods are presented relating to geochemistry and palynology.
Secondly, modeling and interpolation methodologies are given on
climate simulations (temperature and precipitation) and natural
forest cover.

HMC (stipulated using geochemical signals) and TTC
(stipulated using palynological signals), as they evolve through
time, are sound proxies for studying human activities in agrarian
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TABLE 1 Northern Spain peat bogs with recorded geochemical signals

and related references.

Peat Bog Geochemical signals

Pena da Cadela PbEF (Martínez-Cortizas et al., 2002b); Anthropogenic
Ni, Zn, As and Cd, and age/depth model
(Pontevedra-Pombal et al., 2013).

Penido Vello PbEF (Martínez-Cortizas et al., 2002b); HgEF
(Martínez-Cortizas et al., 2000); Anthropogenic Ni, Zn,
As and Cd (Pontevedra-Pombal et al., 2013);
206Pb/207Pb (Kylander et al., 2005); Age/depth model
(Pontevedra-Pombal et al., 2013).

Borralleiras da Cal
Grande

Anthropogenic Ni, Zn, As and Cd, and age/depth
model (Pontevedra-Pombal et al., 2013).

La Molina
(Asturias)

206 Pb/207 Pb (Martínez-Cortizas et al., 2013, 2016);
age/depth model (Martínez-Cortizas et al., 2016).

Las Conchas Anthropogenic Zn, Cd, Pb, and REE with calibrated
dates (Gallego et al., 2019).

Roñanzas Anthropogenic Hg, Zn, and Pb with calibrated dates
(Gallego et al., 2013).

Quinto Real 206 Pb/207 Pb, and age/depth model (Monna et al.,
2004).

Pb, lead; Hg, mercury; Ni, nickel; Zn, zinc; As, arsenic; Cd, cadmium; PbEF, enrichment factor

of lead; HgEF, enrichment factor of mercury; REE, rare earth elements; 206 Pb/207 Pb, lead

isotope ratio.

societies (Martínez-Cortizas et al., 2009). Both geochemical
and palynological signals have been retrieved from cores in
ombrotrophic and minerotrophic peat bogs. Ombrotrophic
peat bogs are hydrologically isolated from the soil and receive
atmospheric inputs only, whilst minerotrophic peat bogs are also
influenced by the geochemistry of the soil (Martínez-Cortizas et al.,
2002a; Kylander et al., 2005). Hence, ombrotrophic peat bogs are
valuable sedimentary archives for detecting atmospheric pollution
in heavy metals and pollen deposition, and thus signals from such
archives have been preferential in our research work.

The evolution through time of HMC and TTC can be
influenced by anthropogenic activities as well as by climatic
parameters (Mighall et al., 2023). Hence, both HMC and TTC
records were confronted with models of natural vegetation, and
with temperature and precipitation indexes in order to refine the
extent of climatic and anthropogenic influence on both indicators.

Heavy metal content

HMC content considered various geochemical elements
described in Table 1. Lead (Pb) has been a major pollutant since
the Copper Age and remains immobile in peat bogs (MacKenzie
et al., 1997; Weiss et al., 1999), making it a valuable element to
investigate human impact. Nickel (Ni), zinc (Zn), arsenic (As),
cadmium (Cd) are largely present in metal dust caused by copper,
tin, iron, and gold extraction (Pontevedra-Pombal et al., 2013),
and hence are good proxies for mining activities. Mercury (Hg)
derives from aerosols released by various anthropogenic activities
(Roos-Barraclough et al., 2002; Moreno et al., 2005).

There is a limited number of HMC records from peat bogs
within the time frame considered in this study in Cantabrian Spain.

A total of 10 geochemical signals in seven peat bogs could be
retrieved from the literature (description of the geochemical signals
and their sources are given in Table 1).More records of geochemical
signals exist (i.e., Martínez-Cortizas et al., 1997a,b, 1999, 2020;
Galop et al., 2001; Moreno et al., 2009; Rauch et al., 2010), but either
present signals with inseparable natural and anthropogenic sources,
or their results have been updated and refined by more recent
studies. Indeed, the technique and methodology to identify and
measure the anthropogenic extent of HMC evolved along the last
30 years and has recently been managed to discern between natural
and anthropogenic sources. Hence, for each geochemical signal
we considered the most recent and precise measures (enrichment
factor of any given element), and when available, the direct
anthropogenic pollution signal.

Three peat bogs (Penido Vello, Pena da Cadela, and Borralleiras
da Cal Grande) out of seven with geochemical signals are located
out with our case study area, but are nonetheless placed at <65 km
from its limits and still within the Eurosiberian biogeographic
region (Figure 1). Moreover, these geochemical signals are clear
with respect to both their local and regional provenance (Galop
et al., 2001; Gallego et al., 2019), making these three peat bogs
a relevant complement to the four others placed within the
study area.

For each record of geochemical signal (Table 1), sequences of
increasing pollution both during high and low pollution phases
were highlighted and reported on a unique time scale with a time
resolution of 50 years (Figure 3). Periods of major changes were
then identified, either caused by changing human behavior or by
changing climate.

Total Tree Cover

TTC information in Northern Spain has recently been
synthesized by Sánchez-Morales (2023). From this work, 14
relevant pollen records were identified and selected for use in the
present study (Table 2) based on the following criteria: (1) pollen
records are located within the study area or in peat bogs where
HMC records also exist, (2) they cover most of the timespan of
agrarian societies, and (3) a precise chronology of the evolution of
total tree pollen accumulation has been set for each of these. All
sources for each of these records are provided in Table 2. Records
from Penido Vello, Pena da Cadela, and Borralleiras da Cal Grande
peat bogs are situated out with, but close to the study area, and
were finally included in our study because they also provided HMC
information additionally complying with the same requirements in
Section 3.1 above.

As for HMC records, sequences of decline of forest cover,
both during phases of high and low forest cover, were highlighted
and reported based on the same timescale as the increasing metal
content sequences (Figure 3). Total tree pollen records in pollen
diagrams across the study area provided information on the forest
cover at regional scale. Pollen deposition in peat bogs can have local
origins, potentially leading to biases in the regional representation
of forest cover in certain historical periods. Another limitation
to this proxy is the extent to which taxa may be over-/under
represented in the records regarding local ecologies.
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FIGURE 3

Synthesis of heavy metal pollution and Total Tree Cover signals for the 16 cores. Thin red lines: episodes of increased metal pollution during a phase
of low pollution. Thick red line: episodes of increased metal pollution during phase of high pollution. Thin green lines: episodes of forest retreat
during a phase of high forest cover. Thick green line: episodes of forest retreat during a phase of lower forest cover. Absence of lines: phases of
stagnation or recovery (for both metal pollution and forest cover). Arrow heads: dramatic peaks or accelerations of the signal. On the right side,
phases of increasing natural vegetation cover, temperature and precipitation are represented, respectively by green, red and blue bands. Absence of
bands: phases of stagnation or decreasing natural vegetation cover, temperature and precipitation. Cal BP, years calibrated before present; BC, years
calibrated before Christ; Anthr, anthropogenic; Ni, nickel; Zn, zinc; As, arsenic; Cd, cadmium; Pb, lead; Hg, mercury; REE, rare earth element; PbEF,
enrichment factor of lead; HgEF, enrichment factor of mercury; 206 Pb/207Pb; lead isotope ratio; TTP, Total Tree Pollen; BE, Bond Event. BE0: 0.4 ka
event cal BP; BE1: 1.4 ka event cal BP; BE2: 2.8 ka event cal BP; BE3: 4.2 ka event cal BP; BE4: 5.2 ka event cal BP.

Modeling and interpretation

Climate simulations
Models of temperature and precipitation indexes were

confronted to natural and current forest cover signals in order
to enhance the identification of anthropogenic influence over
forest evolution.

Climate simulations were performed with the iLOVECLIM
model, an Earth system model of intermediate complexity. The
version of the iLOVECLIM used in this study includes an
atmospheric component (ECBilt), an oceanic general circulation
model (CLIO), and a simple land vegetation model (VECODE;
Roche et al., 2014). An interactive downscaling was utilized to
increase the resolution from 55 to 25 km for the overall territory of
Europe (Quiquet et al., 2018). Transient simulations of temperature
and precipitation for the Holocene (spanning from 7,200 cal BP

to Present) were also performed for our case study area. This
time period was divided into 24 time windows of 300 years each.
The simulations were performed using the appropriate climate
forcings; orbital forcings (Berger, 1978), atmospheric trace gas
concentrations of CO2, CH4, and N2O (Raynaud et al., 2000),
which vary annually for the simulation period. Constant ice sheet
configurations were prescribed while the solar constant and aerosol
levels were kept fixed at pre-industrial levels. The downscaling
applied to the model increased the spatial variability and the results
of temperature and precipitation agrees better with proxy based
data as compared to the low resolution version of the model
(Arthur et al., 2023).

The temperatures index corresponds to the yearly mean of
temperatures and is expressed in degree Celsius (◦C; Figure 4).
The precipitation index corresponds to the yearly amount
of precipitation and is expressed in meters per year (m/yr;
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TABLE 2 Northern Spain peat bogs with recorded pollen signals and

related references.

Peat Bog Source of pollen data

Pena da Cadela Pollen diagram with calibrated dates from
Martínez-Cortizas et al. (2005).

Penido Vello Pollen diagram with calibrated dates from
Muñoz-Sobrino et al. (2009).

Borralleiras da Cal
Grande

Pollen diagram fromMighall et al. (2006); Age/depth
model from Pontevedra-Pombal et al. (2013).

La Molina
(Asturias)

Pollen diagram and age depth/model from
López-Merino et al. (2011).

Alto de la Espina Pollen diagram and age/depth model from
López-Merino (2009).

Monte Areo Pollen diagram and age/depth model from
López-Merino et al. (2010).

Pico Sertal Pollen diagram with calibrated dates from Carracedo
et al. (2018).

Cueto de la
Avellanosa

Pollen diagram fromMariscal (1983), and age/depth
model from Núñez (2018).

La Molina
(Cantabria)

Pollen diagram with calibrated dates from Pérez-Obiol
et al. (2016).

Cueto de la Espina Pollen diagram and age/depth model from
Ródriguez-Coterón (2022).

Sotombo Pollen diagram from Pérez-Díaz et al. (2016a), and
age/depth model from Núñez (2018).

Puerto de los
Tornos

Pollen diagram with calibrated dates from
Muñoz-Sobrino et al. (2009).

Zalama Pollen diagram with calibrated dates from
Pontevedra-Pombal et al. (2018).

Quinto Real Pollen diagram and age/depth model from Monna et al.
(2004).

Figure 5). The results of the climate simulation are given
in Figure 4.

Natural forest cover
The evolution of natural forest cover through time wasmodeled

to provide a baseline to compare with the observed forest cover
obtained from pollen diagrams. The difference between both
signals would allow us to refine the anthropogenic influence over
forest cover through time.

Natural forest cover was modeled using the CARAIB digital
vegetation model (Warnant et al., 1994; Otto et al., 2002; Laurent
et al., 2008; Dury et al., 2011; François et al., 2011). The CARAIB-
simulated dataset represents the potential distribution of natural
vegetation driven solely by climate conditions (Zapolska et al.,
2023a). CARAIB simulated vegetation dynamics based on climatic
variables, generated via the iLOVECLIM model (Goosse et al.,
2010), revised by Roche (2013) and further expanded upon
by Quiquet et al. (2018) using an integrated online interactive
downscaling approach (Quiquet et al., 2018). To ensure higher
reliability of themodeled results, climate variables were subjected to
correction of bias by applying the CDF-t bias correction technique
(Vrac, 2018; Zapolska et al., 2023b). The specificities of the

modeling setup, along with the application of the CDF-t technique
within this framework, were previously described and validated by
Zapolska et al. (2023a,b).

CARAIB outputs used in this study include distribution of
fractions of nine plant functional types for the period 7,200
BP—Present, and describe the hypothetical distribution of plant
functional types that could exist in our study area under
environmental conditions naturally changing through time, which
allowed for the consideration of absence of influence by human
activities and other disturbances (Zapolska et al., 2023a). A spatial
resolution of 25 km was applied, and the time period of 7,200 years
was divided into 16 time windows of 500 years each, starting from
7,200 cal BP up to Present. The period from 700 cal BP to Present
was further divided into 3 time windows: 700–350 cal BP, 350–100
cal BP, and 100–0 cal BP. Finally, the forest cover is expressed in
a percentage of land covered by forest. The results of the natural
vegetation cover are given in Figure 6.

Interpolation
The datasets created by the models cover the whole of Europe

at a grid cell resolution of 0.25 × 0.25◦ (∼20 × 27.75 km at the
latitude of the study area). This is significantly coarser than the
resolution of theDigital ElevationModel (DEM) of the study region
(EU-DEM, 2016), which has a grid cell size of 790× 790 meters. In
practice, this means that some model grid cells that are positioned
in the ocean partially overlap with the coastal area in the DEM.
While the climate simulations provide valid results for the “ocean
cells,” this is not the case for the natural forest cover, which is
only modeled for the land area. To provide natural forest cover
values for the ocean cells that partially overlap with the coastal
areas in the DEM, the grids were re-interpolated using QGIS 3.32
(QGIS Development Team, 2023). First, the grids were clipped
to the extent of the study area. Then, the non-empty grid cells
were converted to points located at the grid cell center, with the
modeled value for natural forest cover as their attribute. These
points were then used as input for an Inverse Distance Weighted
(IDW) interpolation (Shepard, 1968) of natural forest cover values
for the ocean cells that are overlapping with the coastal areas. IDW
interpolation is suitable for this, as it produces smooth surfaces
with gradual transitions between points. For the interpolation, the
standard distance coefficient (power parameter, or p) of 2 was used.
However, it has to be kept in mind that different settings of p may
produce different outcomes.

Results

In this section the evolution of HMC and TTC through time
will be described and confronted with the results from the models
of natural forest cover, and temperature and precipitation indexes
(Figure 3). A total of 16 peat bogs provided 25 records of HMC
and 14 records of TTC. Among those, 18 records (eight HMC and
10 TTC) have been dated from as early as Neolithic times, five
records (three HMC and two TTC) from the Neolithic-Copper Age
transition and the Copper Age, 15 records (14 HMC and one TTC)
from the Bronze Age, and one TTC record from the Iron Age. All
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FIGURE 4

Modeling of annual mean of temperature index across the study area from 4,500 cal BP to Present, expressed in degree Celsius (◦C). Only time
windows with dating crossing episodes of major changes in agrarian societies are represented.
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FIGURE 5

Modeling of annual mean of precipitation indexes across the study area from 4,500 cal BP to Present, expressed in meters per year (m/yr). Only time
windows with dating crossing episodes of major changes in agrarian societies are represented.
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FIGURE 6

Modeling of natural forest cover across the study area from 4,700 cal BP to Present, expressed in percentages of covered surface (%). Only time
windows with dating crossing episodes of major changes in agrarian societies are represented.

records ended with the year 1950 AD, which corresponds to the
Present (0 cal BP).

Globally, Metal Pollution (MP) and Forest Retreat (FR)
episodes increased both in number and intensity through time,

in all records from all peat bogs, punctuated with short phases of
recovery (Figure 3). Most of the events of increased MP and FR
are synchronous across the study area. A general, unprecedented
acceleration (most often more than 10 or 15 times the basal
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value, see sources cited in Table 1) of all MP signals started
around 750–550 cal BP, while globally the FR gradually worsened
from ca. 2,000 cal BP. The natural vegetation model shows very
few variations through time, with a forest cover spread between
82% (lowest values for the period 7,200–6,700 cal BP, during
the early phase of the Neolithic) and 87% (the highest values
for the most recent period, ca. 100 cal BP-Present; Figure 6).
Temperature and precipitation show very similar trends over
time. Differences in means of annual temperature vary much
more between each site (about 3◦C of difference) than through
time for the same site (about 1◦C of difference; Figure 4). Local
environment and ecological inertia as well as geographic settings of
the sites such as altitude, orientation, etc. are likely to be the main
influence for the differences in temperatures and precipitation.
Two precipitation regimes are clearly distinct between the east
(below 1 m/yr) and the west (above 1 m/yr) of the study area,
with the exceptions of the sites of Pico Sertal and Cueto de la
Avellanosa situated in the middle, which have the highest rainfall
(between 1.45 and 1.54 m/yr; Figure 5). Nonetheless, they both
follow the same evolutionary trend through time. The regional
trend shows highest temperatures for the Neolithic periods of
6,600–6,300 and 5,700–5,400 cal BP during the Holocene Climate
Maximum, and the lowest temperatures for the Late Iron Age
(2,400–2,100 cal BP; Figure 3). This time period is situated at the
very beginning of the Roman Warm period, which is still under
the influence of the previous period (Iron Age Cold period) as
the temperatures improved very gradually (Martín-Chivelet et al.,
2011). Highest precipitation in the eastern part of the study area
occurred during the period of 600–300 cal BP (coincident with
the Little Ice Age and the Age of Discoveries), whilst it occurred
during the Neolithic periods of 6,600–6,300 and 5,700–5,400 cal
BP (coincident with the maximum of temperatures) in the western
part of the study area. The lowest rainfall across the whole region
occurred during a short period (6,000–5,700 cal BP) during the
Holocene Climate Maximum.

Neolithic, copper age, and bronze age

All records of heavy metal content from the Neolithic show
episodes of increase in MP, whilst only three records of total
tree cover out of 10 from this period show significant episodes
of FR (Figure 3). However, natural forest cover was globally
increasing. This period was mainly characterized by the Holocene
Climate Maximum, which was marked by two phases of both
increasing temperature and precipitation (6,600–6,300 and 5,700–
5,400 cal BP). Interestingly, a sharp decrease of rainfall (globally
a reduction of 0.06 m/yr) occurred in the period 6,000–5,700
cal BP between the two periods of increased precipitation,
but does not seem to be correlated with a specific episode
of MP or FR. If natural environmental factors have certainly
influenced the evolution of forest cover (López-Merino et al.,
2010), anthropogenic disturbances (e.g., forest fires, slash-and-
burn practices, agropastoral activities, etc.) have also impacted the
evolution of forest cover (Pérez-Díaz et al., 2016b; Pérez-Obiol
et al., 2016).

As early as the transitional phase to the Copper Age, episodes
of both MP and FR occurred more often in all records, but were
dispersed through time. This time period is coincident with the
Neoglaciation (ca. 5,400–4,200 cal BP; Baldini et al., 2019), when
the climate was less favorable to forest growth, and might be the
main cause of FR, albeit the influence of agropastoral activities.
An episode of increasing temperature and precipitation occurred
between 4,800 and 4,500 cal BP (globally+0.15◦C and+0.03 m/yr)
but does not seem to have had much influence over MP and FR
episodes. The joint contribution of both climate worsening and
agropastoral activities can explain the increase in FR episodes. In
fact, both result in a reduction of forest cover and a subsequent
increase in soil erosion, leading to the deposit of geochemical
element such as Pb in peat bog reservoirs (Gallego et al., 2013). MP
episodes are partly due to the first recorded mining activities in the
region (Monna et al., 2004; Jouffroy-Bapicot et al., 2007; Martínez-
Cortizas et al., 2016; Gallego et al., 2019), and to agropastoral
activities as cereal pollen have also been identified (López-Merino,
2009; Carrión et al., 2015; Martínez-Cortizas et al., 2016). In the
case of Las Conchas, the presence of lutites in the peat bog, which
are sedimentary rocks rich in rare earth elements, might have
enhanced MP signals (Gallego et al., 2019).

Simultaneous occurrences of MP and FR took place around the
boundary between the Copper Age and the Bronze Age, between
4,400 and 4,100 cal BP, probably related to the cold and dry Bond
Event 3, also called the 4.2 ka event (Bond et al., 2001). At the same
time, large mines such as El Aramo, El Milagro and La Profunda
among others were exploited for the extraction of azurite and
malachite (both being copper ores; de Blas Cortina, 2005). This time
period is alsomarked by a decline of themodeled natural vegetation
and a reduction in temperature and precipitation. If episodes of FR
seemed to end after the 4.2 ka event, MP episodes lasted during
most of the Early Bronze Age, with already some high intensity
pollution, such as the lead isotope ratio (fall from 1.185 to 1.175)
in La Molina (Asturias). The period of forest recovery after the 4.2
ka event seemed to be hampered by new episodes of FR toward the
end of the Early Bronze Age, in Borralleiras da Cal Grande (Mighall
et al., 2006), in Cueto de la Espina (Ródriguez-Coterón, 2022), and
in Zalama (Pontevedra-Pombal et al., 2018). Although the 4,400–
4,100 cal BP phase was influenced by the end of the Neoglaciation,
the widespread and simultaneous occurrence of both MP and FR
provoked bymining and agropastoral activities, drove us to identify
this period as the first phase (the Copper phase, 4,400–4,100 cal BP)
of major anthropic impact on the landscape (Table 3).

The next phase of intense, simultaneous MP and FR occurred
during the Middle Bronze Age, coincident with the Atlantic Koine
period, between 3,500 and 3,150 cal BP (Figure 3). The Atlantic
Koine, also called the Channel Bronze Age, was a period when a
commercial network developed between societies from Northern
Europe, the British Isles, Brittany and the northwest and west
facades of the Iberian Peninsula (Cunliffe, 2001; Needham, 2007).
Episodes of intense MP and FR appeared now in more cores
than during the previous Copper-Bronze Age transition, with a
particularly long lasting high level of MP in La Molina (Asturias).
MP signals are particularly high for Penido Vello and Borralleiras
da Cal Grande as Ni increased by 50 and 300%, respectively
(Pontevedra-Pombal et al., 2013), and in La Molina (Asturias)
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where lead isotope ratio decreased from 1.190 to 1.165 (Martínez-
Cortizas et al., 2016).

At this time period, FR occurred whilst the natural forest cover
slightly increased across the whole study area (+0.005%). The
mean temperature and the precipitation also increased during this
phase (+0.3◦C and +0.03 m/yr respectively), which is coherent
with the warm and wet Bronze Age Warm period that influenced
the climate in the region (Martín-Chivelet et al., 2011). This new
commercial network likely stimulated local economies, and in the
case of Northern Spain, copper and tin mining (de Blas Cortina,
1996; Comendador-Rey et al., 2006), and provoked this global
phase of MP and FR in a time when forest cover should have
been increasing. Thus, we identify this period as the second phase
(the Middle Bronze phase, 3,500–3,150 cal BP) of major anthropic
impact on the landscape (Table 3).

During the Late Bronze Age, FR episodes seem to be more
scattered through time. MP episodes are almost non-existent,
except for the long lastingMP signals in Las Conchas and Roñanzas
peat bogs, the former one being quite intense (anthropogenic REE
more than doubled, from 0.49 to 1.1 mg/kg) and continuing until
the Iron Age (Gallego et al., 2019).

Iron Age and Roman Empire

The Early Iron Age started with the second Bond Event also
called the 2.8 ka event (Bond et al., 2001), and was characterized
by the Iron Age Cold Period. The natural vegetation cover and the
temperature show a phase of stagnation (and negligible increase
of temperature) at this time, while rainfall increased (+0.04 m/yr).
This result is inconsistent with the dry and cold climate described
in the literature (Bond et al., 2001; Martín-Chivelet et al., 2011;
Baldini et al., 2019), but can be explained by the fact that our
model provides time windows of 500 years for temperature and
precipitation, which might fade shorter cold and dry events (the
Iron Age Cold period lasted for ca. 350 years). Another source of
error is likely the flat trend of the radiocarbon calibration date,
also called the Hallstatt Plateau), which hampers any precise dating
during a time period coinciding with the Early Iron Age (Alonso
Matthias, 2002; Rubinos and Alonso Matthias, 2002).

During the Early Iron Age between 2,800 and 2,500 cal BP,
both MP and FR episodes seem much more frequent than during
the previous period, as they occurred in almost all cores, but
they appear dispersed through time. Important cultural changes
occurred during this period, notably the large-scale sedentism of
human groups who now settled into castros, which were small
hillforts (Marín Suárez, 2009, 2011). Consequently, productive
economies started to significantly increase, when transhumance
and seasonal settlements were preferred in earlier periods (Marín
Suárez, 2009). Mining and metallurgy then intensified to sustain
this new economy (Marín Suárez, 2011). Although the climate
probably enhanced MP and FR records, about half of the signals
now happened during phases of already high proportions of MP
(e.g., 28 mg/kg of Zn in Las Conchas for a baseline value of 0.5
mg/kg prior to the Early Iron Age, see Gallego et al., 2019) and FR
(e.g., 50% of forest cover in Quinto Real, see Monna et al., 2004),

which is a significant intensification compared to the previous
periods. Hence, we identify this period as the third phase (the
Iron phase, 2,800–2,500 cal BP) of major anthropic impact on the
landscape (Table 3).

The start of the Late Iron Age is coincident with the start
of the Roman Warm Period, which covered this period and the
subsequent Early Roman Empire (Martín-Chivelet et al., 2011).
The first half of the Late Iron Age is marked by a global forest
recovery and a diminution of metal content (e.g., general decrease
of 25% of Ni content, see Pontevedra-Pombal et al., 2013) in peat
bogs (Figure 3), with the exception of lead content in all records of
heavy metal content, and the lasting episodes of FR in Pico Sertal,
Cueto de la Espina, and Zalama peat bogs. This decrease in mining
and metallurgy activities has also been observed in southern Spain
(García-Alix et al., 2013), and is likely induced by the collapse of the
traditional Atlantic commercial network related to the introduction
of iron ore (González-Ruibal, 2004; Marín Suárez, 2011). It is
possible that the still high Pb values are due to the increasing
agropastoral activities, and that FR differences reflect local effects.

The second half of the Late Iron Age is marked by another
iteration of simultaneous and unprecedented intensity of MP
episodes lasting until the end of the Early Roman Empire period,
between 2,200 and 1,750 cal BP. Peaks of pollution are visible
during the Early Roman Empire period; at 1,900 and 1,800 cal
BP in Pena da Cadela (+100% compared to the beginning of this
phase; Martínez-Cortizas et al., 2002b), at 1,900 and 1,850 cal BP
in Penido Vello (+400% compared to the beginning of this phase;
Pontevedra-Pombal et al., 2013), and at 1,950 and 1,750 cal BP
in Borralleiras da Cal Grande (+150% compared to the beginning
of this phase; Pontevedra-Pombal et al., 2013). Climate modeling
shows increasing temperatures (+0.15◦C globally) for this period,
which is also coincident with a moderate phase of expansion of
natural forest cover (+0.015 % globally). This is consistent with
the maximum of temperatures during the Roman Warm Period
(Martín-Chivelet et al., 2011). Thus, this major phase of increasing
MP and FR in a climate globally favorable to forest expansion
indicates that anthropic activities must have been intensifying. Iron
metallurgy appeared and intensified rapidly during the Late Iron
Age, principally leading to the development of warlike equipment
(Torres-Martínez, 2010; Marín Suárez, 2011). Iron was indeed
preferentially used bymen in increasingly bellicose societies (Fanjul
and Marín, 2006). The Cantabrian Wars (1,979–1,969 cal BP, i.e.,
29–19 BC) led to the conquest of Northern Spain by the Roman
(Costa-García, 2017, 2018), and intense gold mining developed
immediately afterward under the Roman influence (Marín Suárez,
2011). A particularly important gold belt is situated in Galicia and
western Asturias (Lewis and Jones, 1970), and has been largely
exploited by the Romans (Spiering et al., 2000). Thus, we identify
this period as the fourth phase (the Roman phase, 2,200–1,750 cal
BP) of major anthropic impact on the landscape (Table 3).

Under the Late Roman Empire and during the Early phase
of the Middle Ages, both MP and FR signals were very dispersed
through time. This phase of recovery coincides with the end of
the Roman Warm period and the following Dark Age Cold period
(Martín-Chivelet et al., 2011), ending with the Bond Event 1, also
called the 1.4 ka event (Bond et al., 2001). The natural forest
cover modeling shows a reduction in forest cover, while the climate
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TABLE 3 Synthesis of major changes in human societies inferred from the intensification of their impact on landscapes (heavy metal pollution and forest

decline) in Northern Spain.

Phase Starting dates Climate Major changes ER proxies

Neolithic-Copper Age
transition

Starting from 5,300 cal BP Bond Event 4 (5.2 ka
event), Neoglaciation

Moderate agropastoral activities,
mainly slash-and-burn agriculture
and transhumance.
Incipient copper mining.

Production (productive
economies, since the
Early Neolithic)

Copper phase 4,400–4,100 cal BP;
Transition between Copper
Age and Early Bronze Age

Neoglaciation, Bond
Event 3 (4.2 ka event)

First exploitation of large copper
mines.
Dominant agropastoral activities,
mainly slash-and-burn agriculture
and transhumance.

Intensification of
production due to
mining and metallurgy

Middle Bronze phase 3,500–3,150 cal BP; Middle
Bronze Age and first half of
the Atlantic Koine period

Bronze Age Warm
period

Copper and tin mining inflated by
the Atlantic commercial network
(Atlantic Koine).
Dominant agropastoral activities,
mainly slash-and-burn agriculture
and transhumance.

Specialization (flow of
energy between
specialized activities and
centers of power,
provoking large trade
networks)

Iron phase 2,800–2,500 cal BP; Very end
of the Late Bronze Age and
Early Iron Age

Iron Age Cold period,
Bond Event 2 (2.8 ka
event)

Large scale sedentarization in
hillforts.
Intensification of productive
economies and mining and
metallurgy activities.

Intensification of
production and
specialization, amplified
by massive
sedentarization

Roman phase 2,200–1,750 cal BP; Second
half of Late Iron Age and
Early Roman Empire

Maximum of
temperatures during the
RomanWarm period

Roman administration, with urban
centers and secondary settlements.
Intensive mining including gold.

Urbanization

(concentration of energy
far from production for
redistribution)

Medieval phase 1,250–1,000 cal BP; In the
middle of the Early Middle
Ages

Medieval Warm period Construction of castles.
Opposition between Catholic and
Islamic iberians.

Intensification of
urbanization

Colonial phase 650–400 cal BP; Second half
of Late Middle Ages and Age
of Discoveries

Little Ice Age, Bond
Event 0 (0.4 ka event)

Naval industry and colonization of
other continents.
Technological improvements
increased production.

Globalization (gathering
of energy from the whole
World, induced by
colonialism and
capitalism)

Industrial phase 150 cal BP-Present;
Contemporary Period and
Industrial Revolution

Transition between Little
Ice and Morden
Warming period

First exploitation of fossil energy
(coal).
First industrial production.

Industrialization (Use
of fossil energy)

Names provided to the sub-regimes on the Agrarian regime are in bold.

modeling shows an increase in temperature and precipitation.
These results are in contradiction with the setting of the Dark Age
Cold period that took place at that time (Martín-Chivelet et al.,
2011). Once again, long time windows (500 years) might be fading
shorter temperature and rainfall episodes, as it encompasses both
the end of the Roman Warm period and the beginning of the Dark
Ages Cold period.

Middle ages, modern period, and
contemporary period

After the demise of the Roman Empire, Northern Spain was
left under the influence of the warring Germanic Sueves, Vandals,
Alan, and Visigoth tribes (Sánchez-Morales, 2023), leading to the
later establishing the Visigoth Kingdom during the early stage
of the Early Middle Ages (Collins, 2004). This new cultural
phase is coincident with the establishment of the Medieval Warm
period (Martín-Chivelet et al., 2011). The climate modeling shows

a decrease in temperature (−0.2◦C) and natural forest cover
(−0,003%) and an increase in precipitation (+0.01 m/yr) for this
time period. It is possible that the early stage of the Early Middle
Ages period is still under the influence of the previous Dark Age
Cold period, and that the coarse resolution of our time windows
likely overestimated the decrease of temperature and natural forest
cover. MP and FR signals remained infrequent and dispersed
through time during this period, continuing the trend of recovery
already set in the Late Roman Empire.

Starting from the mid-Early Middle Ages, at the end of the
Germanic Period (also called the late Roman-medieval period), a
new phase of simultaneous MP and FR episodes occurred between
1,250 and 1,000 cal BP. MP signals are globally 2–3 times less
intense than during the Roman phase (Martínez-Cortizas et al.,
2000, 2002b; Monna et al., 2004; Pontevedra-Pombal et al., 2013),
and forest cover globally declined to reach 20–30% (see sources
cited in Table 2). The temperature was pursuing its decreasing
trend, but rainfall started to decrease while natural forest cover
started to increase (+0.003%). Once more, the coarse resolution of
our time windows likely overestimates the impact of a short cold

Frontiers in Environmental Archaeology 13 frontiersin.org

https://doi.org/10.3389/fearc.2024.1339172
https://www.frontiersin.org/journals/environmental-archaeology
https://www.frontiersin.org


Martinez et al. 10.3389/fearc.2024.1339172

and dry event just at the beginning of this new phase, at 1,250 cal BP
(Martín-Chivelet et al., 2011). Nonetheless, it is likely that this short
event enhanced the synchronous MP and FR episodes. MP and FR
episodes in a global context of natural forest expansion indicates
that anthropogenic impact on landscape was intense. This period is
exactly coincident with the appearance of first prominent castles,
which construction likely needed a large amount of resources
(Martínez and Mantecón Callejo, 2012; Sánchez-Morales, 2023).
It also coincides with the Islamic Period of the Iberian Peninsula,
when Muslim controlled most of it and were warring against
catholic kingdoms from Northern Spain and Western Europe
(Martín, 1975). Thus, we identify this period as the fifth phase
(the Medieval phase, 1,250–1,000 cal BP) of major anthropogenic
impact on the landscape (Table 3).

A short disruption marks the end of this phase, coincident with
the transition between the Early and the Late Middle Ages, but
both MP and FR episodes resume during the Late Middle Ages in
almost all peat bogs.Most peat bogs show a low forest cover already,
and about half of the MP episodes occurred in phases of high level
of pollution. However, MP and FR signals do not appear to be
simultaneous. At that time, the natural vegetation cover continued
the increasing trend that started during the Early Middle Ages, and
both temperature (+0.3◦C) and precipitation (between+0.01 m/yr
and+0.03 m/yr) started to increase.

It is not before the second half of the Late Middle Ages
that high levels of pollution are also attested in most of the
MP records. Starting from 650 cal BP, almost all MP signals are
constantly increasing, and from this point onward, only tipping
points in MP acceleration curves (instead of starting MP and
FR episodes as in earlier periods) may indicate changes in major
anthropogenic impact. Several MP episodes in Pena da Cadela
(Pontevedra-Pombal et al., 2013), Penido Vello (Martínez-Cortizas
et al., 2000; Pontevedra-Pombal et al., 2013), Borralleiras da
Cal Grande (Pontevedra-Pombal et al., 2013), and Las Conchas
(Gallego et al., 2019) suddenly accelerated from 650 cal BP
onward. This is coincident with the beginning of the Little Ice Age
(Martín-Chivelet et al., 2011). Climate modeling show a reduction
of 0.2◦C and a negligible reduction of natural forest cover for
this period (−0.015%), but rainfall reached the highest values
(from 0.82 to 0.95 m/yr for the eastern part of the study area;
from 1.07 to 1.58 m/yr for the western part). This new phase
of widespread, simultaneous and intense MP and FR episodes
occurred between 650 and 400 cal BP and encompassed almost
the whole Age of Discoveries (Arnold, 2021). At that time, the
naval industry was developing rapidly as the Spanish Empire
started to exploit colonies to sustain its economy (Ceballos Cuerno,
2001). The naval industry was very demanding in both wood
and products of metallurgy, partly explaining the intense MP
and FR episode for this period (Corbera Millán, 1999; Ceballos
Cuerno, 2001), together with the climate worsening (Martín-
Chivelet et al., 2011). Moreover, traditional foundries functioning
close to sources of wood to produce charcoal, iron ore and
waterways (Martinez, 2003) were being replaced by hydraulic
foundries, marking a significant technological evolution (Urteaga,
1999). Thus, we identify this period as the sixth phase (the Colonial
phase, 650–400 cal BP) of major anthropogenic impact on the
landscape (Table 3).

The dramatic MP acceleration that started with the 650 cal
BP tipping point continued until Present-day. Nonetheless, a very
short disruption in FR signals appeared at 400 cal BP, synchronous
with both the Bond Event 0 (also called te 0.4 ka event; Bond
et al., 2001) and the transition to the Modern Period (Martín,
1975). This is also corresponding to a period of crises for Spain,
which was at war with the Netherlands and lost its Gran Armada to
England (Fernández Izquierdo, 1989), and which was lacking good
quality wood resources for shipbuilding because of centuries of
wood exploitation, forcing it to start displacing shipyard activities
to the Indies and the Americas (Torres Ramírez, 1981). It is
worth noting that 2 peaks of MP appeared at 400 cal BP in Pena
da Cadela and Penido Vello, and one at 350 cal BP in Penido
Vello. Those peaks are observed in PbEF and HgEF signals, which
are not anthropogenic signals but encompass both natural and
anthropogenic enrichment factors (Martínez-Cortizas et al., 2000,
2002b). Thus, it is likely that those peaks are overestimated.

During the following Modern Period, the results of our models
show the beginning of the last phase of expansion of natural forest
cover (coming to the highest values, up to 87%) and increasing
temperature (+ 0.3◦C) until Present-day. In the western half of
the study area, the precipitation are continuing their increasing
trend started in the previous period (up to 1.41 m/yr), while they
are slightly decreasing in the eastern half of the study area (down
to 0.83 m/yr). Two new tipping points in the acceleration curves
of MP occurred ca. 250 and ca. 150 cal BP. The 250 cal BP event
might be related to a renewed, intense shipbuilding activity to
tackle the growing influence of the corsairs (Fernández Izquierdo,
1989), while the 150 cal BP marked the beginning of the Industrial
Revolution (Sánchez Fernández et al., 2018), the end of the Little
Ice Age (Martín-Chivelet et al., 2011), and the transition to the
Contemporary Period (Blumenberg, 2008). For this 150 cal BP
tipping point, the MP acceleration is of an unprecedented intensity.
Globally, MP values reached dramatically high values for the most
recent times, from 15 times the background values such as Cd
and Zn signals in Las Conchas (Gallego et al., 2019), to almost
200 fold greater than the background values such as Pb signals in
Penido Vello (Martínez-Cortizas et al., 2000; Kylander et al., 2005).
Pontevedra-Pombal et al. (2013) estimated that 97% of total heavy
metal deposition in peat bogs were from anthropogenic sources.
More dramatic again is the global, exponential acceleration of MP
deposition that continues up to the twenty-first century AD, caused
by the Industrial Revolution and the Great Acceleration of human
pressure after the Second World War (Irabien et al., 2015). The
first mentions of the use of coal in Northern Spain dated from
1,593 AD (ca. 350 cal BP; Casal y Julian, 1762) and then from
1,789 AD (ca. 150 cal BP; Sánchez Fernández et al., 2018), the
first coal exploitation started between 150 and 50 cal BP (Sánchez
Fernández et al., 2018). Coal exploitation was intense from 100 cal
BP as it was used in the already dominant steel industry (Muñiz
Sánchez, 2011). Moreover, Asturias became the center of coal and
steel industries in Spain ca. 50 cal BP (Ojeda Gutiérrez, 1994).
Thus, we identify this period as the seventh phase (the Industrial
phase, 150 cal BP-Present) of major anthropogenic impact on the
landscape (Table 3).

Contrary to the MP signals, FR episodes appeared shortly
disrupted ca. 50 cal BP, in a context of minimum forest cover
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globally between 45 and 30% of forest cover (see all sources in
Table 2), with the minimum at 10% in Penido Vello (Muñoz-
Sobrino et al., 2009) since the beginning of the records (the model
of natural forest cover shows that 84 to 87% of the study area should
be covered by forest). This short forest recovery was likely favored
both by political choices of forest preservation (by reduction of
grazing pressure and tree establishment; Rozas, 2002) and by the
end of the Little Ice Age and the transition toward the Modern
Warming period (Martín-Chivelet et al., 2011), as shown by the
increasing temperature, precipitation and natural forest cover in
the results of our models.

Major phases of anthropogenic impact

The disentanglement of complex histories of cultural influences
on the landscape over deep time history in northern Spain has
delivered some interesting results. Human impact over time is
waxing and waning over most of the deep time period, clearly
waxing in the Roman Age, while steeply all over increasing with
unprecedented continuity since the Late Middle Ages (Figure 3).
Up to seven phases of major changes in human societies and impact
on landscapes were identified based on HMC and TTC records
(Table 3). Here we will discuss how these phases of major change
are considered within the framework of ER, and how they led to
the identification of four sub-regimes within the Agrarian regime
based on subsistence strategies: (1) Production, (2) Specialization,
(3) Urbanization, and (4) Globalization.

ER2a: production

The framework of ERs has recently been investigated and
tested for hunter-gatherer societies until the adoption of productive
economies, i.e., ER1, also called the Standard Solar regime
(Martinez et al., 2022, 2023). Hunter-gatherer societies were
sustained by solar energy, as they lived on the consumption of wild
plants (growing with sun energy) and animals (either herbivores
feeding on plants, or carnivores feeding on herbivores). Thus,
solar energy was harnessed, but not controlled, by hunter-gatherers
during ER1 (Martinez et al., 2023). The Agrarian regime (i.e., ER2)
differs from the ER1 in that human societies function on a strategy
of production: they are able to control solar energy. The appearance
of productive economies (agropastoral activities, transhumance,
and cattle raising) induced one major change in energy use, as solar
energy is now willingly concentrated into cereal and leguminose
fields and cattle raising (Martinez et al., 2023).

The transition to the Agrarian regime occurred ca. 5,300
cal BP, corresponding to the start of the Neolithic-Copper Age
transition, based on statistical analysis of Mesolithic and Neolithic
archaeological remains such as ceramics, plant and faunal domestic
taxa, burials and megalithic structures (Martinez et al., 2023).
Although the oldest evidence of domestic taxa (either cereal or
animals) dated from the Early Neolithic (Peña-Chocarro et al.,
2005; López-Merino et al., 2010), they remained anecdotal until
the transition to the Copper Age (Ontañón-Peredo, 2003; Cubas
et al., 2016). Some works have identified the first human impact on

the landscape through reduction of forest cover (due to the use of
fire for forest clearing, eg. slash-and-burn practices) starting from
6,300 cal BP (Pérez-Díaz et al., 2016b; Carracedo et al., 2018). But
this impact appears to be synchronous with the starting point of a
new trend of increasing cold and dry conditions, hence reducing its
significance (Figure 3). The 5,300 cal BP transition occurred right
before the Bond Event 4 (5.2 ka event) and similarly corresponds to
the transition to a cold and dry period (Neoglaciation; Bond et al.,
2001; Martín-Chivelet et al., 2011).

What led Martinez et al. (2023) to set the date 5,300 cal BP as
the starting point of the Agrarian regime was the related significant
increase of productive economies and the appearance of mining
activities (copper ores) and metallurgy, although it remained
anecdotal until the transition to the Bronze Age (Ontañón-Peredo,
1995). These new activities consumed energy that was produced by
the community (e.g., metabolic energy coming from food), but in
return did not produce directly useful energy to sustain themselves.
Thus, the notion of specialization and flow of energies between
individuals has been used to describe such specialized activities
(Renfrew, 1969; Martinez et al., 2023). However, flows of energy
were already existent with the various European andMediterranean
trade networks (e.g., obsidian and stone axes) during the Neolithic
(Robb and Farr, 2005; Peruchetti et al., 2020). Trade at that time
and during the Copper Age consisted in a mutually satisfactory
exchange between neighboring groups only, which did not imply
any commercial value (Renfrew, 1969), and thus, specialization did
not represent a subsistence strategy for the communities, as it will
at a later time (see next section).

Figure 3 shows no significant impact of anthropogenic activities
on the landscape before the period of 4,400–4,100 cal BP, which
we identified in the previous section as the Copper phase of major
impact, coincident with a transitional phase between the Copper
Age and the Early Bronze Age. Another significant change at this
time was the first exploitation of large mines such as El Aramo,
El Milagro, and La Profunda (de Blas Cortina, 2005), indicating
an intensification of productive activities. Copper production in
northern Spain largely exceeded the regional needs and the surplus
was traded with closest neighbors, such as in the northern Meseta
(Ontañón-Peredo, 2003). Once again, specialization and trade were
not used as a proper subsistence strategy (Renfrew, 1969), but more
likely were part of the “package” of goods with cultural identity
value, which were exchanged along with the incipient expansion of
the Bell Beaker (Rojo Guerra et al., 2005; Ortega et al., 2021).

The energy system and subsistence strategies did not change
over this time period from the Early Neolithic to the Early
Bronze Age. The strategy of production intensified with the first
mining/metallurgy activities, and both “specialization” and “trade”
did not have any subsistence value. Three remarkable events
occurred during the ER2a regime, namely the 6,300 cal BP forest
decline, the 5,300 cal BP incipient mining activity, and the Copper
phase of major impact ca. 4,400–4,100 cal BP. But all three occurred
under cold and dry climate periods that might have amplified them,
thus reducing their significance. Consequently, we define the first
phase of the Agrarian regime (ER2a) as a regime of production
strategy, starting from the Early Neolithic, ca. 7,000 cal BP
(Martinez et al., 2023). It includes the Neolithization process during
the Early Neolithic, which corresponds to the incipient phase of
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the production strategy, and the Copper Age, corresponding to a
phase of intensification of the production strategy, notably due to
copper mining.

ER2b: specialization

During the Atlantic Koine ca. 3,500–3,150 cal BP (Figure 3),
the climate was warm and wet, and thus, favorable to a phase of
recovery instead of a phase of metal pollution and forest decline. A
substantial commercial network developed between societies from
Northern Europe, the British Isles, Brittany and the northwest and
west facades of the Iberian Peninsula (Cunliffe, 2001; Needham,
2007). Northern Spain was rich in copper and tin, both ores being
essential to the bronze industry (Earle et al., 2015; Vandkilde, 2016).
Moreover, tin was not as current as copper in Europe, making
it a valuable resource (Gómez Ramos, 1999; Earle et al., 2015).
Northern Spain communities were still semi-sedentary living on
seasonal agropastoral activities and transhumance, and were not
organized under the control of an elite (Sánchez-Morales, 2023).
However, such organization (central power controlled by an elite)
was not necessary for communities to take part in this commercial
network (Earle et al., 2015).

By contrast to the previous period, the strategy of specialization
now consists in a subsistence strategy with trade gaining a
commercial value (Earle, 2002), hence indicating a change in
the energy regime. The system now has energy sources (e.g.,
mining community) and recipients (e.g., commercial partner),
linked by energy flows (e.g., metal objects). Beyond northern
Spain and the Atlantic Koine, a proto-historic, global commercial
network expands over Europe, Northern Africa, and Western and
Central Asia, and is called the Bronzization (Vandkilde, 2016). The
incipient phase of the Bronzization occurred at 4,150 cal BP, which
coincides with the phase of non-commercial specialization and
trade described in the previous section (Vandkilde, 2016). However,
Bronzization significantly increased and expanded from 3,550 cal
BP, coincidentally with the start of the Atlantic Koine (Vandkilde,
2016). This critical increase of human impact from the Bronze Age
onward has also been identified in the Mediterranean (Mercuri
et al., 2019).

With such a large scale, many products were traded across
Europe (e.g., metal ores, salt, amber, lapis, etc., see Earle
et al., 2015). The Bronzization provoked many specialized
activities, including professional traders (Vandkilde, 2016). Many
technological innovations developed in this regard (e.g., road
construction, boat technology, etc.) in order to compress the
traveling time (Johansen et al., 2003; Anthony, 2007; Ling, 2008),
involving specialized personnel and expertise in return (e.g.,
miners, craftsmen, warriors, etc.; Earle et al., 2015). Interestingly,
the Bronzization started to decline ca. 3,150 cal BP (Vandkilde,
2016), coincidentally with the end of the Middle Bronze phase
of impact (Figure 3), further strengthening our view that the
Atlantic Koine may be the local (Atlantic Europe) expression of the
Eurasian Bronzization.

From the end of the Late Bronze Age and during the Early
Iron Age, a new phase of major human impact occurred (the Iron
phase, ca. 2,800–2,500 cal BP; Table 3). This phase started with

the Iron Age Cold period and the Bond Event 2 (2.8 ka event),
which likely amplified it. Major cultural change occurred during
this period, expressed by the start of a massive sedentarization
process with the appearance of hillfort settlements called castros
(Parcero Oubiña, 2002; Marín Suárez, 2009, 2011). Interestingly,
the start of this Iron phase is coincident with the conclusion
of the Bronzization that occurred ca. 2,750 cal BP (Vandkilde,
2016). Although sedentarization is a prerequisite to urbanization
and complex societies, it developed in northern Spain during the
collapse of the Bronze Age World, while already existing complex
societies (e.g., in the Eastern Mediterranean) collapsed along with
the Bronzization (Earle et al., 2015). The castros were first situated
on trading roads from the previous cultural phase (Marín Suárez,
2009), and hence, productive economies started to really develop
from this point onwards (Marín Suárez, 2009), likely enhancing
both the production and the specialization strategies. Thus, the
sedentarization process related to the Iron phase of major impact
intensified the production and specialization strategies, but did not
bring any new subsistence strategies to northern Spain societies.
Consequently, we define the second phase of the Agrarian regime
(ER2b, starting from the Middle Bronze Age, ca. 3,500–3,150 cal
BP) as a regime of specialization strategy, which adds to the
production strategy of ER2a. It includes both the Middle Bronze
phase of major impact during the Middle Bronze Age, which
is characterized by the appearance of the specialization strategy,
and the Iron phase of major impact, corresponding to a phase of
intensification of production and specialization strategies, notably
due to the sedentarization process.

ER2c: urbanization

The Roman phase of major impact (ca. 2,200–1,750 cal BP)
started during the second half of the Late Iron Age and covered
the Early Roman Empire period (Figure 3). It occurred during the
maximum temperatures of the Roman Warm period, a climate
that was favorable to a phase of recovery. Thus, this phase must
have been very intense. The first iron objects were found in
northern Spain during the Late Iron Age, starting from ca. 2,450
cal BP (Camino Mayor, 2002; Villa Valdés, 2002), but the first iron
mining activities were recorded during the Early Roman Empire
period (Marín Suárez, 2011). Iron deposits were very common
in northern Spain, and hence settlements were never too distant
from them, facilitating their exploitation (Marín Suárez, 2011).
Although iron exploitation was new, it did not have any implication
for the energy system, as it was still part of production and
specialization strategies.

The Romanization started with the Cantabrian Wars that took
place between 1,979 and 1,969 cal BP (i.e., 29–19 BC; Costa-García,
2017, 2018). An important cultural change from the Early Roman
period was the start of gold mining, which was immediate after
the Romanization (Marín Suárez, 2011) and severely impacted the
landscape (Sánchez Palencia et al., 2011). Mining activities and
areas were then directly administered by the Romans but using
local population for labor (Orejas et al., 2002). However, as for iron
mining in the previous periods, gold mining did not change the
main subsistence strategy in the energy system.
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Before the Romanization, the castros were small and dispersed
through the study area (Marín Suárez, 2011). Castros communities
were characterized by the absence of an elite or ruling class,
and organized in broader egalitarian societies, which translates
in archaeological context in the absence of prestige goods
(González Ruibal, 2012). Such societies are called deep rural
communities (Jedrej, 1995). A new, hierarchical administrative
system appeared after the Roman conquest (Sastre Prats and
Currás, 2019), with the notable creation of political and economic
urban centers ex novo (Díaz and Menéndez-Bueyes, 2005). In
this work, we refer to the definition of urban center proposed by
Weber (1966) and Capel (1975): a concentration of population
with a centralized government, with a functional economic and
political specialization. Consequently, some urban centers had
influence over secondary satellite settlements (e.g., vici, villae;
Pérez-Losada, 1996). Urbanization is particularly difficult to define
(Ruiz-Zapatero et al., 2020), as theoretical concepts (e.g., in
Currás and Sastre Prats, 2019) need to incorporate archaeological
data (Ruiz-Zapatero et al., 2020). In this work, we understand
urbanization from two distinct definitions. Han (2016) argued that
urbanization emerged from “external connections, heterogeneity
and aggregation,” which could refer to trade, specialized activities
and urban centers. To this definition, we could add another
characteristic proposed by Gaydarska (2017), who stated that
urbanization implies the proliferation and the sustainability of
urban centers. The urbanization phenomenon represents an
important change in energy management. For the first time,
products (hence energy) from secondary settlements are gathered
in urban centers, where they are concentrated and redistributed,
as trade flows channeled from the urban center to secondary, rural
settlements (Ruiz-Zapatero et al., 2020).

After the collapse of the Roman Empire, feudalism developed
through successive political power in northern Spain (e.g.,
Visigoth Kingdom, Kingdom of Asturias), starting from ca. 1,450
cal BP (Collins, 2004; Sánchez-Morales, 2023). Political centers
gained more and more influence and controlled larger territories
(Martín, 1975). Thus, Early Middle Ages societies witnessed an
intensification of the urbanization strategy, but did not adopt
any new subsistence strategy. This is in this context that the
Medieval phase of major impact occurred, ca. 1,250–1,000 cal BP.
At that time, the Christian Kingdom of Asturias was constantly
opposed to the muslim kingdoms occupying the Iberian Peninsula,
and thus, the economy needed to sustain the constant war effort
(Martín, 1975). One particular indicator to this is the spread of
castles during this period, which construction likely needed a large
amount of energy and resources (Martínez and Mantecón Callejo,
2012; Sánchez-Morales, 2023), hence intensifying the production,
specialization and urbanization strategies. Consequently, we define
the third phase of the Agrarian regime (ER2c), starting from
the Early Roman Empire period (ca. 1,950 cal BP) as a regime
of urbanization strategy, which adds to the production (ER2a)
and specialization (ER2b) strategies. The start of ER2c occurred
during the second half of the Roman phase of major impact (ca.
2,200–1,750 cal BP), which the first half was also marked by the
sedentarization process, prerequisite to urbanization. ER2c also
includes the Early Middle Ages, which corresponds to a phase of
increased production, specialization, and urbanization strategies.

ER2d: globalization

The Colonial phase ofmajor impact (ca. 650–400 cal BP) started
during the second half of the Late Middle Ages and covered the
Age of Discoveries (Figure 3). It is coincident with the beginning
of the Little Ice Age, hence it is possible that this phase may be
amplified by the cold climate. At that time, the Spanish economy
was recovering after a century of crises (wars, plague, civil conflicts
between 750 and 650 cal BP; Casado Alonso and Ruiz, 2019).
Because of favorable politics to transhumance activities, large herds
of sheeps deteriorated the forest over the Iberian Peninsula, and
forest damage prevention as well as reforestoration were ineffective
(Valbuena-Carabaña et al., 2010). This political decision was made
to link the Spanish economy to the international trade of wool
(Valbuena-Carabaña et al., 2010). However, wood resources were
needed for charcoal production and the naval industry (Corbera
Millán, 1999; Ceballos Cuerno, 2001), used either in metallurgy or
foundry activities (Corbera Millán, 2011).

From this point onwards, economics and finance played a
dominant role in the organization of societies, supported by many
technological innovations (Urteaga, 1999). Inter-continental trade
networks in hierarchical societies led to accumulation of wealth
by some and poverty of others, paving the way to capitalism
(Sieferle, 2001). The major influence of capitalism on human
societies and subsistence strategies (called the Capitalocene) had
also been investigated by Moore (2017, 2018), who identified its
origin linked with colonialism during a time period corresponding
to our Colonial phase of major impact. This inequality is also
visible in the energy system, with discrepancies in energy flows
and concentration (Moore, 2017, 2018). Colonialism is the result of
this capitalist approach, pushing the Kingdom of Castile to always
accumulate more resources and riches from other continents
(Moore, 2017, 2018). This thirst of foreign resources likely fed
the increased naval industry. By gathering energy and resources
from all continents to sustain its economy, Spain entered in
a globalization strategy, in which foreign energy and resources
became necessary to sustain its development.

Interestingly, this period is coincident with the Orbis
hypothesis (Lewis and Maslin, 2015). The Orbis hypothesis
stipulates that because of the wars and diseases as well as famine
and enslavement, brought by the colonization of the Americas, a
huge decline in American population (90% of the population, from
61 to 6 millions in a course of 150 years), and its subsequent land
abandonments, allowed a major episode of forest recovery, which is
also visible with a sudden dip in the curve of global CO2 (Lewis and
Maslin, 2015). This is exactly coincident with the Colonial phase of
major impact (650–400 cal BP) and the following recovery period
(350 cal BP; Figure 3).

The last phase of major impact is the Industrial Revolution ca.
150 cal BP-Present (Table 3). It is characterized by the exploitation
of fossil energies such as coal for iron and steel industries (Torres
Villanueva, 1991; Leorri et al., 2014), which are not sustainable.
However, the use of fossil fuel is part of ER3, which is out of the
scope of this paper. It is worth noting that our results showed that
from ca. 650 cal BP onwards, MP and FR are only increasing, and
only the tipping points of acceleration can identify new episodes
of significant anthropic impact (at 650 cal BP and at 150 cal
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BP; Figure 3). The 650 cal BP acceleration is one of two dates
exactly coinciding with recent propositions for the beginning of the
Anthropocene based on global markers such as records of animal
fossils and CO2 content (Lewis andMaslin, 2015). The other date is
1964 AD, i.e., right after 0 cal BP (Present Day), and corresponds
to the nuclear bomb spike (Lewis and Maslin, 2015), but is not
considered in our work. Since our results for heavy metal content
are similar to other studies in Europe (e.g., many references across
Europe are cited in Pontevedra-Pombal et al., 2013) and globally
(Settle and Patterson, 1980; Nriagu, 1983, 1996), we hypothesize
that this proxy may be used to further strengthen those dates in
the debate to define the Anthropocene. Consequently, we define the
fourth phase of the Agrarian regime (ER2d), starting from the Late
Middle Ages (ca. 650 cal BP) as a regime of globalization strategy,
which adds to the production (ER2a), specialization (ER2b) and
urbanization (ER2c) strategies. The start of ER2d occurred during
the second half of the Colonial phase of major impact (ca. 650–400
cal BP).

Conclusion

The unprecedented, high-resolution, inter-disciplinary
investigation of HMC and TTC in peat bogs, and climate
(temperature and precipitation) and natural vegetation models
allowed us to highlight and identify seven phases of major,
synchronous anthropogenic impact on landscapes in northern
Spain: (1) the Copper phase ca. 4,400–4,100 cal BP, (2) the Middle
Bronze phase ca. 3,500–3,150 cal BP, (3) the Iron phase ca. 2,800–
2,500 cal BP, (4) the Roman phase ca. 2,200–1,750 cal BP, (5) the
Medieval phase ca. 1,250–1000 cal BP, (6) the Colonial phase ca.
650-400 cal BP, and (7) the Industrial phase ca. 150 cal BP-Present.
The results are coherent with previous research in both the Iberian
Peninsula and in Europe (Monna et al., 2004; Pontevedra-Pombal
et al., 2013).

HMC in peat bogs is a proxy that can easily be applied in
other case study areas as HMC are similar at both local and
global scale. TTC in peat bogs are much more subject to local
discrepancies, as pollen data mainly record local vegetation, but
our results show that a macro-scale analysis provides a global
signal consistent with HMC. In addition, climate and natural
vegetation simulations allowed us to refine the extent of natural
vs. anthropogenic influence over changes in landscape. Thus, the
focus on anthropogenic impact on landscapes provides valuable
information that could potentialy lead to new methodologies
to quantify the evolution and development of human activities
through time. In turn, such quantified investigation could have
potential to help unravel the debate on the origins of the
Anthropocene, as our results already show some coherence
with recent advances on the Anthropocene (Lewis and Maslin,
2015).

The confrontation of the results with archaeological and
historical literature allowed us to document each phase of
major impact. However, not all of them are related to major
changes in human subsistence strategies. We identified four main
subsistence strategies that agrarian societies developed over time,
corresponding to four sub-regimes of the ER2: (1) Production
(ER2a), with the first occurrences of productive economies

during the Neolithic (agropastoral activities) and implying the
control over solar energy, (2) Specialization (ER2b), with the
first occurrences of specialization of activities and trade networks
during the Middle Bronze phase, implying significant flow of
energy within a society, (3) Urbanization (ER2c), with the first
occurrences of urban centers and complex societies during the
Roman phase, implying a complex system of stockage and
distribution of energy within a society, and (4) Globalization
(ER2d), with the first occurrences of worldwide trade, technological
improvements, colonialism and capitalism economies during the
Colonial phase, implying the globalization of the energy system
over the entire world.

The framework of Energy Regimes as developed in this work
and in previous research (Martinez et al., 2022, 2023) shows
potential to provide a functioning analysis of the development
of human societies and their subsistence strategies through time.
Further research is needed to better understand the causes and
consequences for each transition, but such investigation could
provide invaluable information on the transitional phase between
each ER, and hence, some insight on our current transition
to a low-carbon society and its possible consequences. If we
cannot directly compare our society with past ones, ERs focus
on energy systems in a given society and hence make such
comparison possible.
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