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Summary

Drivers of change in nature have a history as long and complex as Earth itself. Nature has
always been impacted and shaped by Earth system processes, but the greatest proportion
of nature change now and over the last two centuries has resulted from human activities.
Throughout the 20th century, economic development relied on the extraction of water,
energy, and minerals. Associated dam building, drilling, mining, and industrial activities
degraded and polluted many habitats. Introductions of exotic, invasive species peaked in
the 20th century, though their abundance and impact continue to grow. New technologies
enabled many of these activities to expand into new places and made each of them more
destructive. For example, in the ocean, new technologies for finding, catching, and
transporting fish to market enabled an expansion of the footprint and impact of the US
fishing fleet. Similarly, a variety of technological advances enabled more efficient tree
removal, mechanized soil tillage, improved fencing that made it possible to fence vast
areas of prairie and greatly expanded the acreage that individual farmers could convert to
cropland.

Policies are another important driver of change in nature. Several national policies
developed since the 1960s offer hope that economic development can coexist with nature.
The Clean Air and Clean Water Acts have markedly reduced pollution, the Endangered
Species Act has protected species and the ecosystems on which they depend, and the
Magnuson-Stevens Act has ameliorated overfishing in US waters. Salmon and other fishes
are returning to rivers like the Klamath following recent dam removals. Cropland expansion
and forest loss have slowed dramatically in the 21st century, and energy transitions have
reduced coal mining by half since its peakin 2008. Overturning of such polices is equally a
consequential driver of change in nature.

Projecting the future trajectories of drivers of change in nature requires scientific analysis
of drivers and their interactions; it also entails the development and analysis of scenarios
that account for underlying forces, such as complex socioeconomic interactions and
evolving economic and political systems. For example, this approach has been used to
provide consistent future scenarios of some of the most important drivers, including
population growth, gross domestic product (GDP), land use, and climate.

Negative impacts of drivers of change in nature may be mitigated by prioritizing values and
policies that support and improve nature and that sustain its long-term benefits to
humanity. To that end, it is important to recognize that anthropogenic drivers of change in
nature are rooted in the values and decisions made by those in power and by other social
influencers. Marginalized communities may have different relationships with, and values
about nature, but are often the most impacted by the effects of changes made by others.
Further, sustainability and policy efforts are significantly influenced by inclusive versus
non-inclusive local, national, and global governance structures.
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Background

Throughout Earth’s history, nature was continually shaped by non-human forces. North
America has a history that spans tens of millions of years since separating from other
tectonic plates after the end of the Cretaceous period (about 65 million years ago). The
continent has undergone repeated episodes of ecological fluctuation resulting from
changing sea levels and other large-scale geologic processes (uplifting, mountain building,
glaciation, etc.). The northern tier of the continent was covered by shifting ice sheets and
corresponding changes in coastlines as sea levels fluctuated over the last 2.5 million years
or so (1). More broadly, these large-scale forces on continents and in the ocean shaped
nature significantly. Mountains rose through the movements of plate tectonics and then
eroded over time, changing watersheds, ecological communities, separating some
species and bringing others into closer contact. Vast ocean currents distributed heat,
nutrients, and carbon around the world, which regulated the climate and influenced
different ecosystems. Changes in those currents over time directly influenced natural
systems. These large-scale geologic processes also interacted with each other to shape
the distribution of life on earth.

Much of the current distribution of North American ecosystems (2) and nature is the result
of patterns established during the Pleistocene (2.6 million to 11,700 years ago) or earlier
(3), and subsequent range shifts (expansions and contractions) occurred as climatic and
environmental conditions evolved (4). No ecosystems remained static, and some
fluctuated dramatically even over short time scales, well before the arrival of European
colonizers (5). Moreover, the ecological communities that emerged during this time were
unique (“no-analog") products of the specific environments in which they developed (6).
These novel communities arose as individual species exhibited distinct responses to
environmental change, resulting in new combinations of species outside their historical
ecological contexts. Such individual responses and reshuffling of communities
experiencing change are natural phenomena that continue today. Complex ecological and
evolutionary relationships and varying adaptive capacities influence whether and how
distinct species respond.

Land-use transitions have changed and varied spatially and temporally throughout the
precolonial period. Prior to European colonization in North America (Figures 9.1 and 9.2),
the Americas were interconnected by a rich history of societies and civilizations that
established trade routes and agricultural activities (7,8). Charcoal records, raised fields,
subsistence agriculture, urban centers, and market economies provide key insights into
the historic land and ocean use and management practices of early modern humans (8-
10). Indigenous Knowledge systems provide a rich source of information regarding both
pre-and post-European land use conditions. Further, historical ecology is a scientific
discipline dedicated to understanding how human-environment interactions have shaped
ecosystems and the environment before and after human interventions, employing
methods that use fossil records (e.g., pollen, stable isotopes, packrat middens,
archaeological sites) and oral histories (e.g., community science) (11-13).
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Early modern humans adapted to many diverse ecosystems. A reconstruction of Late
Holocene (11,700 years ago to the present day) biomass burning in the tropical Americas
found evidence of a reduction in burns that coincided with European conquest and
decreased populations of Indigenous Peoples (9). With the Doctrine of Discovery — a legal
and religious justification used by European colonizers the dispossession of lands
escalated from the mid-1400s through the mid-20th century, which was followed by
Indigenous depopulation (14) and a marked shift in the stewardship of land and of inland
and marine waters. In the precolonial period, Indigenous management practices
contributed to habitat productivity using various methods, including controlled burning,
coppicing, and pruning for regenerative and productive forests (15,16). Indigenous forest
gardens are one example of these activities in the Pacific Northwest (17-19). Although
there are uncertainties about the distribution and abundance of grasslands, shrublands,
and heathlands in coastal New England in the precolonial period, one study estimated that
the region was mainly wooded prior to land clearing that accelerated in the seventeenth
century (20). There is evidence of field camps and maize cultivation in the New England
area dating back to the late Woodland period in ancient America (21). In the Northwest,
mariculture practices evidenced by clam gardens throughout the Holocene reveal
intertidal management in the Salish Sea (22). Native Hawaiian fishponds provide another
example from the Pacific islands of traditional aquaculture systems (23). Over millennia,
Indigenous Peoples throughout the US and US territories have carried out place-based
practices that continue to shape social-ecological relationships today. Resilient
ecosystems have been linked to long-term Indigenous stewardship and land management
practices that enhance biodiversity and ecosystem stability, such as oyster harvesting,
shell middens, and cultural burning (24-26).

With the onset of European expansion in the Americas in the mid-1500s, the
establishment of colonies was followed by the killing and forced removal of Indigenous
Peoples. By the 19th century, Indigenous populations and territories in the US were
reduced in size substantially, which reshaped the North American natural landscape due
to land dispossession and forced migration of Native Americans. The full impact of land
dispossession has not been determined due to limited data availability (27). Regenerative
land stewardship practices long upheld by Indigenous Peoples were disrupted by
extractive land use and industrialized agriculture that were focused on short-term
maximization of profit and crop yields, and natural resources and cultural assets were
diminished (28). Notable changes in the environmental practices included plantation
agriculture and deforestation from clear-cutting, resulting in timber shortages and soil
erosion that were evident as early as the 18th century (29,30). During this time, the fur
trade, hide-hunting of beavers and bison, bounties on large predators, and unregulated
hunting of game species drastically reduced populations of many species, with
ecosystem-level ripple effects. Loss of these ecological and cultural keystone species
and their vital roles in ecosystem functioning (e.g., maintaining grassland ecosystems and
increasing aquatic biodiversity) had negative environmental impacts (e.g., pollution,
hydrology, water quality). These activities not only impacted natural systems but also
upset critical cultural keystone species for affected communities.
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The transatlantic slave trade and the system of plantation slavery were major drivers of
environmental transformation in what became the United States, reshaping landscapes
through coerced labor, intensive resource extraction, and global commodity production.
Enslaved people were forced to clear vast tracts of forest and wetlands to establish
plantations—particularly for cotton, tobacco, rice, and sugar—resulting in widespread
deforestation, habitat loss, and declines in biodiversity (31,32). Plantation agriculture
relied heavily on monocultures, which depleted soil nutrients, altered soil composition,
increased erosion, and reduced ecological resilience. This in turn contributed to long-term
land degradation and encouraged continual westward expansion as soils were exhausted
(83-35). In coastal regions of the Southeast, enslaved Africans—many drawing on
agricultural knowledge from West Africa—constructed extensive irrigation, diking, and
canal systems for rice cultivation, fundamentally altering wetland hydrology and
biogeochemical processes (32,36). Mining activities also negatively impacted the health of
streams, forests, and whole biomes (34). The slave trade also brought in new species, as
the peak of transatlantic migration of mosquitoes coincided with the height of the
transatlantic slave trade (around 1800), leading to yellow fever easily affecting people
onboard (37,38). These transformations produced enduring environmental legacies;
plantation systems reshaped landscapes through widespread deforestation, soil
degradation, and hydrologic alteration, leaving land-use patterns that continue to reflect
plantation-era organization.

The Industrial Revolution marks a time of rapid and extensive industrial growth, beginning
in Britain during the second half of the 18th century, with subsequent spread to the United
States (39). A shift to an industrialized urban society from an agrarian society led to
economic growth and a greater availability of goods (see Ch. 12: Economy). The Industrial
Revolution led to a marked increase in greenhouse gas (GHG) emissions, primarily due to
the burning of fossil fuels such as coal (39-41). Since the industrial and technological
revolutions, the planet has warmed between about 1.1°to 1.2°C (about 2° to 2.2°F), largely
driven by an increase in GHGs with very high confidence that this warming is human-
caused (41). While the climate system is also influenced by events such as volcanic
eruptions and solar activity, these drivers of change have minimal influence on long-term
climate forcing (42). Climate change and biodiversity dynamics have been deeply
interconnected throughout the evolutionary history of life, and biodiversity loss is
unequivocally entwined with direct and indirect human-caused stressors.

In addition to their influence on the climate, humans disproportionately impact the natural
environment through other direct and indirect mechanisms. All aspects of nature have
been impacted, leading to extensive air and water pollution, habitat degradation,
deforestation, and loss of biodiversity, all now exacerbated by climate change (see Ch. 10:
Climate Change) (43). Moreover, the interaction among drivers operates in both directions:
changes in land-use and land degradation combined have led to about 35% of human-
caused CO;, emissions to the atmosphere since 1850, further amplifying the effects of
climate change (44). Likewise, rapid population growth and urbanization have led to an
increase in manufacturing and resource extraction that pollute marine and freshwater
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resources with heavy metals and anthropogenic chemicals, which have degraded the
environment (45). In contemporary science and social policy, we characterize the sum of
those activities as anthropogenic drivers of change in nature.

The capacity to drive change for the better often aligns with economic, technological, and
policy advances that support ecosystem restoration and resilience. The expansion of
urban green infrastructure, including green roofs, urban forests, and stormwater
management systems, also promotes ecological benefits by reducing heat islands,
improving water quality, and providing habitat in cities (46). Finally, reforestation and
afforestation initiatives can sequester carbon, restore degraded landscapes, and support
wildlife connectivity, contributing to climate mitigation and biodiversity conservation
simultaneously (47).

Figure 9.1. Timeline of Historical Human Events That Influenced Drivers and Related
Major Changes in Nature

Timeline of Historical Human Events that Influenced Drivers and
Related Major Changes in Nature
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The current and future state of the environment, ecosystems, and biodiversity in the
United States has been substantially affected by a cumulative and ongoing series of
anthropogenic drivers since the arrival and subsequent expansion of European
colonization and settlement.

The timeline begins with the onset of European colonization. Starting at the center of
diagram, nodes (with symbols) indicate the onset of notable historical human events that
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influenced drivers of change of nature that continued for extended periods of time.
Changes in color (from green to purple) indicate increases in geographic expansion and
intensity. The diagram demonstrates the increasing geographic expansion and intensity of
drivers that have impacted the natural environment. Figure original to The Nature Record.

Figure 9.2. Historical Waves of Colonization in North America

Map Showing Initial Waves of Colonization
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Three waves of colonization led to the displacement of enslaved Africans and forced
removal of Indigenous Peoples in North America.

The map of the US shows the general locations and timing of three key waves of
colonization. First, The Spanish colonization occurred in Mexico during 1492-1832.
Second, British colonization and settlement occurred in the US during 1585-1763. Third,
French colonization occurred in Canada during 1534-1763. Taken together, these waves of
European settlers killed 56 million Indigenous People over a 100-year period and
dislocated 12.5 million enslaved people. Figure original to The Nature Record.

The modern impacts of human activities on the climate system and on biodiversity were
not realized by most Americans until many decades after the start of the Industrial

Do not cite, quote, or distribute. 9-8
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Revolution. Such recognition has now led to numerous efforts to protect and restore
nature. Beginning in the 1970s, many environmental laws have been implemented in the
US. The Clean Air Act, Endangered Species Act, Safe Drinking Water Act, and the
Surface Mining Control and Reclamation Act are examples of federal laws that were
introduced to implement ecological restoration and conservation. There is also growing
acceptance of a pluralistic understanding of nature change that is inclusive of Indigenous
Knowledges (IK) or traditional ecological knowledge (TEK) in scientific research and in
institutional structures. Institutional mandates have been introduced to respect and
promote the inclusion of IK/TEK in decision-making and programming (48). Such efforts
promote IK/TEK to be on equal footing with mainstream scientific approaches and highlight
the importance of aligning research with protocols for engagement with Indigenous
Nations, urban populations, and other communities (e.g., (49)). Policy changes affecting
Tribal Nations’ relationships with nature (land, water, and natural resources) are critical for
predicting future drivers of climate change. Indigenous peoples steward extensive
ecologically significant lands, often using knowledge systems that have maintained
ecosystem resilience for millennia. Existing policies governing Tribal sovereignty and
environmental co-management directly influence how US lands will be protected or
exploited (Figure 9.3). These changes help shape future drivers of climate change
trajectories, such as effects on biodiversity and landscape-level climate feedback loops.

Figure 9.3. Abbreviated Timeline of Tribal-Related Policies Affecting Nature

ABBREVIATED TIMELINE OF TRIBAL RELATED POLICIES
AFFECTING NATURE

1887 1969 2016 2023
Dawes Act NEPA Standing Rock Federal 09-
Tribes gain a role DAPL Stewardship

in consultations Agreements

A
v
1830 1916 1984 2021
Indian Removal National Parks CAA CWA E.O. 14008
Act Created Treatment Tribes
As State and EJ

Federal law has oscillated between dispossession, exclusion, and, more recently,
efforts toward inclusion and co-stewardship with Tribes. These shifts have had
profound implications for land management and climate resilience across the United
States.
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The historical pattern of dispossession and exclusion has gradually given way to
consultation, inclusion, and co-management of public and Tribal lands. If integrated more
fully, federal policies have the potential not only to advance Indigenous and environmental
justice but also strengthen ecological resilience and climate adaptation by restoring land-
management practices rooted in long-term stewardship for the betterment of our shared
environment. The 1830 Indian Removal Act authorized the forced relocation of tribes from
their ancestral homelands, uprooting tens of thousands Indigenous peoples and disrupting
centuries-old ecological relationships. The 1887 Dawes Act (General Allotment Act) broke
up communally held Tribal lands, declaring “surplus” lands open to non-Native
settlement, reducing Tribal landholdings by the 1930s. In 1916, the National Park Service
was created, marking the implementation of a federal conservation model that placed vast
landscapes under government control. Much of that land had long been stewarded by
Indigenous peoples, and the shift often excluded Tribal presence, access, and traditional
stewardship practices. The 1969 National Environmental Policy Act requires federal
agencies to assess environmental impacts before taking major actions. When those
actions affect federal Tribal lands, tribes are to be consulted, a procedural opportunity for
Tribal involvement. In 1984, the US Environmental Protection Agency issues its “Treatment
as State” under the Clean Air Act and the Clean Water Act. This policy formally
acknowledged Federally Recognized Tribes as appropriate entities to set environmental
standards, granting Tribes regulatory authority similar to that of states over air, water
quality, and other environmental protection programs. In 2016, the Dakota Access Pipeline
project triggered broad Indigenous and environmental opposition. Tribes argued that the
permitting process violated environmental law and failed to respect treaty rights and
cultural obligations to land and water. In 2021, Executive Order 14008 gestured a renewed
federal commitment to environmental justice, recognizing the disproportionate burdens on
Indigenous and other historically marginalized communities (this order was later
overturned). The 2023 Federal “co-stewardship” agreements under the US Department of
the Interior promoted agencies formally partnering with Tribal Nations to jointly oversee
federal lands, waters, wildlife, and cultural resources. Figure original to The Nature Record.

Key Message 9.1: A complex network of direct and indirect drivers
caused by human actions and value systems affect nature on an
ongoing basis

Direct drivers that are widely recognizing as affecting nature include habitat loss,
disturbance, and fragmentation; pollution; overharvest; the spread of invasive, non-
indigenous species; and climate change (virtually certain). Human activities also affect
nature through more complex, indirect pathways, based on the underlying economic,
social or political considerations driving direct factors (very well established). Drivers
manifest differently across different ecosystems, locations, and time periods (virtually
certain) and can occur separately from, in combination with, or through networks of
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multiple chains of causation (very well established). These drivers ultimately trace back to
human actions motivated by cultural values and worldviews (well established), and
understanding these causal networks can reveal possible opportunities for beneficial
interventions (well established).

State of Knowledge 9.1
Direct Drivers of Change

Some anthropogenic drivers of change in nature are direct, where human activities have an
immediate, direct effect on natural systems. For example, harvesting of fish, wildlife, or
trees for human consumption, or removal of undesirable predators or pests, are direct
drivers that can have a wide range of outcomes for biodiversity depending on location,
scale, frequency, duration, intensity, type, or other specific characteristics. Other direct
drivers include climate change (for example, the direct impacts of GHG emissions, shifting
temperatures and precipitation patterns, and related ocean acidification and hypoxia [low
oxygen level conditions]), pollution, and land conversion. The latter can take many forms,
such as deforestation or tillage of grasslands for agriculture, urban and industrial
development, wetland drainage, dam building for water storage or hydroelectric
generation that alters natural hydrology and river flow and floods adjoining riparian habitat,
and introduction of non-native species (including infectious disease agents) that may
dramatically alter the dynamics of native ecosystems and species. All result in loss,
degradation, and/or disruption of habitats and species interactions, leading to biodiversity
loss.

Drivers of change of nature vary in magnitude over time and space (see Key Message 9.2),
and they interact in complex ways (50). Direct drivers usually do not operate in isolation,
creating the possibility that the effect of one may depend on the operation of others,
leading to additive, antagonistic, or synergistic outcomes (see Key Message 9.3). For
example, climate change may operate both directly (e.g., through heat-induced mortality)
and indirectly (e.g., a warming climate can facilitate northward migration of species not
historically found in an area, leading to new competitors or predators for resident species
or even emerging pathogens (51-53). Ultimately, changes to ecosystems or their
constituent species depend on the interactive and compound effects of the ensemble of
all drivers, because the effect of any one driver depends on the combination of drivers in
action. A holistic understanding of the cause—effect and feedback mechanisms that affect
nature is necessary for assessing current drivers of change and projecting future drivers of
change.

Indirect Drivers Underlie Direct Drivers of Change

Previous reviews and assessments have emphasized direct drivers of change, with less
emphasis on indirect drivers such as economics, technology, law, political systems, and
policy, and ultimately human values and worldviews (54,55). All “direct” drivers have their
own underlying causes, often referred to as “indirect drivers,” (54,56). For example, land
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conversion to agriculture (Figure 9.4) is the result of a series of actions, beginning with a
landowner’s decision based on their view of their relationship to the land they control, the
economic circumstances they face (commaodity prices, policies, alternative land uses,
e.g., livestock pasture versus row crop versus conservation or ecological value and
incentives), the technology they can deploy to work at broader spatial scales, and access
to materials required to operate. When farmers elect to convert prairie or drain wetlands to
increase crop acreage (a direct driver), they are typically making an economic decision (an
indirect driver or underlying cause) based on commodity markets and policies (which are
themselves indirect drivers) that incentivize certain crops or expanded acreage versus
policies and incentives (e.g. Farm Bill supported Conservation Reserve Program
enrollment) to preserve wildlife habitat (57-59). Alternatively, landowners or stewards may
voluntarily maintain lands and waters in a more “natural” state because they value that
condition as individuals or culturally (e.g., Indigenous stewardship) (60-62). At every
step—from worldview to economics to technology to the decision to convert land to crop
production—there are collateral consequences beyond simply destroying grassland or
creating crop land. For example, mechanization and increased productivity drive increased
use of fossil fuels, particularly in transportation. The results include increased greenhouse
gas emissions (63), increased chemical pollution that directly impacts natural ecosystems
(64,65), altered hydrology/groundwater (66,67), accelerated loss of topsoil (68), increased
spread of non-native species, and loss of natives. Many of these changes will influence the
ability of the land to sustain crop production (e.g., through degraded soil, loss of stored soil
moisture, loss of pollinators), which may alter the cost-benefit analysis of the landowner
in relation to future land-use decisions. Similar analyses of the network of drivers and their
interactions would apply for any other ecosystem type (see Chs. 6, 7, 8, and 10).

Categorizing drivers as direct or indirect builds on a conceptualization that has been used
in prior syntheses (54,56). The comprehensive analysis of drivers of change in nature that
we describe here encompasses the full network of indirect and direct factors. Whether a
driver is considered direct or indirect is simply a matter of its proximity to the aspect of
nature in question (Figure 9.4). Most critically, any ecological or evolutionary function may
be impacted through multiple branches of the highly interconnected causal network (69).
Moreover, drivers often interact (see Key Message 9.3)—for example, habitat loss by itself
will cause population declines, but the effect is exacerbated (an interactive effect) by, for
example, expanding populations of invasive species or climate change. Crafting effective
solutions thus requires consideration of the network of interacting drivers, and not drivers
in isolation; in other words, a socioecological systems approach (70,71).

A robust understanding of system structure will improve our ability to foresee tipping
points, when systems rapidly and perhaps irreversibly change from a somewhat stable
state to an alternate state. Such transitions are—by definition—associated with loss of
system resilience—the capacity to withstand the effects of drivers pushing them away
from prior states. Maintaining biodiversity, including genetic diversity within species, and
ecological integrity (the functional network of species interactions and ecosystem
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functionality) provides a buffer against perturbation and enhances system resilience (see
Ch. 14: Risk and Security) (72,73).

Most fundamentally, human values themselves underlie all indirect and direct drivers of
change in nature (Figure 9.4, (56)). Values guide the decision-making processes that shape
social, political, and economic policies, our actions, and their biodiversity outcomes. For
example, many Indigenous and African American cultures have belief systems rooted in
the natural world that value long-term stewardship rather than short-term capital, and
shared community benefits versus highly skewed individual benefits (48). Globally, areas
inhabited primarily by Indigenous communities retain higher biodiversity and ecosystem
function than those dominated by Western (Euro-American) cultures (62,74,75). Values
and social structures have substantial inertia, and it would be naive to suggest that change
is either simple or universally desired. Yet, history documents that change can and does
happen, including increasing interest in Indigenous worldviews (48,76-79). Within the
United States, an ongoing evolution of federal and state policies associated with
protecting the environment and species (listed, in part, in the Background) has also
produced substantial benefits to nature and humans. Resource management agency
culture is undergoing a further shift, both in growing acceptance of Indigenous Knowledges
as a valuable source of insight and in rethinking their longstanding mindset that previously
had not adequately accounted for ongoing environmental transformation (80-82).

Do not cite, quote, or distribute. 9-13
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Figure 9.4. The Multiplicity of Interlinked, Interacting Causal Pathways Driving Change
in Nature

The Multiplicity of Interlinked, Interacting Causal Pathways
Driving Change in Nature
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Interconnections between direct and indirect drivers cause terrestrial nature change
through land conversion.

Building on the IPBES framework (56), this diagram highlights (in red) one important and
widespread cause of nature change in terrestrial ecosystems—Iland conversion from forest
or grassland to croplands—to illustrate the interconnections among drivers and multiple
pathways that impact nature. Direct drivers of nature change are those immediately
connected to and therefore identifiable as causes of nature change. They are designated
as first degree drivers in this network. They are also commonly monitored and estimated,
along with the attributes of nature they affect (both labeled Nature Metrics). Direct drivers
are themselves the result of underlying causes—indirect drivers—which may involve a
series of factors (causal chains). Indirect drivers may be separated by varying degrees from
the attributes of nature they ultimately impact. At this time, the predominant causes of
nature change can be traced to human activities that must be understood as
consequences of human values and worldviews. Only some of the feedbacks (left-facing
arrows) and none of the interactions among factors are illustrated. Collectively, these
interconnected causal chains create a causal network (69). Figure original to The Nature
Record.
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Description of Evidence Base

Itis virtually certain that (a) categorizing drivers of nature change as direct or indirect and
that (b) the list of direct drivers includes habitat loss, disturbance, and fragmentation;
pollution; overharvest; the spread of invasive, non-indigenous species; and climate
change is widely used in peer-reviewed scientific literature and multiple high-profile
national or international reports, based on a substantial body of research that reveals
consistent observations of proximal causal factors of change. The list of indirect

drivers that includes political, social, and economic drivers is very well established in the
literature, based on a combination of published ecological and social science research
derived from a wide range of ecosystems and geographies. Itis also virtually

certain that the specific combination of drivers and causal pathways is

understood to vary across ecosystem and historical factors. That cultural values and
worldviews lie at the center of decision-making, and that understanding such perspectives
is critical to effective decision-making, is very well established based on published social
science research in the “socioecological” and “human dimensions” literature.

Key Message 9.2: The main drivers of change in nature correspond
with trends in human population expansion, migration, and
resource extraction

Population growth and westward migration in the late 19th and early 20th centuries drove
massive agricultural expansion and forest resource extraction for fuelwood and timber
(exceptionally likely, virtually certain). These trends were closely followed by
overharvesting of US fisheries and dam building that fragmented river systems (very likely,
very well established), patterns that have begun to reverse in many ecosystems in the 21st
century (likely, well established). Industrialization and technological development led to
growing fossil fuel extraction and mining impacts on ecosystems throughout the 20th
century (exceptionally likely, virtually certain). Introductions of exotic, invasive species
peaked in the 20th century, but their abundance and impact continue to grow (very likely,
well established). The Clean Air and Clean Water Acts resulted in marked reductions in
many air and water pollutants since the 1970s (very likely, very well established), although
pollutants such as nutrients and plastics remain a problem (very likely, well established).

State of Knowledge 9.2

The US population grew from under one million people in 1700 to over 340 million today
(Figure 9.5a). As the population grew and expanded westward, demand for food, fuel, and
materials increased in parallel. These demands—along with economic and technological
development—have caused massive changes in US lands and waters over the past three
centuries. These impacts continue today as the economy continues to grow and people
move to urban areas reliant on industrial agriculture for food (Figure 9.5b). Many—though
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not all—of the changes brought about by US population growth and economic
development have been detrimental for nature.

Historically, the US has experienced high rates of land-use and land-cover changes
associated with the expansion of agriculture (Figure 9.6). From 1800-2000, the area of
primary land (defined as land without land-use activity) declined by over 75% (more than
500 million hectares (Mha)) (83). Over the same period, the area of land converted to
cropland and pasture increased by more than 300 Mha, and the area of secondary land
(land recovering from harvesting, logging, or conversion) increased more than 100 Mha.
Today, primary land, defined as land not harvested, logged, or converted since the year
850, continues to decline in area, while secondary land and urban land continue to grow in
area (Figure 9.6). During the 19th and 20th centuries, the rise in agriculture, commerce,
and population size led to increasing extraction of fossil energy sources and new
environmental challenges, such as invasive species and pollution. US territories have
likewise experienced major land use and land cover changes, such as increasing
urbanization in Puerto Rico (84), though the trends are poorly documented due to
exclusion of the territories from many government databases.

Figure 9.5. Growth in Population Size and Economic Activity in the US
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US population size and economic activity have grown steadily, with most of the
population growth since 1950 occurring in urban areas.

(a) Total US population since 1700 is shown in the red line with urban (green line) and rural
(blue line) population sizes shown since 1950. (b) Credit to agriculture as bank loans and
advances in 2015 dollars since 1991 is shown in the red line. Gross domestic product (blue
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line) is expressed per capita in chained 2017 dollars for quarter 1 of each year since 1947.
Figure original to The Nature Record. Data sources: Our World in Data (85), FAOSTAT
Population module (86), FAOSTAT Credit to Agriculture (87), US Bureau of Economic
Analysis (88).

Figure 9.6. Changes in Land Use Over Time in the 50 US States
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Land uses have changed dramatically in the US since the 1700s, with cropland,
rangeland, pasture, and urban areas expanding.

Logging and forest clearing for crops and grazing increased cropland area (a) and pasture
and rangeland area (b), while reducing the area of primary (uncut) forest (¢) since 1800.
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Secondary forest area increased after 1900 (d) as trees grew back and forest clearing for
farms declined (e). Urban land area has grown at an increasing rate over the past century
(f). Mha is one million hectares. Figure original to The Nature Record. Data sources: (a-d)
University of Maryland Land-Use Harmonization (LUHZ2) (83); (e) from (89).

Cropland Expansion

Land conversion to grow crops intensified in the eastern US following colonization, with at
least 24 million hectares (Mha) under cultivation by 1850 in the contiguous US (CONUS)
(90). Croplands then spread westward throughout the midwestern states (Figure 9.7), with
cultivated land area reaching 185 Mha by 1930 (Figure 9.6a). Prior to 1880, most cropland
was converted from forest and shrubland, whereas subsequent conversion was mainly
from grassland, corresponding to cropland expansion throughout the North American
plains. After 1930, additional land area was converted to cropland in California and other
western states. Cropland area rose in Alaska from 0.005 Mha in 1949 to 0.04 Mha in 1992
before declining slightly since then, whereas in Hawai‘i, cropland area fell from 0.2 Mha in
1959 to 0.03 Mha in 2017 (91). The need for cropland irrigation has driven freshwater
withdrawals, particularly in arid and semi-arid regions of the western US (see Chapter 7:
Inland Waters). Although total US withdrawals for irrigation have declined since 1980, the
reliance on groundwater extraction has increased (92).

Figure 9.7. Spatial Patterns in Major Land Uses in the Contiguous US (1630-2020)

Urban Cropland Pasture Forest Shrub Grassland Others

Legend
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Urban and agricultural land uses expanded westward in the contiguous US from 1630
to 2020.

Urban and agricultural land uses have expanded and spread westward across the
contiguous United States over the past four centuries, displacing forest, shrubland, and
grassland. These trends are based on integrating multi-source data, such as high-
resolution remote sensing image-based land-use and land cover (LULC) data, model-
based LULC products, and historical census data. Adapted from Li et al. 2023 (93). CC-BY-
4.0. Data source: HISLAND-US.

Contemporary rates of land-use and land-cover change have slowed markedly relative to
historical rates due to a slowdown in agricultural expansion. Agricultural abandonment
has reduced cropland in some areas, particularly in the eastern and midwestern US. By
2015, cropland area had declined to 151 Mha from its peak of 191 Mha in the 1970s. Total
cropland abandonment was about 65 Mha during the period from 1850 to 2016, with most
abandonment occurring in the central and southeastern US (90). Based on Landsat
imagery, 12.3 + 2.9 Mha were abandoned between 1986 and 2018, mainly in the northern
and southern plains, the lower Mississippi, and the southeast (94). The USDA’s Economic
Research Service Major Land Uses dataset indicates a decline in the national share of crop
land use from 23.7% in 1945 t0 20.7% in 2012 (95).

However, recent trends in agriculture land area are complex, with evidence for cropland
expansion between 2008 and 2012. Over this time, 2.97 Mha were converted to cropland
while 1.76 Mha were removed from production for a net cropland expansion of 1.21 Mha
(96). Nearly 77% of the converted area was grassland, and the land was mainly used to
grow corn, wheat, and soybeans.

The proportion of land used for different crops has changed over the period from 1926 to
2019. While the proportion of cropland area planted in corn has remained stable over this
period, at around one-third, the proportion of soybeans has surged from almost zero to
nearly one-third, displacing other crops such as oats and cotton (95).

Aquaculture

Aquaculture has deep historical roots, beginning with early carp cultivation in China nearly
8,000 years ago, when farmers diverted river water into ponds to trap and raise fish (97). In
the Pacific, Native Hawaiians engineered loko i‘a—sophisticated lava-rock fishponds that
harnessed tidal flows to cultivate mullet and milkfish—an Indigenous innovation that
shapes Hawai‘i’s contemporary role in aquaculture development, especially in the
aquarium trade (23). Over the past several decades, aquaculture has transformed into a
highly intensive global industry, expanding production while heightening concerns about
nutrient pollution, disease transmission, and escapes of farmed species; in the US, the
industry is growing slowly but steadily due to economic and nutritional demand (98).
Marine aquaculture (mariculture), a major component of this growth, has increased in US
coastal waters since 1950 (99), particularly for mollusks (Figure 9.8a), although production
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data remain incomplete and regulations fragmented, leaving broad potential for future
development (100,101).

In freshwater environments, aquaculture can generate substantial ecological impacts:
uneaten feed and fish waste from ponds, cages, or net-pens can drive nutrient loading,
eutrophication, altered algal communities, and reduced dissolved oxygen, as documented
across multiple systems (102-104). Effluents may also contain pathogens, antibiotic-
resistant bacteria, and chemical contaminants that degrade water quality and threaten
wild fauna (105). Escapes of non-native or domesticated stocks pose additional risks,
including competition, hybridization, ecosystem disruption, and the introduction of
diseases or parasites to wild populations (106,107). Similar concerns apply to mariculture,
where environmental impacts depend heavily on species, location, and feeding practices;
documented effects include nutrient enrichment, pathogen and parasite transfer, habitat
alteration from infrastructure, and establishment of invasive or hybridizing escapees (108-
110).

Figure 9.8. Extraction of Resources from Water- and Land-Based Ecosystems over
Time in the US
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Aquaculture production has risen in recent decades, while forest harvesting and
grazing have declined over the past century.

(a) Aquaculture operations have produced an increasing quantity of mollusks (such as
oysters) from mainly coastal waters since 1950, while farming of diadromous fishes such
as salmon has declined slightly since 2000. (b) Wood extraction for fuel peaked in the mid-
1800s, whereas extraction for lumber and industrial uses peaked after the turn of the 20th
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century. “Industrial wood” includes lumber and some other products. (¢) Wood extraction
and grazing in forests and rangelands has removed substantial amounts of plant carbon
(C) from land ecosystems; one Tg (teragram) equals one million tons. Figure original to The
Nature Record. Data sources: FAO Fisheries & Aquaculture (99); panel (b) from (89) prior to
1965 and from (111) after 1965; panel (c) from (112).

Timber Extraction

Changes in US forests have mainly been driven by domestic resource needs and economic
pressures (Figure 9.8b). Industrial wood imports made up less than 10% of total wood use,
reaching a high of 18% in 2007 (112). From 1630 to 1930, population growth and the need
for fuel and building materials led to heavy timber extraction across the country, beginning
in the East (89).

Forest clearing for agriculture reached its highest levels in the 1850s at 228 billion board
feet per decade (Figure 9.6€e). Fuelwood extraction peaked in the 1870s at 324 billion board
feet per decade (Figure 9.8b) (89). Lumber extraction peaked in the early 1900s, between
1900 and 1909, with 413 billion board feet taken for timber and 220 billion board feet for
other wood products (Figure 9.8b). After 1930, harvesting for timber and wood products
continued to remove over 100 teragrams of carbon per year from US forests, while the
carbon removed by fuelwood harvesting continued to decline (Figure 9.8c). By the early
1900s, fossil fuels had begun replacing wood as the main energy source, a shift that
continued through the 20th century (112).

More recently, US timber production increased from 135 billion board feet in 1965 to a
peak of 189 billion board feet in 1989 (Figure 9.8b, “Industrial wood”). It then decreased to
192 billion board feet in 2005 (111). The housing market collapse and economic pressures
caused production to fall sharply to 128 billion board feet in 2009, followed by a rebound to
164 billion board feet by 2017. Timber production closely tracks wood product prices,
which rise or fall depending on demand for construction, lumber, pulpwood for paper,
fuelwood, and other industrial uses. Forest use land has declined in both Alaska and
Hawai‘i since they became states in 1959, with a notable decline of 16 Mha in Alaska by
2017 (91).

Grazing

Grazing is the most extensive human land use in the contiguous United States. Indigenous
communities have long used fire to alter plant community composition and increase the
abundance of wild herbivores. Large-scale grazing by domestic livestock first emerged in
the southwestern United States, with grazers introduced by Coronado’s expedition in
1540. Livestock density and distribution increased rapidly in the 1870s following the
subjugation of the Apache people (Figure 9.8c), with completion of the Southern Pacific
Railroad in 1881 enabling massive expansion of livestock numbers as a regional export
market developed (113). Domestic livestock were not present in the northwestern US until
the late 18th century but experienced similar rapid increases in numbers in the second half
of the 19th century with westward expansion (114). Large increases in livestock numbers,
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coupled with severe weather (e.g., droughts in the Southwest and cold in the Northwest),
led to widespread degradation of rangelands by the early 20th century (113,114), with
consequences of degradation including soil erosion, decreased grass productivity, and
increased woody plant cover (115). Grazing intensity generally decreased following
adoption of the 1934 Taylor Grazing Act that implemented governmental regulation of
stocking rates in the public domain (113). Stocking rates in much of the western US
continued to drop for decades after the Taylor Grazing Act, as understanding of range
carrying capacities became more refined (116), with concomitant increases in rangeland
conditions in many locations (117). Forest lands were also subject to grazing pressure that
was most intense from 1890 to 1940 and then declined over 75% by 1990 (112). The total
area of grazing lands has remained steady over the past 60 years and now accounts forthe
largest proportional land use area in the US (91).

Urbanization

Between 1630 and 1850, urban land increased by approximately 0.8 Mha in the US as the
population grew by 23 million (93). In the latter half of the 19th century, industrialization
and the availability of cheap land spurred rapid immigration and urban development, with
total urban land reaching 4.3 Mha by 1900. Throughout the 20th century, both population
growth and increasing urban land per capita accelerated land conversion. Urban land per
capita rose from 0.02 ha per personin 1900 to 0.14 ha per person by 2020, with the total
national urban land area expanding to 45.5 Mha (93). This area is considerably larger than
the last value shown in Figure 9.6g, possibly due to different definitions of urban land in
(83) versus (93), although both studies show rapid growth in urban land area. This growth
has been concentrated around major metropolitan areas, particularly in the eastern US
and along coastal regions, often replacing agricultural and forested lands and reshaping
hydrological, ecological, and climatic processes. Urbanization has altered hydrologic
regimes through increased impervious surface cover, leading to higher runoff, reduced
groundwater recharge, and degraded water quality in adjacent watersheds (118). Habitat
fragmentation and loss of green space have been extensive, contributing to local and
regional declines in biodiversity (119). Air pollution associated with vehicular emissions
and industrial activities has been mitigated in recent decades through Clean Air Act
regulations, yet urban areas remain hotspots for ozone, particulate matter, and heat island
effects (120). As of 2020, more than 80% of the US population resided in urban areas (121),
underscoring the expanding influence of cities on national patterns of resource demand,
waste generation, and climate-related vulnerability.

An increasing coastal population is a driver of change in ocean systems. From 1970 to
2020, the US population living near the coast grew by 46%, or 40.5 million people, leading
to impacts on nearshore marine habitats, including a 12% increase in coastal land
development since 1996 (122). Development and sea level rise have altered water cycles,
landforms, and plant ecology in coastal marshes and wetlands (123). Human alteration of
hydrology—such as wetland ditching and channelization of rivers (see Ch. 7: Inland
Waters)—and changing storm activity have interrupted the sediment delivery that sustains
many wetlands (124). Drivers of change can be a mixture of direct anthropogenic and
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passive natural or anthropogenic. For example, in one New Jersey bay, the average net loss
rate of 0.35% per year of salt marsh from 1995 to 2015 was driven by excavations for
mosquito control (409 hectares), a direct driver, alongside edge erosion (303 ha) and
“ponding” (240 ha)—the creation of pools of water within the salt marsh, which may be a
function of sea level rise and nutrient pollution (125). Anthropogenic wetland restoration to
correct past environmental degradation can be a positive driver, enhancing biodiversity,
nutrient cycling, and carbon storage while providing resilience to environmental stressors
(126).

Dam Construction

Streams and rivers in the US have been subject to fragmentation by dam building since
European colonization (see Chapter 7: Inland Waters), with the oldest recorded dam in the
US being the Old Oaken Bucket Pond Dam in Scituate, MA, built in 1640 (127). Flow
modification in US freshwater systems, as expressed in reservoir storage capacity,
increased rapidly from 1950 to 1970, but has remained largely stable since. The density of
stream and river fragments attributed to the construction of 51,923 medium to large dams
in the continental US has increased over the period from 1920 to 2010, with most of the
increase occurring prior to 1980 (128). The National Inventory of Dams lists 92,521 dams
as of 2025, with an average age of 64 years. In total, including small and unlisted dams, the
National Aquatic Barrier Inventory has documented over 558,000 dams in the 50 US states,
Puerto Rico, and the US Virgin Islands (129). Since 1912, 2,119 dams have been removed in
the US, with the rate of removal stable at zero to 6 dams per year prior to 1980 and
increasing after that time (130). More than 100 dams per year have been removed in some
recent years, suggesting that threats from flow modification may be decreasing through
time (131). Some of these removals have already allowed fish populations to rebound,
such as the restoration of Chinook salmon runs in the Klamath River watershed within one
year after four dams were taken down (132).

Fishing Pressure

Harvesting of fisheries in US waters is an important driver of change in natural marine
systems. Fishing contributes to declines through direct harvest (e.g., oyster fisheries),
damage (e.g., trawling in seagrass beds), or food-web disruption (133-136). Fishing can
also harm non-target species and habitats through bycatch (unintended and unwanted
capture of marine animals during fishing) and seafloor damage. In some cases, bycatch
poses serious threats to endangered species, such as North Atlantic right whales (137).
Fishing gear that contacts the bottom can destroy seafloor habitat (138). Trawling annually
disturbs an estimated 1.4-7.9% of the continental shelves of the US West Coast and
Alaska (139). Impacts are generally worse and recovery times longer in deeper and more
complex habitats that experience less natural disturbance (140-142). From the 1960s to
1980s, bottom trawling and coral tangle net fishing on the Northwestern Hawaiian Ridge
and Emperor Seamounts removed over 200,000 metric tons of corals and 210,000 metric
tons of fish annually (143).
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US federal fisheries management in the ocean, which typically spans marine fisheries from
3 to 200 nautical miles from shore, is regulated under the Magnuson-Stevens Fishery
Conservation and Management Act (MSA). Fisheries management decisions made under
this Act are supported by tools such as annual catch limits that consider risk of overfishing
based on the status of specific stocks and are underpinned by strong fishery-dependent
data (based on specifics of catch) and fishery-independent scientific monitoring.

Science-based policies, such as the MSA, have been a key driver of more sustainable
harvesting practices and fisheries recovery (see Chapter 6: Marine). Stocks are considered
“subject to overfishing” if they are harvested at a rate that is higher than the rate that would
produce maximum sustainable yield, or MSY. In 1999, 36% of federal fisheries stocks were
considered subject to overfishing. But from 2014 to 2023, the percentage of federally
managed fishery stocks subject to overfishing has remained under 10% (144), and as of
2023, it was just 6%. This success was enabled by the policy changes implemented in the
Magnuson-Stevens Fishery Conservation and Management Reauthorization Act of 2006,
which mandated for every federally managed fishery an end to overfishing and required
accountability measures, timelines, and science-based catch limits. This Amendment led
to management tools that better aligned conservation and economic incentives, such as
the rights-based approaches implemented in 2011 that enabled dramatic recovery of
groundfish fisheries along the US West Coast (145).

Even if not subject to overfishing, stocks may be designated as “overfished” if they are still
recovering from historical overfishing or if they face other environmental pressures that
limit population recovery. In 1999, 46% of federally managed stocks were considered
overfished (146,147). The percentage of overfished stocks of known status declined to
between 15% and 20% during 2014-2023, with a value of 18% in 2023. Still, a recent survey
of non-federal fisheries that are managed by states or territories or are unmanaged
estimated that only 19% had an acceptable stock status from which to base management
decisions (148). These fisheries include many commercially, recreationally, and culturally
important fish stocks and have significant impacts on nearshore ecosystems, which
harbor important marine biodiversity.

Mining and Fossil Fuel Extraction

Mining for minerals, metals, building materials, and coal intensified from the colonial era
through the 19th century, leaving a legacy of environmental impacts and costs. Colonial
settlers primarily engaged in surface mining activities, such as exploiting oysters for lime
and peat foriron. Underground mining accelerated throughout the latter part of the 19th
century along with the industrialization of the US. Large mining operations drove other
infrastructure development such as canals, roads, and railways. Demand for minerals and
materials escalated further with population growth, technology, and industrial activity
during the 20th century (149). Iron ore production, for example, grew three-fold from 1900
to 1950 before the US became more reliant on imported steel. Coal production quadrupled
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to one billion tons over the 20th century, peaking at 1.17 billion tons in 2008 (Figure 9.9a).
By 2023, production had declined to 578 million tons, a level last seen in 1969 (150). These
mining activities are associated with environmental impacts such as heavy metal
contamination and habitat loss through stream burial and water flow alteration, all of
which can threaten species populations, such as salmon (151).

Figure 9.9. Trends in Fossil Fuel Extraction in the US
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Fossil fuel extraction in the US has shifted away from coal and toward oil and gas in
the last two decades.

(a) Coal production has decreased sharply since its peak in 2008, whereas gas and oil
production has risen sharply since then (b, ¢) even as active gas and oil wells have
declined in number recently (d). Figure original to The Nature Record. Data sources: US
Energy Information Administration (150,152).

US oil and gas extraction activities began in the late 19th century and expanded rapidly
during the early to mid-20th century with shifts toward deep offshore oil production and
natural gas fracking in recent decades (153). Drilling for oil began in 1859 in Pennsylvania.
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The first wells were drilled in California and Texas seven years later, with commercial oil
production beginning in Texas in the 1890s. California and Oklahoma dominated oil
extraction through the 1920s before Texas became the largest oil-producing state
throughout most of the 20th century. Oil extraction activities in Alaska’s North Slope
ramped up in the late 1970s.

The first offshore oil well was drilled along the southern California coastin 1896 and in the
Gulf of Mexico in 1938. Offshore drilling in federal waters accelerated in the 1960s off
California’s coast and from the 1960s onward in the Gulf, expanding into deeper waters
during more recent decades. These offshore drilling activities cause damage to marine
ecosystems by disrupting marine mammal populations with seismic tests, disturbing the
ocean bottom with anchors and other infrastructure, and discharging pollutants into the
surrounding water (154). Accidental oil spills are common, and larger spills such as the
2010 Deepwater Horizon blowout have caused severed, lasting damage to marine and
coastal ecosystems.

US oil and natural gas production has surged over the last 20 years due to advances in
fracking and lateral drilling technology (Figure 9.9b—c). The natural gas boom has led to
new surface energy infrastructure development in landscapes overlying gas fields, such as
the Marcellus Shale. However, the total number of US oil and gas wells peaked at just over
one million in 2014 before declining to 918,000 in 2023 (Figure 9.9d) (152). In the Guilf,
natural gas production declined by 79% from 1997 to 2017, while oil production has shifted
toward very deep wells (more than 1,500 m) with associated impacts to the deep sea and
surrounding ecosystems during oil spills (155). Multiple moratoria on offshore drilling have
thus far limited its expansion outside the Gulf Coast region.

Climate Drivers

Detailed trends in climate drivers are available in the Fifth National Climate Assessment
(41) and in Chapter 10: Climate Change. Annual average US temperatures have been
rising, increasing by 2.5°F in the lower 48 states and 4.2°F in Alaska since 1970. Ocean
temperatures are also going up, especially near Alaska and the Northeast, and sea level
has risen about 11 inches on average along the contiguous US coast since 1920 (156),
although sea level changes at a particular location depends on variability in local climate,
hydrology, and geological subsidence. Higher CO, levels are making the ocean more
acidic, particularly in polar regions and upwelling systems, such as the California Current
system on the West Coast. These conditions can make it more difficult for some animals to
build shells and be corrosive to existing shells (157). Coastal hypoxia is also worsening
with climate change, putting sensitive species at greater risk to life-threatening conditions
(158). Seasonal summer hypoxia at the seafloor along the West Coast has been steadily
increasing from 2% spatial coverage in 1950 to an average of 24% in the last decade (159).
Rainfall patterns are shifting too—drier in Hawai‘i and much of the West, wetter in most of
the East—and wildfire patterns have changed, with larger areas burning since 1983 even as
the number of fires has not shown a clear trend (160).
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Non-Indigenous Species

Non-indigenous species introductions have occurred in what is now the CONUS since
European colonization in the 1600s. Polynesians transported more than 30 plant and
animal species on seafaring canoes that were introduced to the Hawaiian Islands 1500
years ago. European colonists introduced additional species to the Hawaiian Islands
starting in the late 1700s. Reliable records of introduction rates are available for the US
and the Hawaiian Islands beginning in 1800 (Figure 9.10) (161). The typical unit of
measurement for species introductions is the five-year first record rate, or the number of
species recorded for the first time in a specific region during a five-year period. The median
five-year first record rate for vascular plants rose from less than 15 in the early 1800s to
over 100 just before the end of that century before declining toward 50 at the end of the
20th century (Figure 9.10a). The Hawaiian Islands showed a similar trend, with median five-
year first record rates around 10 in the early 1800s and rising to over 60 during the mid-
1900s before declining to around 20 after 1950 (Figure 9.10b).

Figure 9.10. Historical Patterns of Non-Indigenous Species Introductions Across
Terrestrial and Aquatic Ecosystems in the US
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Introductions of non-indigenous species are an ongoing driver of change in US aquatic
and land ecosystems.
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(a) On land, introductions of non-indigenous plants peaked around 1900 in the contiguous
US, with rates remaining high until present, and (b) introductions peaked during the early
1900s in the Hawaiian Islands. (¢) In aquatic ecosystems, introductions of non-indigenous
plant species have fluctuated, whereas introductions of exotic animal species (d) rose
after 1950. US territories, most of which are tropical islands, have also experienced
introductions of non-indigenous plant species. In Puerto Rico, forest composition has
shifted as a result of multiple tree species introductions (162). Alaska has historically
experienced low rates of species invasions, but more disturbance from climate warming,
wildfire, and development in recent decades has led to increasing non-indigenous species
establishment (163). For instance, plant species introductions have increased from one
per year prior to 1968 to three per year from 1968 to 2006 (164). Data are shown as the
number of non-indigenous species recorded for the first time over a five-year period. Figure
original to The Nature Record. Data sources: Terrestrial data = from (161) and aquatic data
from (165).

Similar trends are apparent for introductions of aquatic plant species in the CONUS (165).
Median five-year first record rates rose from 0-1in 1850 to 7 in the early 1900s before
declining to less than 5 for the remainder of the 20th century (Figure 9.10c). However, the
pattern for non-indigenous aquatic animal species differs, with introduction rates
accelerating steadily from near zero in 1850 to over 10 by the year 2000 (Figure 9.10d).
These introductions have resulted in growing numbers, ranges, and impacts of non-
indigenous aquatic species (166). A similar trend has been observed in Puerto Rico where
80% of freshwater fish species are non-indigenous (167). In the ocean, the number of non-
indigenous species along the North American coast increased by more than 50% between
2000 and 2010, with 44-78% of initial introductions attributed to commercial shipping
(168). DNA surveys show that shipping is also leading to an exchange of pathogens and
parasites among regions and ocean basins (169,170).

While new records of non-indigenous species declined during the late 20th century, their
numbers and impacts are increasing. Overall, nearly 50,000 non-indigenous species have
taken hold in the US with estimated economic damages over $120 billion per year and their
spread responsible for 42% of the listings on the US Threatened and Endangered Species
List (171). Moreover, non-indigenous species continue to spread across the US. During the
period 2007-2018, 80% of surveyed national parks in the northeastern US showed rising
abundances of invasive plant species (172). More of the surveyed species were increasing
rather than decreasing in abundance, with Japanese stilt grass (Microstegium vimineum),
and several invasive shrubs showing particularly large increases.

Pollution

Atmospheric carbon dioxide concentrations, which directly impact plant photosynthesis
and surface ocean pH, have risen from 280 ppm before 1750 to over 425 ppm at present
(173,174). Emissions of air pollutants in the US have declined over the period 1980-2023
mainly as a result of regulation under the Clean Air Act (175). Declines range from 99% for
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lead to 58% for volatile organic compounds. Emissions of sulfur dioxide have declined by
94% and oxides of nitrogen have declined by 75%. Carbon monoxide emissions are down
76% and emissions of particulate matter of 10 microns or less in size (PM1o) fell 62%.
Emissions of particulate matter less than 2.5 microns in size (PM.s) are down 28% in 2023
compared to 1990, although larger, more intense wildfires have contributed to a stagnation
or even reversal of this improvement in the CONUS since 2016 (176).

Figure 9.11. Spatial Patterns of Total Nitrogen and Sulfur Deposition (2002-2017)
(a) 2002 Total N (kg-N/ha) (b) 2017 Total N (kg-N/ha) (c) Total N Trend (kg-N/ha/yr)
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The deposition of atmospheric pollutants has declined dramatically since 2002,
especially in the eastern US.

(a,b) Spatial distribution of total nitrogen (N) deposition in 2002 (a) and 2017 (b) for the
contiguous US in units of kilograms per hectare (kg ha™). (c) The change in deposition rate
over the period from 2002 to 2017 in units of kilograms per hectare per year (kg ha™ yr™)
with significance at the 95% confidence level based on a Wald statistical test. (d-f) The
same results as (a—c) but for sulfur (S) deposition. Gray areas in panels (c) and (f) indicate a
lack of data or no significant change. Adapted from Benish et al. 2022 (177). CC-BY-4.0.

Atmospheric nitrogen deposition has declined across the CONUS from 7.8 kg N ha™" yr’
(kilograms of N per hectare per year) in 2002 to 6.3 kg N ha™' yr'in 2017 (177). Most of this
decline was driven by areas with historically high deposition, such as the Upper Midwest,
Northeast, and Southeast (Figure 9.11). Declines in the West, with lower initial deposition
rates in 2002, were more modest. Total sulfur deposition across the CONUS dropped
sharply from 5.3to0 1.8 7.8 kg N ha™' yr' over the 2002-2017 period. Geographic patternsin
sulfur deposition and its reduction were similar to those for nitrogen deposition.
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Deposition of nitrogen in precipitation is relatively low and stable in Alaska’s interior, with
rates <1 kg ha-1yr-1 during 1980-2010 (178), although wildfires were associated with
elevated levels of dry nitrogen deposition in the early 2000s (179). The tropical islands of
Hawaii and the US territories typically receive low levels of pollutant deposition from the
air, although there are local sources from vehicles, shipping, electricity generation, and
wildfires which may be changing over time (180).

Figure 9.12. Trends in Potential Pollution Sources in the US since 1950
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Inputs of potential pollutants to the US environment have held steady orincreased in
recent years.

Fertilizer applications of nitrogen (a) and phosphate (b) to US agricultural fields increased
through 1980, then held relatively steady. Pesticide inputs are dominated by herbicides,
such as glyphosate, which have increased in use since the mid-2000s along with
insecticides and fungicides (c-e). The data from the US Department of Agriculture (USDA,
red lines) account for pesticide applications to 21 crop species—not all—which may help
explain the lower numbers compared the Food and Agriculture Organization (FAQ) data. (f)
Plastic pollution has risen steadily since 1950. Figure original to The Nature Record. Data
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sources: Food and Agriculture Organization, US Department of Agriculture (181),; plastic
pollution data from (182).

River and stream water pollutants in the CONUS have also decreased since the passage of
the Clean Water Act in 1972 and the Clean Air Act Amendments of 1970 (183). The
Resource Conservation and Recovery Act, passed by Congress in 1976, authorized the US
EPA to regulate hazardous waste from generation to disposal. Along with the Superfund
program enacted in 1980, this landmark environmental legislation has sharply reduced soil
and water pollution from toxic waste, generating nearly $40 billion per year in economic
benefit along with ecological benefits that are more difficult to quantify (184).

Based on USGS monitoring of National Water Quality Network sites from 1972 to 2022, the
loads and concentrations of 10 water pollution indicators have declined, with the largest
declines occurring between 1972 and 1992 (185). The indicators include nutrients,
chloride, dissolved organic carbon, total dissolved solids, and suspended sediment. An
analysis of these indicators plus five more over the period 1982-2012 corroborated these
declines, suggesting improvement in water quality across much of the CONUS (186) (also
see Chapter 7: Inland Waters). Changes in watershed management were generally more
important than changes in streamflow for explaining improved water quality as measured
by pollutant concentrations. However, streamflow changes had a larger impact on trends
in pollutant loads. Still, nitrogen and phosphorus inputs have remained high due to
agricultural exemptions to the Clean Water Act (Figure 9.12a,b). Agricultural inputs of
pesticides have likewise increased or held steady over the past 20 years (Figure 9.12c-e).

Stormwater quality in the US has also improved substantially since 1980. Despite
increasing urbanization during this period, pollution control measures—mainly related to
the Clean Air Act—have reduced pollutants that build up on impervious surfaces and wash
into waterways during storms (187). Phasing out leaded gasoline and tightening emissions
standards for vehicles, power plants, and industry sharply reduced heavy metal
concentrations in stormwater by the 1990s. Suspended solids, such as soot, and nutrients
like nitrogen and phosphorus also declined in stormwater between 1980 and 2020, though
the declines were not as dramatic as for heavy metals.

Degraded water quality and altered water quantity (e.g. changes in freshwater and
groundwater inputs) have driven losses in marine systems, particularly of seagrasses and
corals (188-192). Nutrient loading into coastal waters has decreased from 2002 to 2012
from urban watersheds, but has not consistently decreased for agricultural watersheds,
with increases in undeveloped watersheds (193). However, these trends vary across US
regions and specific nutrients; for example, phosphorus loads into the Chesapeake Bay
have increased during that time, while nitrogen loads have decreased. Nutrient loading
into the Gulf from the Mississippi River has remained stable.

Even as water pollution from heavy metals—and, to a lesser extent, nutrients—has
declined, other pollution sources are growing. Plastic pollution (Figure 9.12f) has been
increasing in US waters in recent decades, from near zero at the advent of plastic in 1950
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to a total plastic waste generation of 42 million metric tons in 2016, the highest per capita
rate in the world (194). The fastest increase was seen from 1980 to 2000 (195).
Approximately 1-2 million metric tons of US plastic waste leaks into the environment
annually (195). Much of this waste eventually enters the ocean via terrestrial runoff,
atmospheric deposition, and from human activities on boats or shorelines (196).
Increasingly, “forever chemicals” such as per- and poly-fluoroalkyl substances (PFAS) may
be entering waterways, although their levels have not yet been monitored extensively over
time (197). Theirimpacts on ecosystems have not been well studied, although these
emerging contaminants are known to have negative consequences, such as reducing the
growth of some aquatic species (198).

Harmful algal blooms (HABs) are an example of an increasingly frequent phenomenon that
are both the result of diverse direct drivers of change, including nutrient pollution, invasive
species, warming, and aquaculture activities, but also a driver of change, with important
implications for ocean biodiversity and human health (199). HABs are caused by many
different species and classes of algae and cyanobacteria across broad ecosystems, and
different types of HABs in the US show different trends in occurrence over time. Some
HABs show no increase in frequency over the past 30 years, including paralytic shellfish
toxin events; others have significantly increasing trends in frequency and/or geographic
extent (200). Overall, there has been an increasing trend for HABs in US waters from 1990
to 2019 (See Ch. 10: Climate Change). Regional increases in HAB toxins attributed to land-
based runoff, ocean warming and marine heat waves, changing ocean pH and nutrient
biogeochemistry, and lower oxygen, as well as better monitoring and alert systems over
the last three decades (200-202).

Conservation Efforts

Approximately 13% of US land and inland waters is recognized as protected by the United
Nations in their World Database on Protected and Conserved Areas (203). This percentage
has not changed substantially in recent decades. Approximately 26% of US ocean area is
counted as protected in marine protected areas (MPAs); however, over 96% of this
protected area is concentrated in the central Pacific (204). Less than 2% of other ocean
areas are protected in any kind of MPA, and many of these MPAs allow high levels of
extractive and destructive activities, leaving many ocean habitats and species vulnerable
(204). In December 2022, over 190 countries (notincluding the US) adopted the United
Nations Convention on Biological Diversity Kunming-Montreal Global Biodiversity
Framework. This framework includes the target of protecting at least 30% of land and
ocean area by 2030. Within the US, nine states have adopted this goal at the state level to
date (California, Hawai‘i, Maine, Maryland, Massachusetts, Nevada, New Mexico, New
York, and Vermont). Maryland has achieved this goal early for terrestrial protected areas
and is actively planting new trees to expand forest cover as part of the state’s 5 Million Tree
Initiative. As of October 2025, no states have achieved this goal for the ocean.
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Description of Evidence Base

Trends in population growth, agricultural expansion, and resource extraction from US
forests are virtually certain based on US government and United Nations datasets as well
as scientific studies using re-analysis and remote sensing approaches. Likewise, US
government agencies maintain extensive, reliable records of dam building, drilling, and
mining activities, making it very well established that river fragmentation increased and
virtually certain that fossil fuel extraction and mining increased during the 20th century.
Extensive monitoring by NOAA makes it very well established that US fisheries were
overharvested in the 20th century and well established that many of those fisheries are
now recovering. Scientific studies, many of which are based on state and local databases,
support the well established finding that introductions of non-indigenous species peaked
in the 20th century for most of the US while their populations and impacts continue to
increase. Extensive monitoring data from the EPA along with many scientific studies
support a very well established trend toward reductions in many air and water pollutants
since the 1970s with recent scientific publications establishing that plastic and nutrient
pollution remain problematic.

Key Message 9.3: Drivers of change in nature rarely operate in
isolation, and interactions among drivers are complex

Most ecosystems in the United States are affected by multiple, interacting drivers of
change (virtually certain). Direct and indirect drivers interact in complex ways, sometimes
amplifying or counteracting each other (established but incomplete). While it is clear that
drivers can interact, the net effects of interactions are at this point difficult to predict
(established but incomplete).

State of Knowledge 9.3
Additive, Antagonistic, and Synergistic Interactions Among Drivers

A challenge to interpreting and predicting how natural systems will respond to change is
that drivers of change rarely occur in isolation. When a single driver is acting, identifying
the consequences and, if desired, mitigating those consequences, can be straightforward.
For example, if residential development is destroying habitat for a rare plant, establishing a
conservation area can protect remaining individuals. However, systems are typically
affected by a complex and interacting suite of drivers that often co-occur. For example,
plant physiological processes can be affected by both increasing atmospheric CO,
concentration and by rising temperatures driven by climate change (205).

When two drivers interact, there are three possible outcomes (Figure 9.13). The drivers
may be additive if they act independently. As an example, oil and gas extraction and
residential development could independently cause habitat loss for a rare plant. The
impact would be additive if the impact on the plant population is proportional to the sum of
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the habitat area lost by the two drivers. Drivers are antagonistic when they are non-
additive and one driver reduces the impact of another when they occur simultaneously. For
example, coral reef organisms are sensitive to both siltation and sea temperature rise. An
antagonistic interaction would occur if, in areas with low to moderate siltation, water
temperature rise was moderated due to the siltation limiting solar radiation penetration
into the water column (e.g., (206)). Drivers are synergistic if the overall effect is greater
than the sum of the independent effects. For example, waterfowl can suffer both from lead
poisoning caused by lead bullets and from disease. This would lead to a synergistic
interaction if the effects of disease are more severe when the birds are already weakened
by lead poisoning. As the number of drivers increases, their interactions and effects
become much more complex and harder to predict.

Figure 9.13. Interacting Drivers of Changes in Nature

Types of Driver Interactions

Drivers are Drivers are Drivers are
Additive Antagonistic Synergistic
O"/G?S Residential Siltation Sea Temperature Rise Disease Lead Poisoning
Extraction Development

| \"" ”

Both destroy habitat and reduce Both are detrimental to coral reef Lead poisoning weakens
populations in equal measure organisms, but siltation blocks some waterfowl, reducing their ability
sunlight, reducing the degree that to survive avian diseases

sunshine increases water temperature

Terrestrial Ecosystem

Habitat ahd Populations Coral Reef Health Waterfowl Abundance

+ = + = +

direction and magnitude of driver effect
Two interacting drivers can produce additive, antagonistic, or synergistic impacts.

Hypothetical examples with only two interacting drivers. The impact of the interaction is
demonstrated by the direction of the arrows. The two drivers interact such that the net
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impact is the sum of the two drivers (additive), smaller than the sum of the two drives
(antagonistic), or greater than the sum of the two drivers (synergistic). Figure original to The
Nature Record.

Challenges with Predicting Interactions

It is difficult, if not impossible, to predict complex interactions among many drivers;
however, some higher-order interactions are detectable and interpretable. It has been
suggested that studying drivers individually may lead to overestimation of their effects
because combinations of effects may be in opposite directions or antagonistic (207).
However, a meta-analysis of more than 100 experiments found that community-level
responses occurred more often when three or more global change drivers were
simultaneously manipulated, consistent with either additive or synergistic effects of
multiple drivers, especially over long time periods (208). Experiments that manipulate
multiple global change drivers formally test for interactions among drivers. For example,
the TeRaCON experiment at Cedar Creek Ecosystem Science Reserve in Minnesota,
explored interactions of four drivers: temperature, rainfall, CO,, and nitrogen. It detected a
three-way interaction between the effects of rainfall, CO,, and nitrogen on total plant
biomass, indicating that low levels of any two resources limit the response to a third (209).
In other words, under experimental drought conditions and ambient nitrogen deposition,
plant biomass shows little response to increasing atmospheric CO..

The consequences of interacting drivers can change, and even reverse, through time. For
example, rising atmospheric CO, concentrations and nitrogen enrichment from air
pollution have co-occurred throughout the US for a century or more (210,211). Nitrogen
pollution often decreases terrestrial plant diversity (212), but it remains unclear whether or
how elevated CO, may amplify or dampen these effects. In a long-term experiment that
examined interactions of these two drivers, elevated CO; initially reduced plant species
loss resulting from nitrogen enrichment (213). However, over time this interaction
reversed, and elevated CO; later amplified the negative effects of nitrogen pollution,
tripling the species loss resulting from nitrogen enrichment (214). Long-term experiments
designed to test for interactions among drivers are rare; those that exist show that
interactions are not necessarily static but rather can substantially change over multiple
decades.

In a recent survey, 506 biodiversity experts in the US who have published scientific papers
on biodiversity responded to questions about interactions among multiple drivers. An
overwhelming majority of respondents (95%) indicated that there are synergistic
interactions between pairs of direct drivers of biodiversity loss, such that the combined
effects of multiple drivers are greater than the sum of their individual (positive or negative)
effects (215). Only 2% of experts reported antagonistic interactions in which the combined
effects are less than additive and the remaining 3% reported additive effects. When asked
about specific pairs of drivers, 90% reported synergistic interactions between climate
change and invasive alien species, whereas less than two thirds (64%) reported synergistic
interactions between overexploitation and pollution.
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Actions to address drivers of change may not be effective unless these interactions and
the concomitant high degree of complexity are considered. For example, efforts to reduce
pollinator mortality via reduced use of pesticides or fertilizer could cause landowners to
respond to productivity losses on their current crop fields by conversion of conservation
grasslands to increased crop acreage. This shift could result in greater habitat loss or
fragmentation, leading to no net benefit or even a net cost to pollinator populations. The
effect of the drivers might be additive, but the changes are not independent. Similarly, the
effects of harvesting interact with other drivers, including disease, climate change, and
habitat loss. At some low levels of harvest, a species might be resilient to other factors but
may not survive under climatic conditions that are at the edge of its tolerances. Harvest
management needs to account for these other factors.

Description of Evidence Base

The existence of interactions between drivers are well documented in the scientific
literature, based on experimental and observational studies. While there is exceptionally
strong evidence that single drivers affect nature, relatively few studies have addressed two
or more drivers of change. Itis well established based on measured data that systems are
rarely affected by single drivers in isolation. Evidence on the consequences of multiple
drivers comes largely from controlled studies where multiple drivers were manipulated
simultaneously. Results from experimental manipulations in plant communities make it
nearly certain that plant communities are altered by interacting drivers and that effects are
magnified over time. The scientific evidence is considered high quality in terms of
documenting possible outcomes of interacting drivers with transparent and well-
established scientific methods. However, there may be limitations in applying the results
of controlled scientific studies to real-world situations, particularly given that many drivers
may have sporadic or non-linear behavior. Interactions between drivers of nature are
considered a major research gap with a need for future studies.

Key Message 9.4: The future status of drivers of change in nature
depends on human policies, decisions, and actions

Future drivers of change in nature are uncertain and depend on future human actions,
policies, and decisions (very well established). Future scenarios of change generally
project increases in population and economy activity (gross domestic product), a
slowdown in future land-use change, and an increase in climate change relative to
historical changes (well established). Future national-scale policies will have important
implications on the status of drivers of changes in nature in the US (very well established).

State of Knowledge 9.4

Sophisticated strategies to project the future status of drivers of change in nature require
the development and analysis of scenarios—plausible descriptions of future conditions—
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that account for complex socioeconomic interactions and physical constraints. This
approach has been used to provide consistent future scenarios of some of the most
important drivers, including population, gross domestic product (GDP), land use, and
climate. These have in turn been used as input for studies of projected future impacts on
biodiversity (216,217). For other variables, a less sophisticated extrapolation of historical
trends can be used as a basis to make projections and identify drivers of increasing or
decreasing concern and potential options for change.

Here we consider three formal scenarios—Shared Socioeconomic Pathways (SSPs)— that
describe possible future socieoeconomic, geopolitical, and technological developments;
greenhouse gas concentration pathways; and changes in other climate climate drivers.
Resulting energy imbalances in the climate system (referred to as radiative forcing) under
various climate policy assumptions are also described. The scenarios discussed below
are:

1. SSP2-4.5 assumes a continuation of historical development trends combined with
a stabilizing climate pathway where greenhouse gas emissions peak around
midcentury and radiative forcing reaches about 4.5 Watts per square meter (W/m?)
by 2100. This scenario assumes continuing moderate climate change and
biodiversity pressure.

2. SSP3-7.0 assumes a fragmented world with regional rivalries and weak global
cooperation, high population growth, slow economic development, and limited
technology transfer, producing high emissions and about 7.0 W/m? forcing by 2100.
This is a damaging pathway for nature, due to strong pressures from several direct
drivers, including land-use change, pollution, and climate change.

3. SSP5-8.5 assumes a world with rapid economic growth, energy-intensive lifestyles,
and abundant use of fossil fuels, leading to very high emissions and about 8.5 W/m?
forcing by 2100. This scenario leads to severe impacts on biodiversity and nature’s
contributions to people, not because of land-use pressure, but because of extreme
climate change.

Socioeconomic Changes

Continued economic growth for the United States is expected through the end of the
century under all three SSPs considered. Per capita gross domestic product diverges
substantially across scenarios, with strong growth in SSP5-8.5, moderate growth in SSP2-
4.5, and slower growth in SSP3-7.0 (Figure 9.14a).

These scenarios span a wide range of possible demographic futures defined by differing
assumptions about education, health, inequality, and development trajectories.
Population growth is highest under SSP3 and SSP5, reflecting futures with either regional
rivalry or rapid economic expansion, and lower under SSP2, which assumes a middle of
the road continuation of historical trends (Figure 9.14b).
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These socioeconomic futures serve as key indirect drivers influencing direct drivers such
as land-use change, as well as other indirect drivers such as consumption patterns.

Figure 9.14. Projected Trends in US Population and Per Capita GDP
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US Population and per capita GDP are projected to rise over the coming century.

Projected future (a) per capita gross domestic product (GDP) and (b) population for the
United States from 2025 to 2100 under three Shared Socioeconomic Pathway scenarios.
The SSP5 scenario assumes a world with rapid economic and population growth, energy-
intensive lifestyles, and abundant use of fossil fuels. SSP3 assumes a fragmented world
with regional rivalries and weak global cooperation, with accelerating population growth,
slow economic growth, and limited technology transfer. In SSP2, socioeconomic and
technology developments continue on pathways similar to historical trends. Figure original
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to The Nature Record. Data sources: GDP and population data from the IIASA SSP
Database, with per capita GDP calculated directly from those series

Land-Use Change

Scenarios of global land-use change developed for recent global climate change
assessments (Coupled Model Intercomparison Project (CMIP) are based on the same
socioeconomic assumptions presented above and are in that sense consistent with them
(83). Generally, these scenarios project a continued slowdown in future land-use changes
relative to historical rates, with potential decreases in primary land (i.e., non-disturbed
forest and non-forest) and pasture/rangeland, with increases in urban, cropland, and
secondary land. However, they also indicate a complex range of possible futures of land
use inthe US, with potential consequences for nature (Figure 9.15).

Looking ahead to 2100, primary forest is projected to continue to decline by 8% (81,254
km?2), with little variation between scenarios. Primary non-forest is projected to decline,
with more variation between scenarios, by 3-8% (-107,739 km? in SSP2-4.5, -42,644 km? in
SSP5-8.5). Pasture/rangeland will remain nearly constant or decrease by 18% (-467,184
km?in SSP2-4.5). Secondary forest is more uncertain and projected to change by
approximately +20% or -14% (392,567 km?in SSP2-4.5 and -280,386 in SSP3-7.0 km?,
respectively). Likewise, secondary non-forest is projected to change by similar amounts to
secondary forest (-35,233 km? in SSP5-8.5 or +73,027 km?2 in SSP3-7.0). Cropland will also
remain constant orincrease up to 20% (+294,542 km? in SSP3-7.0). Urban land is projected
to have little change or nearly double (+302,778 km? in SSP5-8.5).
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1 Figure 9.15. Projected Future Land-Use Scenarios for the US (CONUS, AK, HI) from
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4  Land use is projected to change in the future with potential consequences for nature.
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Projected changes in land area are shown for 2015 to 2100 for seven categories of land
use: primary forest (a), primary non-forest (b), secondary forest (c), secondary non-forest
(d), pasture/rangeland (e), urban (f), and cropland (g). In each panel, changes are shown
for three socioeconomic development and climate change scenarios: SSP2-4.5 (blue
lines), SSP3-7.0 (red lines), and SSP5-8.5 (orange lines). Area units are in km?. Figure
original to The Nature Record. Data from (83).

Climate Change

Future scenarios of climate change for the United States have recently been assessed in
the Fifth National Climate Assessment (NCAS5) (55). NCA5 included projections and
findings based on results from Coupled Model Intercomparison Program Phase 6 (CMIP6)
global climate models. In addition, two statistical downscaling techniques (LOCA2 and
STAR-ESDM) were applied to 16 CMIP6 models to provide higher-resolution projections at
national or subnational scales (218-220). Importantly, these climate model projections
were based on the same socioeconomic and land-use scenarios described above and are
thus consistent with them.

Climate changes are projected to continue in the future, with potential consequences for
nature (Figure 9.16). For example, from 2015 to 2100, average minimum and maximum
temperatures are projected to increase by 5°-11° and 4°-9° degrees Fahrenheit,
respectively, depending on scenario, with the smallest changes for SSP2-4.5 and the
largest changes for SSP5-8.5. Average annual precipitation had no significant trend (Figure
9.16). However, the results for temperature change are large compared to the historical
rate of change of about 2.5°F degrees since 1970 over the contiguous US (221).
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Figure 9.16. Future Climate Scenarios for 1950-2100 for the Contiguous United States
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Climate is projected to change over the US, with potential consequences for nature.

Projected changes for the contiguous United States from 2015 to 2100 for three important
metrics: average annual precipitation (top), average minimum temperature (center),
average maximum temperature (bottom). For all panels, projections are shown for three
climate scenarios: SSP2-4.5 (blue), SSP3-7.0 (red), and SSP5-8.5 (orange). Figure original
to The Nature Record. Data from the CMIP6-LOCAZ2 dataset used in NCA5 (218,219).

Potential Consequences of Changes in Drivers

The potential consequences of future climate change and land-use change on biodiversity
interact and have recently been quantified (216). Globally, the effects of future land-use
change on biodiversity loss were projected to slow and even reverse in some cases, while
the combined effects of future land-use and climate change were expected to increase
rates of biodiversity loss. Effective global climate mitigation was shown to reduce the
future negative effects on global biodiversity by 40-70%. The potential consequences of
future climate change on protected areas have also been assessed (217). Globally,
approximately 20% of protected areas are projected to experience a climate zone shift by
midcentury, with high climate change scenario (SSP5-8.5) impacting 40% of protected land
area by end of the century. Globally, under a high climate change scenario (RCP8.5),
approximately 30% of protected areas are projected to experience a climate zone shift by
midcentury and 50% by end of the century. Under a lower emissions scenario (RCP4.5),
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25% of global protected land area is projected to undergo climate zone shifts by 2050 and
30% by end of the century (217, Table S2). Quantitative projections of the potential
consequences of changes in these drivers varied by scenario, location, and generally
applied to the United States.

National Policies Shaping Future Trends

Future US policies that align with the 2030 targets of the Kunming—-Montreal Global
Biodiversity Framework (KMGBF) and Paris Agreement on climate could shape a more
nature-positive future. Although the United States is not a Party to the Convention on
Biological Diversity and has recently withdrawn from the Paris Agreement, past US
environmental statutes illustrate the capacity of federal policy to influence biodiversity
outcomes. For example, the Endangered Species Act and the
dichlorodiphenyltrichloroethane (DDT) ban under The Federal Insecticide, Fungicide, and
Rodenticide Act were central to the recovery of the bald eagle and other raptors; the Clean
Water Act substantially reduced point-source pollution, improving freshwater and
estuarine ecosystem condition; and the National Parks and broader public-lands network
have retained large areas of relatively intact habitat. At the same time, other policies, such
as commodity-linked agricultural subsidies and incentives for land conversion, have driven
habitat loss, nutrient enrichment, and biotic homogenization. New domestic policies
would likely be needed to achieve many of the KMGBF’s 2030 targets, including protecting
and restoring 30% of lands and waters by 2030; the systematic mainstreaming of
biodiversity across sectors; the management of incentives linked to biodiversity loss; and
the establishment of coordinated national systems for monitoring species, ecosystems,
and restoration trajectories, and climate change mitigation. Beyond the need for stronger
nature-supportive policies, reversing course on current beneficial policies would
exacerbate negative trends. United States policy has shaped biodiversity outcomes in the
past and will remain a central determinant of whether future trajectories more closely
resemble the ambitions articulated in global biodiversity targets.

Description of Evidence Base

Future changes in land use and climate change are inherently uncertain. The cases
evaluated here are based on very well established scenarios developed for the global
climate modeling community and have been used in prior national and international
assessments. Evaluation of the potential impact of these future changes in land use and
climate on nature is well established using multiple models and metrics for the response
of biodiversity and ecosystem function. The potential impact of national policies on
shaping future trends in nature has been very well established using historical precedents
of major US policies and associated outcomes.
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Key Message 9.5: Strategies that focus on core human values can
be effective at mitigating negative drivers of change and sustaining
the future benefits of nature

Decision-making that values multiple knowledge systems based on reciprocal
relationships with nature is expected to mitigate or reverse negative changes of nature
(well established). A framework of reciprocal benefit in which humans support and steward
foundational ecosystem goods and services enhances long-term sustainability
(established but incomplete). Co-management of nature that is holistic, inclusive, and
scales across jurisdictional boundaries is expected to provide widespread societal
benefits (very likely, established but incomplete).

State of Knowledge 9.5

Drivers of change causing negative impacts to nature, and opportunities to address these
impacts, are tightly linked to the ways in which nature is valued in decision-making (see
Key Message 9.1) (222). Decision-making that emphasizes respectful, reciprocal
relationships and melds western science frameworks with Indigenous Knowledge and
other knowledge systems from marginalized communities may result in better policy
outcomes to protect nature’s benefits and provide even more insight into ecosystems and
how they are changing due to drivers of changes of nature (see Key Message 9.1, 9.2) (223-
226). Most management and policy decisions have focused on a narrow set of values that
prioritize short-term profit and economic growth (222). Such policy decisions often do not
reflect public opinion about nature’s value and benefits. Issues of inequity, power
imbalances, and lack of diverse perspectives in decision-making have been highlighted in
other assessments (222). Approaches to mitigating climate change that are focused on
inclusive governance and decision-making while valuing the perspectives and knowledge
of Indigenous Peoples, African Americans, other marginalized groups, and diverse local
communities provide enhanced understanding of the changes in nature and inform
biodiversity conservation and ecosystem management (56). Policies and decision-making
can support traditional and place-based knowledge of local communities, Tribal
sovereignty, and self-determination towards strengthening the possibility of achieving
holistic value-centric goals.

Valuation of nature is a critical consideration in the future of nature (see Ch.11: Culture),
perhaps the most critical consideration. For example, the prevalent concept of
“ecosystem services” with regards to nature commonly refers to the benefits humans
receive from natural systems or the functions that ecosystems confer that have monetary
or non-monetary value (40). A comprehensive overview of the supporting benefits humans
receive from ecosystems categorized these benefits into provisioning, regulating,
supporting, and cultural services (63). This standard method of categorizing ecosystem
services and their societal benefits is a unidirectional and instrumentalist viewpoint of
nature in which humans benefit from the final extractive endpoint. Alternative valuations of
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nature include intrinsic and relational values. Further, a reimagined ecosystem services
model might be multidirectional and cyclical, where ecosystems receive stewardship
services from humans, which ultimately enhances the potential for humans to receive the
full benefits of ecosystems in the future (Figure 9.17). Others have informed this
framework, such as through a reciprocity restoration framework (227) and the “human
services for ecosystems” framework (228).

The original ecosystem services framework used in assessments (63) include services
such as aesthetics, recreation, clean water and air, and biodiversity. Several of these
services are foundational and can lead to access to all other services. Thus, by making
conservation and management decisions that support and/or improve these foundational
ecosystem services, such as clean water, clean air, biodiversity, and soil health, the full
list of benefits can be realized. In this reimagined model, the services (values) shift from
the standard short-term goals of economic growth to new long-term goals of sustainable
healthy ecosystems (Figure 9.17). This process includes an important point in the decision-
making timeline that ensures different ways of knowing and holistic viewpoints are not just
incorporated but serve as the foundation guiding decision-making processes (79,229,230).
In order to support nature and receive benefits, humans can implement strategic adaptive
management strategies that seek to understand and overcome the challenges and barriers
(i.e., views, structures, and practices) to transformative change by addressing the
underlying causes of biodiversity loss and nature’s decline (56).

Figure 9.17. A Shift in the Ecosystem Goods and Services Model

Re-Imagining Ecosystem Goods and Services
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In contrast to the traditional ecosystem services models, a framework of reciprocal
benefit in which human actions support the sustainability of natural systems and
nature’s benefits support future humanity is a strategic choice.
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(a) The wide-ranging ecosystem services that benefit humans, including supporting,
provisioning, regulating, and cultural services (63). (b) A reimagined model where humans
provide services that support foundational goods and services, such as clean water, clean
air, biodiversity, and soil health. In this new multidirectional model, making decisions that
support the health of these foundational services will sustain the benefits that humans
derive from these services. (a) Adapted from MetroVancouver 2018 (231); (b) original to The
Nature Record.

Studies Supporting the New Model

If humans value nature as a foundational ecosystem service, then policies and decision-
making that enhance it will lead to more goods and services received. For example, the
Clean Air Act has reduced air pollution and acid rain and improved visibility and the ozone
layer (221,232). The Clean Water Act has reduced water pollution, restored and improved
habitat for fish and wildlife, and provided safer drinking water (183). The Endangered
Species Act has prevented the extinction of roughly 291 species since passage in 1973,
and has to date saved more than 99% of species (233). Protecting terrestrial habitats for
wildlife will increase the generation of services, such as food, beauty, recreation, and
tourism. Policies and decisions that seek to increase biodiversity in terrestrial ecosystems
will increase photosynthesis and carbon storage (56), and thus, ability to receive other
services such as wood, shading, food security, and human health.

The influence and benefits of biodiversity on ecosystem productivity have been well-
established through various studies and reports (56,234-242). Supporting biodiversity can
further increase resistance to climate extremes and resilience to change (243). Taken
together, this increases the ability of nature to provide other services such as wood,
shading, and human health to name a few. Thus, by refocusing the values in the ecosystem
services model, decision-making can lead to healthier ecosystems.

Inclusive and sustainable management practices that enhance fundamental services can
prolong ecosystem services over the long term. For example, the Swinomish Tribal
community uses nonphysical, honeconomic Indigenous health indicators (community
connection, cultural use, education, self-determination, natural resource security, and
resilience) to prioritize their decision-making that builds resilience to climate change
impacts (244,245).

The role of Indigenous Knowledge and local knowledge is often ignored in solutions-based
thinking toward environmental challenges (246) and applied sporadically in assessments
and reports (247). Partnerships with different knowledge systems can be transformative
when respected as whole bodies of knowledge, practices, values, and worldviews (248).

Case Study: Sustainable Agriculture and Soil Health

Regenerative agriculture (a holistic and sustainable agricultural approach that may lessen
or improve environmental and/or social impacts) has received considerable attention in
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recent years, especially as itis posited to have overall positive environmental impacts and
social benefits (249), and such an approach is necessary to meet food security and
environmental sustainability (250). Positive impacts of regenerative farming include
improving soil health, enhancing biodiversity, mitigating climate change, and supporting
ecosystem function (251). While the specific practices that encompass regenerative
agriculture are broad (249,251-253), Indigenous and local communities have been using
these methods for centuries and millennia (48,251). For example, enslaved peoples from
Africa brought knowledge of rice to the US, which informed its initial cultivation in South
Carolina (32). Small-scale efforts that focus on regenerative farming, such as the Jubilee
Justice Black Farmers’ Rice Project, support healthy ecosystems by using less water and
agro-chemicals and reducing methane emissions while improving soil health (254).

Case Study: Dams and Salmon

The health of inland waters is vital to supporting culturally important organisms, such as
salmon, for many tribes in the US. Tribes in the Pacific Northwest have relied on salmon for
their cultural and spiritual traditions and as an essential food source for millennia. Salmon
serve as key indicators of ecosystem health as they provide marine-derived nutrients in
marine, inland water, and terrestrial systems (255-257), are sensitive to rising
temperatures (258), and have been devastated by implementation of dams (259-261).
Tribes of the upper Columbia Basin have been working collaboratively for the past several
years on anadromous salmon reintroduction to their traditional waters for the first time in
110 years (262). This reintroduction effort exemplifies supporting a cultural keystone
species (Chinook Salmon) and finding ways to successfully bypass and negotiate dams
and reservoirs in blocked areas of the Chief Joseph Dam and Grand Coulee Dam. The
reintroduction of salmon in areas affected by damns restores cultural and spiritual
traditions and relationships in addition to improving the ecological health of these waters.

In California, 45 percent of California’s salmonids, including 11 of 21 anadromous species
(52%) and 3 of 10 inland species (30%), are likely to be extinct in the next 50 years under
current policy (263). If present conditions continue, 23 of the remaining 31 species (74%)
will likely go extinct within 100 years under current policy (263). One way to reverse course
on such trends is through the removal of dams. The Yurok Tribal Fisheries Program found
one of the four dams on the Klamath River was responsible for a massive die-off of salmon
due to its impact on water temperature and quality. The tribe saw their Chinook salmon
numbers decline by 98% with the installation of the dams. The dam removals reopened
over 400 miles of the river and the return of nearly 10,000 salmon (up 30% from 2024), as
well as a return to normal temperatures, improved water quality and reduced algal blooms
and their toxins, with multiple co-benefits for wildlife and humans (findings based on early
estimates from The Klamath River Salmon Monitoring program and The Klamath Basin
Monitoring Program, (132)).
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Case Study: Fire

Cultural burning differs from prescribed burning and is the intentional application of low-
intensity fire by Indigenous Peoples to specific places at particular times of year for
defined cultural, ecological, and subsistence purposes (264). It is guided by long-term,
place-specific relationships with the land, governed by Indigenous protocol and place-
based knowledge systems (265-267), and historically practiced for millennia (268-270).
Cultural burning has been viewed by many Indigenous practitioners as a stewardship
practice that upholds their relationship and responsibilities to the land and in turn will
benefit the communities that depend on the gifts of these ecosystems (271). The purpose
of cultural burning goes beyond reducing fuels in the ecosystem, as it has been
documented as regulating and supporting biodiversity, pollination, soil health, regulating
pests and diseases, and increasing nutrient cycling and water resources (15,272). These
practices can improve ecosystem function by increasing biodiversity and productivity
while also providing cultural keystone species that provide food for communities, such as
camas, tarweed, and other roots and bulbs (271,273,274). Currently, cultural burning
practices are being revived across the west and worldwide in efforts to restore ecosystem
processes disrupted by fire exclusion, to buffer climate-driven changes, and to reduce
catastrophic wildfire risk (275,276).

Co-Management

There is increased understanding that when a diversity of multilevel values and concepts is
acknowledged in collective action, conservation initiatives are more likely to succeed
(277-279). Human values underlie the decision-making that results in societal shifts that
lead to policymaking and the management of resources that shape nature and biodiversity
(280). A relational understanding of worldviews, human-nature relationships, and value
concepts can be more holistic, inclusive, and transformative for policymaking and
decision-making. The weighting of diverse values of nature in decision-making can result in
sustainable outcomes (281). Co-management as a process and a non-static network of
multiple interests and worldviews that shift as human-nature relationships evolve can be
more effective in achieving policy change, with more equitable and sustainable outcomes.
Co-management frameworks result in better outcomes for addressing ecosystem
dynamics at the intersection of multiple scales and uncertainties, especially when
management outcomes include input from people directly impacted by decisions being
made on resources and by relationships to those resources (282). The structures and
dimensions of co-management can vary in their goals to operationalize the management
and conservation of natural and cultural resources across jurisdictional boundaries for
widespread societal benefits. With the increasing complexity of direct and indirect drivers
of changes in nature, power-sharing and knowledge generation under various co-
management frameworks will likewise need to change by representing diverse interests
and crossing different scales (283).
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Description of Evidence Base

The finding that acknowledging and identifying how human values underpin decision
making and thus drive changes in nature in positive and negative ways is assessed to be
well established, based on published studies and evaluated in national and international
assessments and reports. A suite of successful environmental policies that have improved
or enhanced nature combined with many ecological restoration studies make it very likely
that humans can reduce or reverse negative impacts. It is very likely that extracting goods
and services from nature for short-term benefits will not sustain benefits to humans over
the long term. Efforts to reverse this outcome are established but incomplete since there
are limited examples of holistic frameworks for ecosystem goods and services that provide
a multidirectional relationship with humans supporting nature in order to sustain the
benefits that are received from nature. It is very likely that effective management and
decision-making can support long-term sustainable benefits as demonstrated through a
well-established collection of examples, which includes sustainable stewardship from
Indigenous Peoples and other communities since time immemorial. Additionally, there are
many published studies that highlight reciprocal human-nature relationships emphasizing
values as drivers of change.

Environmental Justice and Equity Highlights

Highlight 1: Anthropogenic drivers of change in nature are rooted in decisions made
by those in power and by other social influencers, while marginalized communities
are most impacted by those changes.

Historical racial and ethnic injustice imposed primarily by European colonists and settlers
against the original inhabitants of the land and subsequently against enslaved Africans and
their descendants have led to substantial inequities in whose values and interests drive
decision-making and policies (284). Historically marginalized and underserved
communities experience greater hazards from environmental degradation and climate
change, while nature benefits and conservation are targeted outside those marginalized
communities (285). Communities that depend on nature to maintain traditional lifeways
and food sovereignty may not have the means to resist or relocate and are highly
vulnerable to further change (48). Yet, some accepted policies and laws today have
precedents rooted in long-standing grassroots Black, Indigenous, and People of Color
community advocacy, demonstrating the value of continued community engagement
(285).

Highlight 2: Sustainability and policy efforts are influenced by inclusive versus
noninclusive local, national, and global governance structures.

Marginalized communities still have agency to resist harmful policies and identify and take
actions to reduce their vulnerability. There are opportunities for policymakers and
decision-makers to engage and work with marginalized communities to understand and
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co-develop solutions to address the inequities of drivers of change at various spatial
scales (e.g., rural, urban). Examples include policy and climate incentives that aim to
reduce wealth inequality, increase human and nature well-being, improve access to
resources, and support cultural practices. Multifaceted governance practices (local to
global levels) influence laws, regulations, and climate and environmental policy, impacting
local-to-national adaptation planning and mitigation action (286). Exclusive policymaking
and sustainability initiatives have policy implications in other nations/countries, often
affecting marginalized communities facing the most environmental degradation. Policy
and sustainability initiatives inclusive of multiple knowledge systems (e.g., Indigenous and
local knowledge) and multisectoral participation inform effective decision-making that
impacts natural and cultural resources. Co-management of natural resources is becoming
increasingly more complex as land stewardship and jurisdictional controls (i.e., Tribal,
state, federal, etc.), laws, and regulations are converging and changing as land is being
considered for preservation, conservation, and development (287).

Highlight 3: Indigenous and marginalized communities—often most impacted by
drivers of change in nature—offer expertise in effective stewardship and
sustainable practices to mitigate their impacts.

Indigenous Peoples and other marginalized communities are often the most threatened by
the major drivers of change in nature. These drivers affect not only the ecosystems these
communities depend on but also their cultural practices, livelihoods, and long-standing
relationships with the land and water. For thousands of years, Indigenous Peoples have
shaped and cared for landscapes through cultural, spiritual, and land-stewardship
traditions. These practices reflect a holistic and reciprocal view of nature, connecting
values, beliefs, and responsibilities with the plants, animals, and ecosystems around
them. Likewise, African American communities have out of necessity been pioneers of
sustainable agriculture, water stewardship, circular economies, and community resilience
strategies (288). Colonization severely disrupted these relationships. It restricted access
to traditional lands, damaged environments, and undermined cultural and ecological
knowledge. This history has contributed to today’s environmental vulnerabilities, as well as
to broader losses of biodiversity and ecosystem health. Many current drivers of change
intensify these harms, creating unequal impacts on Indigenous and marginalized
communities. At the same time, there is a growing recognition that Indigenous and local
stewardship practices offer sustainable and effective ways to respond to modern
environmental pressures.

Emerging Issues

New drivers of change in nature are emerging, many of which mirror earlier forces but
manifest at different scales and intensity, with the potential to rapidly transform
ecosystems. Existing drivers of change are also continually co-evolving, with the same
transformation potential. For example, the accelerating energy and water demands of data
centers and artificial intelligence infrastructure are intensifying stressors on the
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environment (289). Data center cooling systems will affect multiple drivers, including
hydromodification from surface and groundwater withdrawals and pollution as discharges
may contain per- and polyfluoroalkyl substances (PFAS) used in two-phase cooling
(289,290). Energy demands of data centers may also impact land cover; lands currently
used primarily for grazing are optimal areas for implementing utility-scale renewable
energy projects and data centers, with the potential for major changes in land use in
upcoming decades (291,292). Meanwhile, global decarbonization efforts and the transition
to cleaner and renewable energy necessitates intensive extraction of critical minerals
(293), potentially decreasing climate drivers while simultaneously increasing drivers
related to land- and ocean-use change. Increased ecological disruption and global
connectivity heighten the risks of emerging infectious diseases (180), while climate-
induced migration may intensify urban expansion, habitat loss, and ecological
fragmentation in receiving regions. Rapid human population growth from migration can
intensify resource overuse, environmental degradation, and pollution, as existing
infrastructure and governance systems may be unprepared to accommodate the
increased population pressures. Collectively, these emerging drivers, including climate
change, e-commerce, biological invasions, new contaminants, engineered nanomaterials,
microplastic pollution, and increased light and noise, pose significant threats to
biodiversity (294) and highlight the interconnected and accelerating nature of
environmental change. Rapidly changing technologies, economies, and environmental
policies make it more difficult to project trajectories of the complex suite of drivers of
change of nature.

Novel governance approaches to co-management of natural systems are emerging; these
have the potential for significant changes to how nature and the drivers of change in nature
in the US will be managed in the future. Indigenous Peoples across North America are
demonstrating innovation and creativity in confronting disproportionate climate change
impacts through the revitalization of land- and maritime-based stewardship practices
through the expansion of co-management governance (295). Cultural and prescribed
burning led by Tribes in California, Montana, and the Great Lakes region has been widely
documented as an effective strategy for reducing catastrophic wildfire risk while restoring
culturally important ecosystems (296-298). In California, the passage of Senate Bill 310
now enables Federally Recognized Tribes to conduct cultural burns through agreements
with the California Natural Resources Agency and local air districts, marking a significant
policy shift toward sovereignty (49). Along the California coast, the Chumash Tribes have
become central partners in the first designated Indigenous-led Heritage National Marine
Sanctuary, which protects 4,543 square miles of Central California’s marine ecosystems
while supporting research, education, and cultural revitalization (299). Similarly, co-
management agreements at Bears Ears National Monument in Utah and Katmai National
Park and Preserve in Alaska illuminate how federal-Tribal partnerships are transforming
conservation governance. In a landmark 2022 agreement, the Bureau of Land Management
and US Forest Service formally committed to shared management of Bears Ears with five
Federally Recognized Tribes: the Hopi, Navajo, Ute Mountain Ute, Ute Indian Tribe of the
Uintah and Ouray Reservation, and Pueblo of Zuni. This partnership advances Tribal
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authority over ancestral lands (300,301). In Alaska, Tribal co-management of marine
mammals has promoted full and equal participation of Alaska Native communities in
subsistence governance while enhancing conservation outcomes under rapid climate-
driven ecosystem change (302). Collectively, initiative such as these demonstrate that
Indigenous governance systems are not only culturally vital but also among the most
effective and adaptive responses to drivers of climate and biodiversity crises.
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