
D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  G
ue

st
 (

gu
es

t)
 IP

:  
20

0.
12

9.
12

8.
25

4 
O

n:
 W

ed
, 2

6 
F

eb
 2

02
5 

14
:0

4:
35

EG49_Art02_Roberts ARjats.cls October 8, 2024 15:34

Annual Review of Environment and Resources

Uncovering the Multibiome
Environmental and Earth
System Legacies of Past
Human Societies
Patrick Roberts,1,2,3,4 Victor L. Caetano-Andrade,1

Michael Fisher,2 Rebecca Hamilton,3,5 Rachel Rudd,1

Freg Stokes,1 Noel Amano,2 Mariya Antonosyan,2

Andrew Dugmore,6 David Max Findley,1,2

Verónica Zuccarelli Freire,2 Laura Pereira Furquim,1,7

Michael-Shawn Fletcher,8,9 George Hambrecht,10

Phoebe Heddell-Stevens,2 Victor Iminjili,2

Deepak Kumar Jha,2,4 Gopesh Jha,2

Rahab N. Kinyanjui,2,11 Shira Y. Maezumi,2

Kathleen D. Morrison,12 Jürgen Renn,13,14

Janelle Stevenson,3,15 Ricarda Winkelmann,16,17

Michael Ziegler,1,2 Vernon L. Scarborough,18

Sam White,19 Dagomar Degroot,20 Adam S. Green,21

and Christian Isendahl22
1isoTROPIC Research Group, Max Planck Institute of Geoanthropology, Jena, Germany;
email: roberts@gea.mpg.de
2Department of Archaeology, Max Planck Institute of Geoanthropology, Jena, Germany
3School of Culture, History and Language, Australian National University, Canberra, Australian
Capital Territory, Australia
4School of Archaeology, University of the Philippines, Quezon City, Philippines
5School of Geosciences, University of Sydney, Camperdown, New South Wales, Australia
6School of GeoSciences, University of Edinburgh, Edinburgh, United Kingdom
7Museum of Archaeology and Ethnology, University of São Paulo, São Paulo, Brazil
8School of Geography, Earth and Atmospheric Sciences, University of Melbourne, Melbourne,
Victoria, Australia
9Indigenous Knowledge Institute, University of Melbourne, Melbourne, Victoria, Australia
10Department of Anthropology, University of Maryland, College Park, Maryland, USA
11Department of Earth Sciences, National Museums of Kenya, Nairobi, Kenya
12Department of Anthropology, University of Pennsylvania, Philadelphia, Pennsylvania, USA

Annu. Rev. Environ. Resour. 2024. 49:21–50

First published as a Review in Advance on
September 11, 2024

The Annual Review of Environment and Resources is
online at environ.annualreviews.org

https://doi.org/10.1146/annurev-environ-112321-
101257

Copyright © 2024 by the author(s). This work is
licensed under a Creative Commons Attribution 4.0
International License, which permits unrestricted
use, distribution, and reproduction in any medium,
provided the original author and source are credited.
See credit lines of images or other third-party
material in this article for license information.

21

mailto:roberts@gea.mpg.de
https://www.annualreviews.org/doi/full/10.1146/annurev-environ-112321-101257
https://doi.org/10.1146/annurev-environ-112321-101257
https://doi.org/10.1146/annurev-environ-112321-101257
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.

or
g.

  G
ue

st
 (

gu
es

t)
 IP

:  
20

0.
12

9.
12

8.
25

4 
O

n:
 W

ed
, 2

6 
F

eb
 2

02
5 

14
:0

4:
35

EG49_Art02_Roberts ARjats.cls October 8, 2024 15:34

13Structural Changes of the Technosphere, Max Planck Institute of Geoanthropology, Jena, Germany
14Structural Changes in Systems of Knowledge, Max Planck Institute for the History of Science, Berlin, Germany
15Centre of Excellence for Australian Biodiversity and Heritage, Australian National University, Canberra, Australian
Capital Territory, Australia
16Department of Earth System Science, Max Planck Institute of Geoanthropology, Jena, Germany
17Potsdam Institute for Climate Impact Research, Potsdam, Germany
18Department of Anthropology, University of Cincinnati, Cincinnati, Ohio, USA
19Faculty of Social Sciences, University of Helsinki, Helsinki, Finland
20Department of History, Georgetown University, Washington, DC, USA
21Department of Archaeology and Department of Environment and Geography, University of York, York, United Kingdom
22Department of Historical Studies, University of Gothenburg, Gothenburg, Sweden

Keywords

Anthropocene,Earth system, archaeology, paleoecology, environmental history, historical ecology

Abstract

It has been argued that we have now entered the Anthropocene, a proposed epoch in which hu-
mans are having a dominant impact on the Earth system. While some geologists have sought to
formalize the Anthropocene as beginning in the mid-twentieth century, its social, geophysical,
and environmental roots undoubtedly lie deeper in the past. In this review, we highlight the ways
in which human activities across the major biomes of our planet significantly altered parts of the
Earth system prior to the Industrial Age. We demonstrate ways in which novel, multidisciplinary
approaches can provide detailed insights into long-term human–environment–Earth system inter-
actions. We argue that there is clear evidence for lasting Earth system legacies of pre-Industrial
human societies and that archaeology, paleoecology, and historical ecology can provide impor-
tant, practical insights to help navigate current and future relationships with the planet in more
equitable and sustainable ways.
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INTRODUCTION

Human societies are having major impacts on the Earth system in the twenty-first century. In their
book The Great Acceleration, historians McNeill & Engelke (1) note that increases in energy use,
global consumption, and human population since World War II have exacerbated environmen-
tal changes associated with the Industrial Revolution of the eighteenth and nineteenth centuries.
TheGreat Acceleration concept feeds into a wider, ongoing discourse on the Anthropocene,which
emphasizes the fact that human impacts on the environment have extended beyond the local or
regional (2). Instead, our species is playing a decisive role in modifying the atmosphere, biosphere,
hydrosphere, and geosphere at the planetary scale, with its own portion of the Earth system, the
technosphere, now bearing down on the planet (2). Acknowledging this role, and the ongoing high
and asymmetrical patterns of global consumption of matter and energy in shaping ecosystems and
influencing future climates, the Anthropocene Working Group of the International Commission
on Stratigraphy had recommended the formal geological designation of the Anthropocene epoch
starting in 1950, thus superseding the Holocene (3). This proposal was recently rejected by the In-
ternational Commission of Stratigraphy, however, highlighting the difficulty of currently finding
an unequivocal onset for this period in a geological sense (4).

Arguably, this rejection emphasizes the importance of studying the changing intensities and
types of human–Earth system interactions on different temporal and spatial scales. Indeed, al-
though the Anthropocene is a concept with which the broader scientific community and public
are increasingly engaging (5), there remains limited acknowledgement of the ways in which hu-
man activities had already interacted with the Earth system prior to the Industrial Age. Academics
in certain research fields have devoted significant research efforts to understanding ecosystems
undisturbed by modernism, with a conservation focus on the reconstruction, preservation, or
maintenance of intact ecosystems in the context of sustainability and biodiversity initiatives (e.g.,
6). These approaches, while potentially valuable in their own right, commonly rest on the assump-
tion that pre-Industrial and “traditional” societies have had little to no long-term (here defined as
several centuries to millennia) impact. However, it is becoming clearer that pre-Industrial tech-
nologies and economic systems of production, distribution, and consumption have left profound
legacies in twenty-first-century ecosystems, landscapes, the global technosphere (7)—defined here
as the summation of human technology (spanning stone tools, the inception of fire, and the emer-
gence of social media) and innovation and interactions with the environment—and other parts of
the Earth system (see also 8).

It is a trope of history that we can only truly understand an era after it has passed. If the
world has indeed entered a new, Anthropocene epoch, what Holocene or even Pleistocene pro-
cesses led us to this point? What were the major human impacts on the Earth system prior to
industrialization, and how do they differ in scale and nature across space and time? What are the
environmental legacies and path dependencies of these human–Earth system interactions? How
are these legacies intentionally or unintentionally maintained or halted by contemporary local and

www.annualreviews.org • Environmental Legacies of Past Human Societies 23
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nonlocal communities? Historical ecological approaches that integrate methods and theoretical
frameworks from the historical and environmental sciences, as well as Indigenous knowledge, oral
traditions, and perspectives from communities of practice, can play a critical role in addressing
these questions (e.g., 9–11). An abundance of accessible archaeological and paleoecological data
collectively offer insights into variation among past human economies and how they interacted
with their environments over the long term in different parts of the world (12).We know that in-
creases in the scale of human collective action long predate the Industrial Age, and we canmeasure
with far greater accuracy—as well as with a greater recognition of uncertainty—the demographic
scale of past human societies (e.g., 13). It is easier than ever to investigate long-term relationships
between past human behavior, vegetation cover, soil morphology, climate, and plant and animal
species over several centuries and millennia (14). These sources of knowledge offer practical in-
sights for twenty-first-century problems (10). However, while there is a growing recognition that
we can mobilize the past to help prioritize, plan, and act in the present (e.g., 15), this mobilization
remains patchy and underappreciated in the historical and environmental sciences as well as in
conservation and natural resource management.

In this review, we highlight the evidence for lasting material legacies of Pleistocene (125,000–
11,700 years ago) and pre-Industrial Holocene (11,700 years ago to the start of the Industrial
Age) human impacts on aspects of the Earth system across major biomes (Figure 1). All too of-
ten, Eurocentric biases and environmental determinism have shaped the ways in which the role of
human history in different contemporary ecosystems is appreciated. For example, prehistoric and
historic impacts on the vegetation and soils of temperate Europe are widely acknowledged (16). By
contrast, preservation issues and legacies of assumptions that tropical rainforests were barriers to
human settlement (e.g., 17) have meant that the role of past human societies in shaping these habi-
tats remains relatively poorly understood by the public and scholars alike, beyond those directly
engaged in data generation, analysis, and knowledge production (18). However, no environment
is productive or marginal on its own; rather, it is the relationship between a human economy and
an environment that is productive or not (12).What the term productive even means will also vary
significantly between cultural contexts. While our review is not exhaustive (for a reading list on
the different topicsmentioned here see the SupplementalMaterial),we aim to highlight evidence
of numerous instances of pre-Industrial human–Earth system interactions in different parts of the
planet. The cases we cite may not necessarily be wholly representative of each region and sphere,
but they demonstrate the potential for historical ecology research to address human–Earth system
interactions in the past, reveal their legacies today, and indicate the breadth of issues examined in
current research initiatives. Overall, this review emphasizes the significance of archaeology, envi-
ronmental history, Indigenous knowledge, and paleoecology for conservation, ecological research,
and predictions across the contemporary world.

UNRAVELING PAST HUMAN ECOLOGICAL AND EARTH
SYSTEM HERITAGES

The vagaries of preservation and sampling in the archaeological and paleoecological record, as
well as the varying availability of historical sources, may make past impacts seem comparatively
limited and small scale. Furthermore, very large-scale data syntheses are rare, allowing evidence of
anthropogenic change to be dismissed as local (20).Compounding thesemethodological and scalar
issues is the common positioning of human activities as constantly in tension with nature (21).This
framing relegates the recognition of past human influence on environments to those examples in
which observed changes occur in opposition to expected natural trends. In reality, human activity
often seeks to complement or exploit natural trends (22). Nevertheless, an increase in multidisci-
plinary studies has helped unveil facets of human–environment interactions, including those with

24 Roberts et al.
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Figure 2

Schematic showing the different archaeological, paleoecological, and historical ecological methods (shown in
the middle ring) available for studying human–technosphere interactions with different parts of the Earth
system (outer ring).

large-scale and long-term consequences for different parts of the Earth system (Figure 2). With
regard to the biosphere, archaeobotanical and zooarchaeological research can reveal temporal and
spatial shifts in biodiversity (23), the introduction of invasive species (24), and fluctuations in veg-
etation dynamics and boundaries (11) that can be connected to past human activities. Application
of isotope analysis, ZooMS (zooarchaeology by mass spectrometry), and ancient DNA analysis to
archaeological plant and animal remains, and sediments, has facilitated studies of changing animal
migration patterns, niche alterations, variations in nutrient cycles, and soil and plant management
(24) and of changes in faunal communities even where remains are poorly preserved (25). Mean-
while, paleoenvironmental archives (e.g., lake sediment layers) can reveal past vegetation structure
and composition, approximate the timing and impact of animal and human presence on the land-
scape, and enable comparisons between local archaeological records and regional changes (26).

Geoarchaeological studies of soils at archaeological sites combined with assessments of pa-
leoenvironmental change are also enabling us to explore past human interactions with the
geosphere. For instance, it is possible to gauge how soil erosion, at the level of both local slopes
and site catchment, as well as entire drainage basins, might have been linked to changing hu-
man land use and settlement dynamics (26–28). In other cases, multielement analysis of soils,
alongside more traditional thin-section assessments, is enabling exploration of anthropogenic soil

26 Roberts et al.
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formation (e.g., 29). Moving above the Earth’s surface, there is a growing interest in long-term
human relationships with fire.Macro- and microcharcoal counting from archaeological and pale-
oenvironmental sediments, as well as applications of Fourier transform infrared spectroscopy (30),
have provided insights into the nature and intensity of past fires and their potential consequences
for local and regional carbon cycle dynamics (31). Comparisons of records of fire to changes in
vegetation structure assessed through palynology and phytolith analysis of paleoenvironmental
sequences have demonstrated the importance of Indigenous fire regimes for biodiversity enrich-
ment, ecosystem resilience, and vegetation structure in places such as Tasmania (32), the Amazon
Basin (33), and the Wet Tropics of Australia (34).

There is also a growing recognition that past changes in human land use and land cover influ-
enced precipitation and water dynamics (the hydrosphere) and even the atmosphere (e.g., through
carbon emissions) and cryosphere.On regional scales, coarsemodels of changes in vegetation (e.g.,
deforestation) can be factored into climate models to study how seasonal and annual precipita-
tion were influenced by human activities (e.g., 35). Meanwhile, pan-regional and global research
initiatives, such as LandCover6k, are exploring the degree to which major thresholds in human
socioeconomic systems might have led to such dramatic shifts in land cover that emissions may
have had globally recognizable effects (20; see also 36, 37). While many of these models have
been based on relatively crude calculations of human demography and land use regimes, there are
growing efforts to develop detailed insights from historical, archaeological, and paleoecological
records to build bottom-up assessments of land use change through time (20). The resulting land
use models can then be incorporated into existing land cover–climate/Earth system models to ex-
plore the degree to which past human socioeconomic systems had regional or global feedbacks
across a variety of different timescales with potential consequences for today.

Archaeology, environmental history, and greater consultation and partnership with local com-
munities who hold local ecological knowledge can also provide insights into the emergence of, and
major changes in, the technosphere that underpins anthropogenic impacts on the Earth system
(7). Here, for instance, it is possible to study the coevolution of land use practices—including for-
aging, hunting, extensive and intensive agriculture, and pastoralism—with technologies, forms of
settlement (e.g., urbanism), commerce, and political conditions, as well as different aspects of the
Earth system. For example, scholars have identified the so-called Early Modern (∼1450–1750 ce)
emergence of larger states and empires as a major technosphere threshold. At that time, societies
developed larger markets with internal specialization and diversification, increased the scale of
resource extraction from imperial peripheries for urban and military provisioning, and intensified
management of natural resources such as woodlands and forests (38, 39).The rise of merchant em-
pires and overseas colonial imperial expansion enabled, and then accelerated, the global disruption
and movement of biota. Colonialism and early capitalism created new frontiers of extraction in
the Global South, exporting accelerated anthropogenic pressures to areas beyond primary centers
of consumption (38). The commodification of resources at the global scale restructured and re-
duced the variation of local and regional Indigenous natural resource management practices that
had previously had a substantial influence on the Earth’s surface (11, 40).

In the remainder of this review, we highlight how novel, multi- and interdisciplinary method-
ologies are providing evidence for human relationships with different parts of the Earth system in
very different biogeographic settings. To ensure comparability between regions, we review human
impacts on the biosphere (plant and animal diversity and structure), geosphere (soils), and hydro-
sphere (water cycle) (Figure 3). Focusing on the pre-Industrial period, this review moves through
the tropical, dryland, temperate, and Arctic and sub-Arctic zones to emphasize the various ways
in which we know past human societies influenced these different habitats (Figures 1 and 3). We
then provide a broader, global perspective on potential changes to the cryosphere and atmosphere.
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Figure 3 (Figure appears on preceding page)

Timeline of case studies on human impacts in the tropics, drylands, temperate areas, and Arctic/sub-Arctic/montane areas on the
biosphere, geosphere, and hydrosphere. The horizontal bar represents the timing of the event and/or its impact through time (shown
on the x-axis).

We conclude by highlighting how a longer-term view of the world’s biomes reveals the impact of
European colonial expansion since the fifteenth century and the ongoing legacies associated with
imperial and global market expansion. This period in history set the world on accelerated and
more homogeneous trajectories and path dependencies that echo through the major juncture of
the Industrial Revolution and continue to this day.

THE TROPICS

Biosphere

The tropics contain more than 35% of the Earth’s land area and tropical forests are home to over
half of the Earth’s plant and animal biodiversity, meaning that changes to these ecosystems can
have significant knock-on effects for the planet (41). Early possible anthropogenic changes to the
tropical biosphere include potential human involvement in the extinction of megafauna, such as
gomphotheres (a group related to modern elephants), giant sloths, and glyptodonts (a group of
large armadillos) in the Neotropics during the Late Pleistocene (42).The role of humans, whether
through direct hunting or indirect environmental impacts, remains disputed. Nevertheless, the
demise of these large species and their seed dispersal functions has been associated with changes
to local vegetation structure and even to the related carbon cycle (43). Zooarchaeological and
archaeobotanical research has also demonstrated the human translocation of animals and plants
between different parts of the tropics beginning in the Late Pleistocene and intensifying into
the Holocene (e.g., 23). The emergence of food production and the expansion of food production
systems in the tropics during the Early toMiddle Holocene saw the domestication and promotion
of particular tropical plants (e.g., maize, manioc) and animals (e.g., chicken) that are now staples
around the world (44).

The Middle to Late Holocene also saw domesticated species spread across the tropics and into
the tropics from other climate zones and biomes. The tropical Pacific is a good place for studying
this spread given the relatively late arrival of humans in these environments along with the rapid
introduction of fire, invasive species such as rats, and domesticated species such as pigs. This col-
onization process often caused significant deforestation and disturbance of endemic biodiversity
(24). However, the impacts were mediated according to island size and aspect, human cultural and
economic practices, and dynamic socioeconomic responses; many communities sustainably man-
aged island landscapes for millennia, until the arrival of European colonizers. Similarly, in parts
of eastern Africa, the expansion of pastoralism coincided with impacts on biodiversity, such as the
Holocene loss of megafauna on Madagascar (45), while, elsewhere in the region, pastoralism has
been regarded as supporting biodiversity conservation (46). Many Holocene tropical communi-
ties exhibit diverse interactions with different plant and animal species, often transforming the
landscape into “managed mosaics” (47) of cultivated crop fields, agroforestry systems with domes-
ticated and nondomesticated tree species, recovering or intact forests, and freshwater ecosystems
(48).

The arrival of European colonialism in the tropics provides numerous examples of the ways
in which the so-called Columbian Exchange expanded the abrupt movement of species and
pathogens along intra- and extratropical gradients and discontinued traditional management
practices, resulting in tropical biodiversity and ecosystem reshuffling and new epidemiological
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landscapes (49). Moreover, new forms of land use, such as cash crop plantations, cattle or sheep
ranches, and more intensive mining, led to widespread deforestation and the marginalization
of traditional agroforestry and horticultural systems from which many regions (e.g., Haiti and
the Brazilian Atlantic Forest) have never recovered (50). The colonial period may also have
caused a permanent loss of genetic and crop diversity in other regions such as the Amazon Basin
(51). Meanwhile, intensified global circulation of domesticated and invasive plant and animal
species, which would further intensify during the Industrial period, reduced the number of
endemic plants and diminished biodiversity, legacies that remain in different tropical zones today
(52).

Geosphere

Some of the best-known pre-Industrial human impacts on the geosphere come from the tropics
in the form of the Amazonian dark earth soils (known in Brazil as terra preta do índio), which
have now been found across significant portions of the Amazon Basin. These dark, organic-rich
soils have been linked to human burning and concentration of organic waste in settlements since
the mid-Holocene, especially during the last 1,000–2,000 years (53, 54). Not only do humans
seek to exploit and manufacture these soils for fertilizer solutions in the twenty-first century, but
also their location on the landscape continues to shape smallholder settlement patterns and food
production across the Amazon Basin (54). Modified soils are characteristic not only of this part of
South America, however; numerous other examples, as well as forms of terracing used to slow soil
erosion, are documented across the tropics (53).

Multidisciplinary studies of nutrient hot spots in eastern Africa have also documented more
indirect actions on the geosphere, demonstrating that pastoral communities have produced pock-
ets of nutrient-rich soils since the mid-Holocene that continue to dictate the location of the best
grazing lands and wildlife movements around tropical savanna ecosystems in Kenya and Tanzania
(55). Beyond inputs into the geosphere, past farming activities and deforestation have led to soil
erosion and landscape morphology change on both local and regional scales (56). Although dis-
puted, it has been argued that deforestation is linked to the expansion of food production and iron
technology through Central Africa, resulting in erosion so pronounced it was detectable in the
estuary of the Congo River (57) and in lacustrine records (26). As with the biosphere, European
colonial land use represented a major rupture in human–soil dynamics in the tropics; the planting
of sugarcane across much of the Neotropics is a well-known case of sapping nutrients and wasting
soils (58). Similarly, in Kenya, colonial restriction of traditional grazing lands through ranches,
wildlife parks, and fencing led to a concentration of pastoral herds, overgrazing, and large-scale
soil erosion (59).

Hydrosphere

Tropical environments play a major role in hydrological cycles, with two-thirds of overland evap-
otranspiration linked to tropical forests (41). This means that vegetation changes in the tropics
can have significant feedbacks on rainfall and water distribution. Early interactions with local
hydrology are documented from around 9,000 years ago at the site of Kuk Swamp inNewGuinea,
where populations managing taro, banana, and the early ancestor of sugarcane dug drainage
ditches to create more appropriate habitats for these various species (60). Human management
of water in the tropics became increasingly intensive through time, however; the Aztec capital
of Tenochtitlan is a particularly prominent example of hydrological engineering that shaped the
water level and flow of an entire lake basin (61). Meanwhile, among the pre-Columbian Classic
Maya, the highly varied hydrology of the region stimulated the emergence of a wide variety of

30 Roberts et al.
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water management techniques in seasonally dry tropical regions (10, 62), and similar concerns
are found in the construction of vast reservoirs at the ancient urban centers of Greater Angkor
(63), South India, and Sri Lanka (64).

Studies of feedbacks between tropical land use change, deforestation, and precipitation in the
past remain limited but may prove informative. For example, Cook et al. (65) modeled generalized
land use and land cover estimates associated with Classic Maya food production and urbanism in
regional precipitation models, finding that human action may have reduced rainfall by as much as
15% in southern Mexico and the Yucatán peninsula. Documentation and estimation of this kind
of impact become much more frequent for the colonial period in the tropics, as many observers
and scientific studies have highlighted the ways in which deforestation linked to the expansion of
plantation monoculture and ranching led to the drying of tropical landscapes through feedback
mechanisms that continue to pose problems today. Today, current land use trajectories are at risk
of pushing the Amazon Basin toward a tipping point,where water cycling and vegetation dynamics
may cause the rainforest to transition permanently into a savanna (66).

DRYLANDS

Biosphere

Drylands cover 40% of the Earth’s land area and support more than 20% of the world’s population
(67). Yet, arid and semiarid lands are often stereotyped as more depauperate and risky relative to
wetter biomes, making them particularly interesting in discussions of human interactions with
the biosphere through time. Late Pleistocene faunal turnover has been considered less extreme
in the dry regions of Africa and South Asia (e.g., 68) than in other regions, although the degree
to which humans might have influenced significant megafaunal extinctions in Australia remains
hotly disputed (69). Arid and semiarid regions have featured prominently in discussions around
the impacts of food production on the biosphere, such as in the Fertile Crescent (70). In these
contexts, arid regions have been found to have encouraged the concentration of cultivated species
planting along river edges and marshes, providing early examples of new human-mediated niches
that were to appear and extend across the planet (71).

In the case of the Levant, during the Pre-Pottery Neolithic, approximately 10,000 years ago,
agropastoralism likely caused a decrease in overall arboreal taxa and an increase in pastoral-
adapted taxa, as evidenced in regional pollen records (72). At the start of the Chalcolithic period,
approximately 6,500 years ago, early olive horticulture appeared in the southern Levant at
around the same time as a large increase in Olea europaea (olive) pollen counts (73), a trend that
increased through the Bronze Age and Hellenistic period as olive groves replaced woodlands
across Mediterranean landscapes. This pattern is still visible today. Arid and semiarid habitats
have also been central to discussions of the emergence of urbanism and its concomitant impacts
on landscapes. Mesopotamia (and the Euphrates) and ancient Egypt (and the Nile) provide
instances of the ways in which population concentrations and trading hubs near water bodies
such as rivers, marshes, and irrigation canals, in otherwise dry contexts, witnessed both the arrival
of new species from often significant distances and species extinctions (74). Indeed, marshlands
and constrained ecological diversity have been argued to be especially relevant environmental
variables in Mesopotamian urbanism (75).

Dry regions, including Australia, parts of North and Central America, South America, and
southern Africa and Madagascar, saw major biodiversity changes with the arrival of European
colonialism, including vegetation changes linked to introduced, large-scale livestock rearing, cash
crop agriculture, pest species, overhunting, and the disruption of Indigenous land management
strategies (11, 76). These changes have persisted into the twenty-first century.
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Geosphere

Limited biological activity, dryness, and hardness can make arid soils prone to dramatic runoff,
erosion, salinization, and desertification (77). Research has long emphasized how local political
and economic contexts have shaped the timing and intensity of landscape destabilization in the
semiarid Mediterranean and Levant. Major soil erosion episodes began to occur in the eastern
Mediterranean as a result of deforestation, first attested in Syria for the Pre-Pottery Neolithic,
approximately 9,000 years ago (78), only to increase as metallurgical and other pyrotechnic activ-
ities demanded increasingly greater amounts of wood fuel in later periods (79; but see, e.g., 80).
Major soil erosion episodes also appear to follow 500–1,000 years after the arrival of agriculture
in different parts of Greece in the late Neolithic and Early Bronze Age, while the middle of the
first millennium bce witnessed increasing erosion intensity in many areas (81). On the other side
of the world, in the semiarid Mexican Highlands, geomorphological studies document severe soil
erosion 900 years after the onset of maize cultivation (82). The introduction of livestock graz-
ing in arid areas [which in many cases (e.g., Australia), but not always, occurred with the arrival
of European colonialism] (76) almost certainly had a major impact on soil stability and nutrient
availability, as observed in modern studies of soil organic carbon values in northern China (83),
with carbon flux increasing alongside grazing intensity.

Vulnerability to desertification has led to a number of cases of documented human–soil
interactions ending with site abandonment. Well-known examples are the “great house” com-
munities of Chaco Canyon in the southwestern United States that, through increasing woodland
tree removal and maize agriculture, appear to have exacerbated soil erosion, lowering land-
scape resilience in the face of extreme aridity in the very early second millennium ce (84).
Nevertheless, dramatically different local outcomes can occur depending on the presence and
intensity of extractive economies, local ecological knowledge, and historical contingency. For
example, in a comparison of two Roman-period settlements on the desert fringes of Roman
Africa and Arabia, Barker (85) highlights the ways in which, in one location, irrigation agri-
culture and extensive pastoralism remained resilient while, in the other, imperial demands for
mining and farming tribute led to dramatic soil erosion and abandonment. Notably, the ap-
plication of later European colonial and imperial policies, as well as the eventual emergence
of global capitalism, drove demands for larger herds and land use strategies unsuited to local
ecological conditions (59). Alongside the denial of historic access to rangelands (59), these new
ways of viewing and managing land often led to the significant destabilization of soils in dryland
regions.

Hydrosphere

The potential for semiarid and arid ecosystems to desertify makes them potentially prone to
human-induced feedbacks on the water cycle. At the broadest scale, Earth system modeling sup-
ports proposals that humans could have been active agents in the desertification of the Sahara
following the African Humid Period (∼14,500–5,000 years ago) (86). In particular, Wright (86),
reviewing the available archaeological and paleoenvironmental literature, notes that the arrival of
pastoralism across the region from 8,000 to 4,000 years ago would have reduced net productivity,
led to a dominance of shrubs, and increased dry-adapted vegetation that, alongside climate factors,
could have contributed to perhaps one of the most dramatic hydrological and landscape changes
witnessed during the Holocene (but see 87). On a more local scale, Henry et al. (88) have argued
that population increase, widespread trade, and an expansion of pastoralism (particularly higher
stocking rates and a focus on secondary products) during the Chalcolithic (∼5000–3500 bce) and
Early Bronze Age (∼3500–2000 bce) of Jordan resulted in desertification.
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Past human societies also inserted themselves directly into the hydrosphere in arid regions.
From 6,500 years ago there is evidence for the construction of irrigation canals for agriculture
along the Tigris and Euphrates plains in Mesopotamia that slowly raised the water table and ini-
tiated soil salinization, causing farmers to switch from wheat to salt-tolerant barley (89).With the
emergence of dryland urbanism came the construction of entirely new water networks. In South
Asia, the citizens of the Indus Civilization city of Mohenjo-daro cut hundreds of wells into their
neighborhoods, channeled wastewater into public drains (90), and constructed the world’s first
massive public bath (90). In other parts of the Indus Civilization, agropastoral communities es-
tablished themselves in locations that allowed them to take advantage of a wide range of water
resources, from fed watercourses to monsoon rainfall (91). European colonialism and imperial-
ism, followed by increasing global market pressures, saw more intense and global impacts on the
hydrosphere in arid-prone environments, with ideals of urban planning, pastoral intensity, and
the channeling of water for cash crops having major environmental and economic consequences.
In what is now northwest India, British colonial institutions promoted sedentary agriculture, the
planting of certain cash crops over traditional mobile pastoralism ormixed food production strate-
gies in a land use change that, alongside major alterations to hydrology, Bhattacharya (92) has
described as “the Great Agrarian Conquest.”

THE TEMPERATE ZONE

Biosphere

Human impacts on temperate megafauna in the Late Pleistocene have long captured public and
academic imaginations. The debate relating to the role of humans in the demise and extinction of
megafauna, and the corresponding ecosystem changes that would have occurred with the loss of
keystone species, has been particularly intense in North America (93).Moving into the Holocene,
the spread of food production strategies to many parts of Europe during the Neolithic from 7,000
to 4,000 bce, as well as the introduction of secondary products in the Bronze Age (94), established
new domesticated plants and animals in temperate landscapes. Since at least the Bronze Age, long-
distance trade of plants (such as grains) (95), animals (such as rabbits), and pathogens (such as
smallpox) across the temperate zones of Eurasia (96), along with deforestation, transformed this
region into a so-called cultural landscape (97). The consequences of the cultivation of indigenous
grains, the eventual expansion of maize into temperate North America, and the impacts of pre-
Columbian trade networks across the Americas remain relatively underexplored in this regard.
However, recent historical ecology research in the temperate rainforests of the Pacific Northwest,
comparing botanical diversity in former forest garden ecosystems with that of surrounding conifer
forest, highlights a lasting legacy of past Indigenous management on contemporary forest health
and resilience (98).

The appearance of iron technology increased human impacts on forest structure and species
distributions in temperate Europe from the first millennium bce onward (97), while the staged
retreat of heavily wooded areas and large mammals over the past 3,000 years, including elephants
and tigers, in the face of expanding populations and agriculture has been documented in China
(99). The relatively late arrival of humans in the temperate portions of the Southern Hemisphere,
notably New Zealand, has provided a particularly prominent case study of human impacts on the
biosphere,with evidence for forest burning and the demise of large flightless birds (100).European
colonization of the Americas, Oceania, and Asia undoubtedly intensified such impacts through
global exchange of diseases, weeds, pests, and crops [the Columbian Exchange (49)]. Crops mov-
ing out of the equatorial regions (e.g., potato, maize), in turn, had impacts on temperate food
systems, agricultural organization, and demography in Europe, as demonstrated by, for example,
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the rapid adoption of potato agriculture across northwestern Europe. These impacts had drastic
consequences, especially when combined with colonial political neglect, on local environments
and food supplies, such as in nineteenth-century Ireland (44).

The introduction of European cattle also had a strong impact on the temperate areas of the
Americas, which were ideal for cattle reproduction and played a crucial role in the incorpora-
tion of these regions into colonial and, later, capitalist markets. The effect of this introduction
was enhanced by the fact that, in many parts of the temperate Americas, European cattle had no
competitors and could expand rapidly over Indigenous landscapes, generating long-lasting ecolog-
ical and social impacts (101). Similar transformations occurred in temperate southeast Australia,
where colonial invasion and introduction of hoofed animals transformed soft wetlands and wood-
lands into compacted, polluted swamp forest (102). Meanwhile, the removal of Indigenous care
and management of their lands in southeast Australia following colonial invasion led to an in-
crease in woody fuel accumulation. This shift resulted in the onset of catastrophic wildfire in
these flammable landscapes that is contributing to current biodiversity crises in the region (103).

Geosphere

The abovementioned historical processes are intimately connected with changes in the geosphere
in the form of impacts on temperate soil erosion and fertility. The role of Neolithic food pro-
duction and Bronze Age agropastoralism in stimulating soil erosion in various parts of temperate
Europe tends to be considered fairly minimal (104), though the interaction of pastoralism with
soil systems in Central Asia may represent an early case of eco-engineering (105). Researchers
have also suggested that the construction of Bronze Age barrows on Jutland may have influenced
the distribution of topsoil by removal (106). In Central Europe, a comprehensive study (107) of
ancient soils and hillslope erosion, land use, and climate change highlights that sediment mobility
in small catchments was very sensitive to local land use and that basin-wide changes were related
to regional trends. Progressively intensive erosion was witnessed during the Iron Age and the
Roman and Medieval periods, leaving hillslopes vulnerable to subsequent extreme precipitation
events. Two particularly severe occurrences in the early fourteenth and mid-eighteenth centuries
ce resulted in intensive runoff on agricultural slopes that formed gully systems characteristic of
European landscapes to this day (107).

Such erosion could be particularly extreme when associated with extraction of minerals from
the land. For example, in a study of the Erzgebirge (Ore Mountains) along the German/Czech
border, Kaiser et al. (108) combined pedology, archaeology, paleobotany, and geochronology to
highlight a decline in mountain forests in the late twelfth to fifteenth centuries ce that resulted
in soil erosion and colluvial deposition. While anthropogenic initiation of colluviation in the
region extends back to the Bronze Age and Iron Age, the mining of ore in the Medieval and
post-Medieval periods is associated with the most intense erosion (108). Paleoenvironmental
and archival data demonstrate that entire landscapes became bereft of trees, with significant
effects on local economies, soil nutrients, and resilience to external factors (108). So dramatic
were these changes that they have been argued to represent the greatest landscape change of the
Central European Uplands in the Late Holocene, and they have been the subject of significant
reforestation initiatives since the eighteenth century (108). Although other temperate zones
have been less well studied in this regard, extensive erosion following large farming population
movements in China over the past 300 years has also been documented (109).

Hydrosphere

Human modifications to temperate landscapes have also taken the form of the deliberate redi-
rection of water. It is clear that the Late Holocene witnessed significant human intervention in
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the hydrosphere. The extensive aqueducts and water infrastructure of the Roman Empire ex-
tended into temperate France and Germany, for example. The coasts of Europe have produced
particularly prominent case studies of water management that are still referenced in engineering
discussions today. Medieval migrants to the alluvial region of the present-day Netherlands, for
example, built embankments, dikes, dams, sluices, and canals to protect sinking agricultural land
from the encroachment of the sea and to channel water around the landscape (110). These efforts
led to a massive reclamation of land from the sea that continued through the twentieth century
ce. In sixteenth-century ce Venice, engineers diverted the entire course of the Po River, changing
its deltaic organization permanently and destabilizing one of Italy’s largest wetlands (111). Mean-
while, temperate China saw major hydrological interventions, including dams, levees, and canals,
to control water during the early imperial period (112).

Intentional human interventions in temperate river basins have increased over the last half-
millennium, and water flow across many agricultural and urban landscapes in temperate Europe
and North America, as well as parts of Asia, has been shaped by historical trajectories. Arguably,
pervasive changes to the hydrospheremay also have occurred as a result of past changes in land use.
Several observational and model simulation studies have explored the impacts of contemporary
agricultural land use and deforestation on climate in temperate North America (113) and China
(114). For Europe,modeling studies show that proposed reforestation of rain-fed agricultural land
could trigger significant increases in precipitation (115), with the opposite occurring in the face
of clearance. So far, few direct paleoenvironmental and modeling studies of past land use and its
impacts on precipitation have been performed. However, given that major thresholds in defor-
estation have been proposed for temperate regions, it is reasonable to assume that the expansion
of food production and agropastoralism, the introduction of iron technology, and changing socio-
economic use of forests may have had the potential to influence local and regional precipitation
in temperate Europe, Asia, and North America.

ARCTIC, SUB-ARCTIC, AND HIGH-ALTITUDE ENVIRONMENTS

Biosphere

Arctic, sub-Arctic, and high-altitude environments have often been characterized as having patchy,
dispersed resources and as being sensitive to climatic fluctuations. Nevertheless, they host a va-
riety of endemic and introduced fauna that play a series of important ecosystem functions while
providing food sources for human populations (116). Human interactions with mammoth com-
munities provide one of the earliest potential instances of anthropogenic influence on sub-Arctic
fauna communities, especially given the evidence of close cultural connections between human
societies and mammoths (e.g., mammoth bone dwellings/structures) (117). A later, but particu-
larly evocative, case study of past human impacts on sub-Arctic biospheres is that of the Norse
colonization of the Faroe Islands (early ninth century ce), Iceland (late ninth century ce), and
Greenland (tenth century ce). The Norse introduced domestic animals (e.g., sheep, goats, cattle,
horses, and pigs) and husbandry practices that altered local vegetation communities (118), creat-
ing a mosaic of effects that caused endemic species decline as well as biodiversity promotion (e.g.,
creation of Faroese home fields) (119).

In Arctic, sub-Arctic, and montane settings, growing global market pressures for mining, cash
crops, and food sources over the past 500 years, as well as the hunting of large game and introduc-
tion of pest species, sawmore sustained and sweeping biodiversity impacts occur in many highland
regions. Beginning in the seventeenth century, commercialized whaling and walrus hunting pol-
luted coastal environments and fundamentally altered marine ecosystems (120). In the Greenland
Sea, for example, the extirpation of bowhead whales likely permitted the rapid growth of cod and
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capelin populations, which in turn fed growing numbers of fish-eating birds, seals, and minke
whales (15). Because alternating periods of warming and cooling changed how and where whalers
could pursue whales in ways that ultimately benefited the whaling industry, the history of the
Greenland Sea provides a particularly clear example of the role of modest pre-Industrial climate
change in channeling human impacts on premodern environments (15, 121). A similar extrac-
tive approach to whales was also witnessed in the sub-Antarctic islands of New Zealand in the
nineteenth century (122).

In montane settings, plant communities have been particularly vulnerable to the introduction
of animal grazing. For example, on the Qinghai–Tibetan Plateau,Huang et al. (123) document the
presence of Stellera pollen, an indicator of grazing-induced grassland degradation, by 4,700 years
cal. bp following the expansion of agropastoral groups ∼5,000 years ago, with an intensification by
1,600 years ago, from the Tang dynasty onward. The construction of agricultural terraces could
lead to significant deforestation and biodiversity loss, as it did with the spread of Zea mays in some
parts of the Peruvian Andes during the Late Holocene, especially with the expansion of imperial
Inka land use and tribute demands in different regions (124). Nevertheless, there is evidence that
multiple highland groups promoted biodiversity of both domesticated and wild species in their
terraces, and the Inka also promoted locally contingent food production strategies (125). Larger
impacts on highland biodiversity occurred during the European colonial period with the introduc-
tion and expansion of sheep and goats in many regions and the deliberate hunting or replacement
of native species, such as vicuñas in the Andes (126).

Geosphere

Sub-Arctic and montane settings pose a series of geomorphic and pedological challenges for
human societies. In a sub-Arctic context, the abovementioned Norse colonization of Iceland rep-
resents a particularly well studied instance of widespread human impacts on soils. The andosols
of Iceland are highly vulnerable to erosion if exposed (127); habitats familiar to Norse farmers,
such as heath and upland grasslands, are particularly sensitive to disturbance (e.g., 27).Woodland
clearance for the grazing of livestock resulted in enhanced soil erosion, compounding the effects
of volcanic eruptions and extreme weather. The cumulative degradation of grazed landscapes,
through the interplay of social and ecological factors over the past millennium, has enhanced
desert areas that now cover 35,000–45,000 km2 (or 35–45%) of the island (128). Before tenth-
century ce settlement, many of these current desert areas were vegetated and covered with fertile
andosols (127). Nevertheless, the Norse subsistence system, based on utilizing resources from do-
mesticated and wild species in terrestrial and marine ecosystems, has also proven to be remarkably
resilient (129), even increasing biodiversity in some places andmaintaining highly productive areas
for fodder production until today (130).

In high-altitude areas, shallow rooting, slope instability, rocky escarpments, and exposure to
harsh weather can all increase the propensity for soil erosion and natural hazards such as mudslides
(131). In the Andes, the impacts of more than 82,000 hectares of terraces and raised fields on
soil stability have long been discussed and characterize the appearance of vast portions of this
mountain chain today (132). Nevertheless, evidence for agroforestry along these managed field
systems, as well as reforestation efforts following observations of regional erosion, by Inka societies
in the early second millennium ce (133) highlight the ways in which local knowledge of terrain
was implemented. Many high-altitude areas have suffered significantly from European colonial
policies, including the introduction of sheep and goats, monoculture terracing, deforestation, and
mining (134), which have left lasting sustainability issues and landscape legacies for twenty-first-
century communities.
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Hydrosphere

Sub-Arctic and high-altitude settings are closely tied to the hydrosphere, in terms of both the
presence of significant ice and glacier formations (including sea ice), respectively, and the role of
these environments in climate systemdynamics on regional and global scales (66).Potential human
impacts on the hydrosphere, notably in high-altitude areas, include the reshaping of drainage
basins through terraces and water channels. In the Andes, 1,400-year-old pre-Inka water diversion
systems may have permanently enhanced the yield and resilience of natural springs, particularly
in the dry season (135). Anthropogenic intervention in high-altitude water systems may have very
different consequences, however. For example, in a review of nineteenth- and twentieth-century
historical processes in mountain areas in the Swedish Arctic, Swiss Alps, Colorado Front Range,
and Papua New Guinea, Wohl (136) highlights the ways in which dams, diversions, and land use
have had major impacts on stream persistence, stability, and connectivity.

Finally, contemporary observations show that the removal of trees and organic-rich humus and
soil from highland areas can lead to both local and regional drying and reductions in rainfall as
a result of loss of evapotranspiration, something that has been suggested for both the Himalayas
and Andes in recent history (137). Reinhardt-Imjela et al. (138), focusing on the Ore Mountains
of southeastern Germany in the twentieth century, have also highlighted how deforestation can
significantly worsen the magnitude of flood events in montane environments. These feedbacks
require further multidisciplinary examination in different pre-Industrial high-altitude contexts to
determine the degrees to which past land use has shaped the resilience and dynamics of water
discharge systems and local climate in these regions today.

ATMOSPHERE AND CRYOSPHERE

We have separated past human impacts on the atmosphere and cryosphere from the more spe-
cific biome and climate zone studies because suggested human influence on these portions of the
Earth system tends to be a product of summed local and regional impacts. For example, Ruddiman
(36) proposed in 2003 that, by 5,000 years ago, the expansion of food production, especially crop
agriculture and domesticated ruminant animals, had resulted in such significant land use changes
that CO2 and methane emissions in the atmosphere became detectable. However, the magnitude
of this contribution is uncertain and has also been attributed, at least in part, to natural emissions
(139). Regardless of their exact contribution, early land use emissions likely began a trend in atmo-
spheric change that, following well-documented Industrial fossil fuel burning and under moderate
twenty-first-century emissions scenarios, is expected to delay our planet’s movement into a new
glacial state by at least 100,000 years (140).While there are different regional cases—for example,
water buffalo and rice have been considered major contributors to emissions in the tropics, where
Earth system feedbacks may have been particularly powerful (141)—it is the summed impact on
the atmosphere that has been regarded as important.

Similarly, the arrival of Europeans in the Neotropics in 1492 brought diseases to which local
Indigenous populations had limited previous exposure. The resulting Indigenous mortality from
these diseases, as well as the colonial massacres, dispossession, enslavement, and concentration of
Indigenous populations in confined areas (142), has been estimated to have been as high as 90% in
parts of the Americas after two to three generations (37, 142). This demographic collapse has been
argued to have resulted in a dramatic reduction of Indigenous land use and regrowth of forest that
was significant enough to have been the cause of the so-called Orbis spike in atmospheric CO2

decline, which may—alongside volcanic eruptions—have contributed to cooling during a partic-
ularly cold stretch of the Little Ice Age (37), though this hypothesis remains very hotly debated
(143, 144). Although the nature of environmental change, and the relevance of this process on a
global scale (e.g., in colonial Southeast Asia and the Pacific), remains to be further explored (144,
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145), it represents another potential example of pre-Industrial human impact on the atmosphere
and, ultimately, the cryosphere.

The human harnessing and application of fire to multiple landscapes, from the tropics to tem-
perate grasslands, represent another instance where human behavior interacted with the air. Clear
evidence of the deliberate use of fire by our species has been argued to date back to 80,000 years
ago in Malawi, where burning seems to have altered the environments surrounding a river system
(146). Further examples of human use of fire to maintain vegetation structure and pathways of
movement, promote new growth and movement of animals, and shape fire resilience are docu-
mented in various environments, from California and the eastern United States (147) to Australia
(148). It may have even had strong combined consequences. For example, Kaplan et al. (149) pro-
posed that the scale of forest burning in Europe during the Last Glacial Maximum, the last major,
maximum extent of global ice sheets, was enough to have led to emissions that buffered the worst
effects of cooling during this period and to have resulted in further land cover change than would
have otherwise been expected.

While these cases of fire are registered primarily in the form of vegetation change, it is clear
that the growing frequency and scale of wildfires today, in some cases an intensification that can
be linked to colonial era policy and land use disruption (103), can be major causes of pollution
and the transport of charcoal and ash over vast distances (150). The deposition of macrocharcoal
(>125 µm) in lake basins and other sequences highlights the ways in which human fire use in-
teracted with the air, albeit perhaps without significant Earth system consequences beyond the
biosphere until industrialization. Other examples of early atmospheric impact appear in the form
of the introduction of pollutants into the air by past societies. For example, lead produced from
mining in Europe is documented in NGICP (North Greenland Ice Core Project) ice cores, where
variations in emissions are synchronous with historical events. In particular, high emissions are of-
ten observable during periods of economic prosperity, such as the height of the Roman Empire
(151). Similarly, lead by-products linked to Indigenous Inka mining in South America are also
detectable on a regional basis in Andean glaciers, with significant increases then documented with
the Spanish takeover of these mines and their addition of mercury to mining technology (152).

The most dramatic human impacts on the atmosphere begin with the Industrial Revolution.
Related emissions have played a major role in the warming of the planet by 1.2°C (so far)
compared with late-nineteenth-century, pre-Industrial levels (153). In turn, this warming has
altered the cryosphere substantially. The polar ice caps have increasingly been shrinking as
concentrations of greenhouse emissions in the atmosphere have increased, approaching a tipping
point in their stability and the role they play in the Earth system (66). Although our review is
limited to the pre-Industrial era, understanding historical records of the burning of fossil fuels
and their role in global warming reveals how much of the contributing emissions came from the
Global North up until the last 20 years (when China and,more recently, India began to contribute
significantly), highlighting the imbalance within the Anthropocene and the political difficulties
in attempting to phase out fossil fuel burning without some form of compensatory mechanism
for other nations. Evidence of pre-Industrial and Industrial pollutants in the atmosphere also
provides an important baseline for understanding the degree to which the changes observed in
the so-called Great Acceleration (e.g., microplastics, fertilizers) represent a logarithmic departure
from previous human impacts on the atmosphere.

DISCUSSION AND CONCLUSIONS

This review has highlighted the diverse and growing evidence for pre-Industrial human impacts
on the Earth system in all of the major climate zones and biomes mentioned above (Figure 3).
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Pleistocene hunter-gatherers influenced biodiversity through hunting and firemanagement, influ-
ences that may have extended even to the carbon cycle (43). The emergence and expansion of food
production resulted in new human-mediated ecosystems; the expansion of domesticated and in-
vasive species; soil changes; and growing impacts on land use, land cover, and associated emissions
(36). Since 5,500 years ago, the appearance of urban centers and regional networks in different
parts of the globe has expanded biodiversity exchange across continents, creating new cultural
niches with mixed wild and domesticated plant and animal species. These networks also stimu-
lated the expansion of different technologies and economic systems that placed new demands on
environments (7), resulting in the more rapid spread of disease between regions and pressures of
expanding populations on regional hinterlands and landscapes. These “thresholds” (for discussion
in the tropics, see 141) saw the expanding footprint of human societies on the Earth system that
left tangible impacts across a variety of different environments by the Late Holocene. However,
the emergence and development of pre-Industrial human impacts on the Earth system should not
be considered a unidirectional process but rather a set of varied interactions, molded by diverse
geographic, economic, demographic, social, and cultural contexts, that profoundly shaped global
human history. This interaction began with local human niche constructions, affecting both en-
vironments and societies, and eventually took on a global dimension through the creation of ever
more densely connected networks among these local and regional human niches. In the course
of this history, the comprehensive impact of humans on the Earth system and the underlying po-
litical and economic transformations contributed to shifts in the dynamics of an additional Earth
sphere, the technosphere, embedded within the wider Earth system (7).

As has been documented in all of the biomes mentioned above, human impacts on the en-
vironment clearly accelerated from the late fifteenth century onward. In part, this acceleration
reflects regional recoveries in population following plague pandemics of the mid-fourteenth to
mid-fifteenth centuries and the demographic impacts of the first introductions of Old World
pathogens to the Americas in the sixteenth and seventeenth centuries (142). Yet it was primar-
ily rising market economies, increasingly powerful states, and global trade that encouraged the
extraction of distant commodities for a growing population of consumers in Europe (154). As a
result, some forms of modification of the environment were replaced by others, including un-
sustainable and eventually maladapted practices concerned primarily with the centralization of
wealth and the growth of asymmetrical consumption. States and empires increased the scale of
resource extraction in their core territories for urban and military provisioning, such as timber
for navies (155). In their peripheries—including arid, tropical, Arctic, and marine regions—they
typically permitted or encouraged activities such as fur trapping, whaling, forest clearance, and
cash crop production, which had significant and enduring effects on the biosphere, geosphere,
and possibly atmosphere and cryosphere (15). Colonization also involved both deliberate and ac-
cidental exchange of plants, animals, and microbes. Although this review has focused on European
colonization, which certainly played the dominant role in the emergence of contemporary global
sustainability challenges and economic and social inequalities, we should not overlook the impacts
of some of the other empires in the seventeenth and eighteenth centuries, including the Mughal
Empire expansion into South Asia, Ming and Qing dynasty expansions across China and Central
Asia, and Tokugawa expansion into Hokkaido (e.g., 156).

The resulting global interactions and formalization of certain attitudes to landscapes had re-
verberations that extended into the nineteenth and twentieth centuries. In both plantation and
settler colonies, empires and their agents deliberately replaced existing populations and land use
with enslaved or waged workers while also introducing new crops and livestock (157). In Brazil,
Cuba, and the US South, plantation dynamics and large-scale deforestation continued during the
nineteenth century in a period of “second slavery” that supported industrial production in Europe
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(158). In settler colonies such as Australia, in the nineteenth century, many Indigenous commu-
nities were forced away from Country that they had long managed, cultivated, and occupied (11).
British settler colonial structures have had an ongoing impact in both Australia and Canada,where
colonizers removed First Nations children from their families under the guise of child protection
and educational schemes in the twentieth century, while land rights struggles have continued into
the twenty-first century (159). Meanwhile, conservation initiatives to maintain “natural” park ar-
eas have sometimes reinforced the confiscation of Indigenous land, obstructing practices such as
burning, seed planting, and animal management that have shaped ecosystems over millennia (11,
160). This model of “fortress conservation” has also had massive human rights implications in
Africa and Asia (161). The magnitude of the environmental changes during the Early Modern pe-
riod has raised significant questions about contemporary baselines for environmental preservation
and restoration, as well as the modern conception of wilderness enshrined in, for example, the US
Wilderness Act of 1964 and the Land Conservation Act of 1970 (Victoria) in parts of Australia
(160).

On a broader theoretical level, numerous historians and sociologists have argued that
European colonialism and imperialism played a key role in the emergence of capitalism and the
commodification of subjugated peoples, their labor, their land, and the ecosystems within which
they lived. Certainly, other imperial forces in North, Central, and South America and Asia, which
encountered European colonizers, had significant environmental impacts too. In many cases, Eu-
ropean empires fed into the existing extractive infrastructures of the regions that they conquered
(38, 39). Nevertheless, the mobilization of resources from colonies to serve imperial ambition
and elite wealth accumulation took on a new, global intensity with the European establishment
of colonies on different continents. The sixteenth, seventeenth, and eighteenth centuries saw
various European empires compete in an increased focus on landscape conversion, the growth of
cash crops, and the emergence of the Atlantic slave trade, with the associated capital accumulation
helping to launch the Industrial Revolution (162).The subsequent expansion of fossil fuel burning
drove technological change, along with the development of new transport networks and capitalist
enterprises. The benefits of this economic transformation were long concentrated within the
hands of a few wealthy nation-states in the Global North, with these countries contributing the
largest cumulative share of greenhouse gas emissions from fossil fuel sources to date (163). These
processes also saw the emergence of new frontiers of extraction, the application of racist ideologies
to landscape management and economic activities, and a further reification of the unequal rela-
tionship between countries in the North Atlantic and their colonies (164). Such trends continued
into the twentieth century and the Great Acceleration. Even after the wave of decolonization
following World War II, the ongoing economic dominance of the United States, along with the
rise of China and the continuation of extractivist policies by both these global powers, has shaped
the socioenvironmental and economic landscape of the twenty-first century (165, 166).

Studying past human impacts on the Earth system in a way that is relevant to contemporary
societies demands newmethodologies and new levels of disciplinary integration and collaboration.
At the local level, we have seen howmultidisciplinary approaches can provide new, high-resolution
insights into how particular ecosystems, soil structure and stability, and water management have
changed over time in a given area, as well as the degree to which historical activities have in-
fluenced contemporary dynamics. At the broadest level, there is a growing interest in exploring
patterns, trends, ruptures, and tipping points in the technosphere and its coevolution with the
rest of the Earth system (167). The recognition that pre-Industrial human socioeconomic sys-
tems have influenced different parts of the Earth system has led to collaborative modeling of past
land use and land cover change so that they can be factored into models of soil erosion, precipi-
tation, carbon cycling, and biodiversity change (20). Meanwhile, applying theory from biological
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systems improves our understanding of how certain socioeconomic system dynamics might lead
to regenerative or deleterious human interactions with the environment and portions of the Earth
system. While archaeology has often been resistant to such models of social change and human–
environment interactions, acknowledging this dynamic coevolution and the potential existence
of certain trends, limits, or vulnerabilities can be critical for determining the degree to which
interplays between external conditions (e.g., climate change) and internal dynamics (e.g., social
structures) shaped the adaptability and sustainability of different societies in the past. Archae-
ology also enables investigation of the deep-time aspect of the technosphere, and how changes
in flows of information, energy, labor, and resources have shaped human lives around the planet
up to the present day (7). The scale of expansion and extraction within the technosphere from
the fifteenth century onward requires greater attention, as sources of resistance and pathways of
divergence may guide future efforts to bend these dynamics toward more sustainable lifeways.
Here, research into Indigenous resistance and governance, local politics, and geography is critical
(11, 168).

To address the scale of human influence on different parts of the Earth system and their legacy
effects over time, research communities must assess and apply insights from the past to future
predictions of our relationship with the planet.While such work promises to identify connections
between the past and present more clearly than ever before, we argue that our current state of
knowledge is already providing important contributions to twenty-first-century ecosystem ser-
vices maintenance, conservation, and policymaking in a series of different ways. For example,
studies combining ethnography, archaeology, paleoecology, and ecological modeling document
how intensive wood and fire use by Native American Pueblo ancestors influenced fire size, fire–
climate relationships, and fire intensity (169). These long-term perspectives offer an alternative
model for fire management within the modern wildland–urban interface in the western United
States, where local management of woody fuels through use (domestic wood collecting) coupled
with small prescribed fires enhance communities’ self-reliance and increase resilience to wildfire
hazards. Areas of dryland Australia to which Indigenous management has returned following re-
moval and dispossession have shown a remarkable return of biodiversity and a reduction in the
severity and incidence of wildfires that have affected these regions (170). Meanwhile, local park
reserves in the United Kingdom have consulted paleoecologists to understand the presence or ab-
sence of historical human impacts when managing forest composition and dynamics today (171).
Such engagement, as well as exploration of the historical trajectories of human–environment–
Earth system interactions discussed here, offers the opportunity to explore the degree to which
certain policies, land management strategies, and cultural actions can have predictable, or unin-
tended, impacts on environmental and Earth system change. This is a critical question as we seek
to navigate the Anthropocene, but little archaeological and historical research has focused on this
question until now.

Within the context of the Holocene, the last 500 years of colonial and imperial expansion have
heavily shaped humans’ current relationship with the Earth system, which has left a mark on so-
cioeconomic and political relationships between theGlobal North andGlobal South.Recognition
of this fact encourages further emphasis on reparation programs, global support for communities
living on the front line of climate change, and the mobilization and vocalization of local stake-
holders in expressing the urgency and human costs of climate change and exploitative economic
practices that continue to damage environments and local livelihoods. Historical perspectives can
help us understand the origins of the current climate crisis. In so doing, they can also help us ex-
plore the ways out of it, highlighting the urgency arising from recent human impacts, repairing
the disconnect between local land use and global economic demands, and acknowledging the need
for just political, economic, and environmental policy.
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SUMMARY POINTS

1. Formal geological designation of the Anthropocene epoch starting in 1950 was rec-
ommended by the Anthropocene Working Group of the International Commission on
Stratigraphy.

2. The recent rejection of this designation by the International Commission on Stratig-
raphy highlights the need to explore human–Earth system dynamics across a variety of
spatial and temporal scales.

3. Indeed, it is clear that the social and environmental roots of the Anthropocene lie deeper
in the past.

4. We review the ways in which archaeology, historical ecology, and paleoecology, along-
side Indigenous knowledge, document how human societies influenced the Earth system
prior to the Industrial Age and left legacies for the twenty-first century.

5. While not exhaustive, the examples provided cover all of the major climate zones and
biomes of the planet, highlighting the diverse and growing evidence for pre-Industrial
human impacts on environments, as well as their Earth system feedbacks.

6. It is clear that European colonialism resulted in some of the more visible consequences
for human societies, in particular economic and social inequalities along with dra-
matic landscape and environmental transformation, shaping the manifestation of the
Anthropocene and its challenges.

7. We argue that understanding long-term relationships between humans and the Earth
system will be essential to develop more equitable and sustainable relationships with the
planet in the present and future.

FUTURE ISSUES

1. The emerging body of research reviewed here highlights the practical ways in which the
past can help us to envisage alternative futures in the Anthropocene present.

2. Multidisciplinary research at local scales should focus on characterizing and quantifying
how soil structures, distribution, and content; ecosystem diversity and dynamics; and
water management have changed in a given area through time, as well as the ways in
which historical processes influence contemporary contexts.

3. Meanwhile, regional and even global documentation of land use and land cover change
can be factored into Earth system models to explore how human actions have influ-
enced soil erosion, precipitation, carbon cycling, and biodiversity, along with the use
of quantitative data sets to inform modeled scenarios of the present as well as future
predictions.

4. There is also a need to explore trajectories, ruptures, and tipping points in the history of
the technosphere and its coevolutionary interactions with the other parts of the Earth
system.

5. More study is required to determine the degree to which European colonialism in
different parts of the world, as well as other imperial formations, initiated novel
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human–environment–Earth system interactions that continued with the expansion of
global market economics.

6. Additionally, examining historical evidence of resistance to, and divergence from, these
dominant structures can help steer future efforts toward more sustainable alternatives.

7. There is also a pressing need to communicate findings from archaeology, environ-
mental history, historical ecology, and paleoecology to policymakers responsible for
conservation, cultural access to land use, and climate change management.

8. In this way, we can perhaps repair the disconnect between local land use and
global economic demands and acknowledge the need for just political, economic, and
environmental policy.
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