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Summary
Water is life. (translation of Lakota Mni wichdni)

Inland waters, lifeblood of Earth’s continents, flow under and over land in a vast circulatory
system of springs, streams, rivers, wetlands, ponds, lakes, groundwaters, and aquifers,
driven by the sun as its beating heart. Inland waters of the US have been overdrawn,
polluted, fragmented, and subjected to extinction of native species and invasion by non-
native species. These threats will worsen with climate change and intensifying human
pressures, making clean fresh water the most limiting resource for social-ecological
systems in the US. Inland water ecosystems can partially heal if released or protected from
these four harms, but because of current and future uncertainties, long-term monitoring
programs to evaluate success and inform management or stewardship are vital.

This chapter reports status, trends, and projections for inland waters (fresh and saline) of
the contiguous United States, Alaska, Hawai‘i, and Puerto Rico. The coverage is not
complete but highlights response to environmental change of key aquatic ecosystems over
the last several decades. We conclude by presenting evidence that restoration guided by
science can recover valued ecological functions and populations of native species,
demonstrating the resilience of ecosystems when ‘living space’ is restored to nature.

Background

Inland water ecosystems are inseparable from their landscapes and hydrologic contexts
(Figure 7.1). The status of inland waters of the US is influenced by landscape connections
at all scales (see KM 7.3). Precipitation falling on a watershed flows overland and via
subsurface paths through the critical zone—the living skin of the Earth from the vegetation
canopy down through soils and weathered bedrock—ending where fresh bedrock lacks
enough porosity for water to be exchanged (1,2). The quality and quantity of water supply in
each aquatic ecosystem depend on processes and conditions throughout its entire
watershed (3) and airshed (4,5). Regional- to continental-scale habitats sustain migratory
species, such as waterfowl and anadromous salmon, as well the human communities that
depend on them (6-8). As components of Earth’s hydrologic cycle, they exchange water
with the atmosphere, biosphere, and lithosphere over global scales.
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1 Figure 7.1. Nested Scales of Landscape and Hydrologic Context for Inland Water
2  Ecosystems

Nested Scales of Landscape and Hydrologic Context for Inland
Water Ecosystems
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3
4  Nested scales of physicochemical contexts and processes structure ecology of inland
5 water ecosystems, which are inextricably linked to larger landscape and climatic

6 drivers.

7  Flowing waters sculpt all land surfaces into valleys separated by hillslopes. Surface waters
8 invalleys receive water, heat, sediments, dissolved chemicals, organic matter, and biota
9 viathe critical zones of adjacent uplands within their watersheds, whose geology,
10 vegetation, and land affect surface water quantity and quality. “Portfolios” of watersheds
11 arelinked by aerial, surface, and sub-surface flow paths, connections vital to migratory
12 species such as many salmonids and waterfowl. All these scales of inland waters are
13  nested within the global water cycle. (a) Adapted from USGS (9); (b) Aerial photograph of
14  Kvichak watershed, Alaska. Photo from EPA (10); (c) the critical zone, the skin of the Earth
15  where water is exchanged, extending vertically from the vegetation canopy down to the
16  bottom of the groundwater table, adapted from D. Rempe in Grant and Deitrich, 2017 (1).
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While covering only 4% of the land surface of the US, inland waters are home to a
disproportionate number of the Nation’s animal species and support complex webs of life
(Figure 7.2). Intact inland water ecosystems that are rich in native species and sustained by
natural landscape linkages and processes (11) can withstand and buffer against stresses
and disturbances, benefiting humans. Native freshwater organisms, however, struggle to
survive human pressures that will intensify as the climate warms (12), particularly in high-
latitude (13-16), high-elevation (17), and arid regions (18-22).

Figure 7.2. Inland Water Food Web

COPYRIGHTED MATERIAL

Permission to reproduce pending.

Inland water systems support an extraordinary richness of life.

Inland waters sustain a wealth of microbes, algae, fungi, plants, invertebrates, and
vertebrates, many of which are ecologically linked to organisms in upland, subterranean,
and often estuarine and coastal habitats. Adapted from Baxter et al. 2005 (23).

Inland water ecosystems provide essential human benefits—clean water, pollutant and
nutrient filtration, fisheries, flood mitigation, navigation, recreation, and cultural and
spiritual connections. The market value of some of these benefits has been quantified,
while others are difficult to assess or beyond price. Natural freshwater ecosystems are
ultimately irreplaceable.
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Key Message 7.1: Inland water ecosystems are in crisis—
overdrawn, polluted, fragmented, and invaded

Across much of the US, surface and groundwaters are being withdrawn for use faster than
they can be recharged (virtually certain). Many rivers, lakes, and aquifers are polluted by
excessive nutrients, toxicants, and excessive fine sediment (virtually certain). Dams,
levees, impermeable surfaces, and diversions have fragmented natural flows that sustain
river, wetland, riparian, lake, and groundwater ecosystems, worsening impacts of floods
and droughts (virtually certain). In many aquatic ecosystems, native species have been
lost, while non-native species have become established (virtually certain). All of these
harms pose grave threats to inland water ecosystems of the US.

State of Knowledge 7.1
The Growing Scarcity of Clean Fresh Water

Under prolonged, intensifying human impacts and climate change, inland waters of the US
are depleted and degraded. Urban and agricultural development have altered flow paths
linking inland surface water ecosystems to ground waters, affecting water quantity and
degrading water quality and ecological resilience (Box 7.1). In many regions of the US,
water supplies are overdrafted by agriculture (24), industry (where use has doubled since
1995 (25)), and other human uses. Drying trends are seen in 540 intermittent streams with
at least 30 years of gaging record in California, Arizona, New Mexico, Texas, Kansas, Idaho,
and southern Florida (26). Only intermittent streams in Minnesota had fewer no-flow days,
potentially because they were not frozen as long. In Utah, Arizona, California, and
Colorado, severe overdraft has permanently reduced underground storage capacity via
inelastic subsidence (collapse of subsurface spaces around sediment grains) (27-30).
Freshwater depletion shrinks and degrades aquatic ecosystems, reducing access to clean,
dependable fresh water that ultimately determines the fate of human communities. Loss of
safe, reliable water supplies disproportionately affects certain historically marginalized
human communities that rely on untreated or inadequately treated water and resources
from inland waters (7,31,32).

Box 7.1. Depletion of the Ogallala Aquifer

The vast Ogallala Aquifer sustains 25% of US crops (valued at $35 billion per year) across
eight states in the Central Plains (Figure 7.3). Between 1900 and 2008, the aquifer was
drained of 89 trillion gallons, equivalent to two-thirds the volume of Lake Erie (33). This
massive overdraft has depleted drinking water supplies for local communities (34); in many
areas, crop irrigation and domestic uses relying on the aquifer are now difficult or
impossible (35). The Ogallala sits within a larger High Plains Aquifer, where groundwater
pumping has reduced or halted flow in many rivers and caused ecosystem shifts; for
example, fish assemblages once dominated by species characteristic of larger rivers now
resemble those typical of smaller streams (36).

Do not cite, quote, or distribute. 7.6
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1 Figure 7.3. Depletion of the Ogallala Aquifer for Agricultural Use

Depletion of Groundwater for Agricultural Use
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3  Agricultural withdrawals from the Ogallala Aquifer have outpaced recharge from
4  precipitation.

5 Changes in water levels across the Ogallala Aquifer, which underlies parts of Colorado,
6 Kansas, Nebraska, New Mexico, Oklahoma, South Dakota, Texas, and Wyoming and
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countless watersheds. Withdrawals (90% for agricultural irrigation) far exceeded recharge
from rain and snow. Shown are decreasing (red and orange) and increasing (blue) water
levels between the period before the aquifer was tapped and 2015. Darker colors indicate
greater changes. Gray indicates no substantial change. Adapted from Gowda etal. 2018
and McGuire 2017 (37,38).

[END BOX 7.1 HERE]

Decades of overdraft for agriculture have drained western and midwestern aquifers, deep
underground reservoirs of often ancient water (Box 7.1). Groundwater levels have been
lowered to less than 30% of their historic averages in Colorado Plateaus aquifers, the Rio
Grande aquifer system, and the central and southern regions of the High Plains aquifer
(89). In 221 watersheds in the Colorado, Columbia, and Missouri River Basins, streamflows
have dropped over the past 35 years due to irrigation withdrawals (40). This leaves less
water to feed desert streams, springs, and oases critical to imperiled native fish and
invertebrates or to support fish, wildlife, and waterfowl that once abounded along
mainstem rivers (41-43) (Box 7.3).

Although irrigation efficiency (“crop per drop”) has increased, withdrawals for irrigation
have increased even more (40). Both factors reduce downstream water supply for nature
(44,45). In the Laramie Basin of Wyoming, for example, wetlands that persist because of
irrigation leakage contain the only remaining population of the endangered Wyoming toad
(46) and serve as major breeding areas for migrating waterfowl (47). In southwest Idaho, an
endangered hot spring snail has steadily lost habitat to irrigation pumping—interpreted as
a harbinger of a similar fate for agriculture in this region (48). Increased irrigation and
irrigation efficiency at the farm scale has reduced groundwater recharge at the watershed
scale (49).

Increasing salinization trends threaten loss of freshwater species and potable water from
many inland waters within this century (50-52). Heavily irrigated soils (e.g., in the Great
Plains or the Salinas Valley of California) often become salinized as evaporation
concentrates salts and other toxic minerals within the root zone (53-55). Along the
Southern California and Florida coasts, overpumping allows seawater intrusion into fresh
groundwater (50-52). Storm surge is salinizing fresh waters in southeastern coastal forests
and farmlands (50-52). Agricultural lime and road salt for snow and ice control salinizes
fresh waters in wetter regions of the US (56).

Naturally saline inland lakes, including Mono Lake and the Great Salt Lake, are also deficit
in freshwater supply, rendering them too salty to support even salt-specialized native
invertebrates (brine shrimp) that are essential to migrating birds (57) and also harvested
commercially. The drying shoreline of the Great Salt Lake releases dust linked to cancer,
cardiac arrhythmias, heart attacks, asthma, and bronchitis (57,58).

Even in water-rich regions of the US like the Southeast (Georgia, Alabama, Florida),
increasing demands of municipal and agricultural users have led to depletion of
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streamflow via over-tapped ground water (59-63) and interstate “water wars” (64).
Freshwater ecosystems on tropicalislands of the US are vulnerable to droughts if they have
small watersheds and little sustained reserves from groundwater supply from porous
limestone or volcanic rocks. Droughts have dried up headwater streams in Puerto Rico
(65), Hawai'i (66,67), and Guam (68), reducing habitat for fish and crustaceans (69-71) and
degrading fisheries and municipal drinking water supplies.

Only half of the 221 million acres of precolonial wetlands across the contiguous United
States (CONUS) remain today, and their loss rate from 2009 to 2019 accelerated by 50%
(72). In addition to human agriculture, development, and land conversion, drought and fire
combine to severely damage wetland ecosystems (73,74). The Everglades had shrunk to
nearly half its size by 2003 (75,76). Although the Everglades still supports diverse
invertebrates, fish, and wildlife (77-80), the whole ecosystem is increasingly threatened by
hurricanes and floods (76). Okefenokee Wildlife Refuge, the largest blackwater swamp in
North America (81), is home to more than 400 native species of vertebrates, 200 species of
birds, and 60 species of reptiles (82). The Okefenokee provides flood control, pollination
services, carbon storage (83,84) and recreation for more than 800,000 people visitors each
year. It now is threatened by increasing extreme droughts, wildfires (85,86), and changing
land uses, such as mining (86,87).

Pollution of Inland Waters

Inland waters are polluted with excessive nutrients (88), toxicants, fine sediments (89), and
heat (Figurea 7.3 and 7.4). Sewage and agricultural runoff increased nutrients in 49% of the
981 lakes surveyed across CONUS (90), leading to eutrophication-blooms of algae and
cyanobacteria in 49% of 981 lakes sampled across CONUS. Harmful algal and
cyanobacterial blooms (HABS and cyano-HABs) smother the surfaces and choke water
columns of lakes and rivers, harbor pest populations (e.g., mosquito larvae or fish
parasites) (91), supplant beneficial, nutritious algae that fuel fish-bearing food webs (Figure
7.4) (92-95). Blooms deplete dissolved oxygen, leading to fish kills and other problems.
Massive nutrient loading into ground and surface waters of 39 million acres spanning
Illinois, Indiana, lowa, Missouri, and Ohio intensified after World War Il, when midwestern
prairies were converted to intensive corn and soybean cultivation (96). Today, this corn-
soybean belt receives more than 4.5 million metric tonnes (MT) of chemical nitrogen
fertilizer and nearly a million MT of nitrogen from manure per year (97). Drainage
engineering shunts water rapidly off the land, resulting in the flow of dissolved nitrogen
down the Mississippi River, which has devastated natural ecosystems in 6,000 square
miles of the northern Gulf of Mexico (96,98,99). Excessive nitrate from midwestern
agriculture also pollutes local water supplies and endangers local human health (see
Chapter 13: Health and Well-Being).

Do not cite, quote, or distribute. 7.9
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Figure 7.4. Harmful Algal Blooms in US Inland Waters

Harmful Algal Blooms in US Inland Waters

(a) Locations of harmful algal blooms, 2015-2026 (b) Harmful algal bloom at Binder Lake, lowa

Harmful bacterial blooms occur frequently and across all inland water types in the US,
posing risks to aquatic species and human health.

Harmful algal blooms (HABs) occur with high frequency across all inland waters across the
US, causing local environmental agencies to issue warnings about potential public health
impacts. (a) Map shows HABs as reported in state advisories and other local resources
between 2015-2026. Shown are reported advisories, water-body closures, blooms, and
warnings for lakes, ponds, reservoirs, and rivers (green symbols). Because reporting is
voluntary, this map underestimates the prevalence of HABs. (b) HABs can lead to fish kills,
as shown in this photo from Binder Lake in lowa. (a) Figure original to The Nature Record;
(b) photo credit: Jennifer Graham, USGS.

With increased nutrient pollution and warming of inland water, cyanobacterial blooms are
becoming more frequent and problematic (100). Although they have been foundational for
Earth’s ecosystems for billions of years (and have oxygenated Earth’s atmosphere), some
cyanobacteria release toxins like microcystin, detected in 50% of 981 lakes sampled
across CONUS in 2022, with levels exceeding those safe for swimming in 2% of these lakes
(90). Cyanotoxins have sickened or killed livestock (100), pets (101,102), and humans (103-
105). Cyano-HABs in western Lake Erie shut down the water supply of Toledo, Ohio, for
three days (106). While toxic cyanobacteria blooms have become more prevalent, it is not
clear what specific factors trigger them to produce toxins (107). This makes it hard to
assess hazard: Some nutrient-rich lakes have high biomass of hontoxic cyanobacteria,
while other lower-nutrient lakes can produce toxic blooms (108-110).

While too much phosphorus loading pollutes inland waters (90,111) at an estimated US
cost of $4.3 billion per year (112), loss of phosphorus from land is also deeply concerning.

Do not cite, quote, or distribute. 7-10
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Earth’s supplies of phosphorus—an essential nutrient—are limited, and losses to runoff
can limit terrestrial production. Analysis of daily concentrations and fluxes in 430 rivers
across CONUS showed that while phosphorus concentrations in urban rivers generally
decreased from 1980 to 2019, concentrations in most agricultural rivers increased (112),
and the total estimated to be lost from the land in runoff increased 6.5% per decade over
the past 40 years, possibly because of increased river discharge (112).

Inland waters are also contaminated with toxicants, including petroleum products or by-
products, microplastics, pesticides (113), dioxins and other persistent organic pollutants,
and excreted pharmaceuticals near cities and concentrated animal feeding operations
(114). Endocrine disrupters from pesticides or pharmaceuticals (115) distort hormonal
balances that regulate development. Atrazine, an agricultural herbicide that feminizes
male frogs (116), has been detected in 41% of 981 lakes surveyed in 2022 across CONUS
(90). Other pharmaceutical pollutants alter crayfish behavior, aquatic insect life cycles,
and algal production (114). Ongoing releases of antibiotics (used to increase growth rates
in concentrated animal feeding operations (117) and intensive fish aquaculture (118,119))
can select for antibiotic-resistant pathogens in surface or groundwaters, potentially
contaminating water supplies used by humans as well as nearshore marine environments.

Many pollutants including pharmaceuticals, organic toxins, and heavy metals
bioaccumulate in bodies of organisms that are unable to shed or excrete them (114,120).
Some of these—such as PFAS, or “forever chemicals” (121-123); mercury; and PCBs
(polychlorinated biphenyls)—also biomagnify up food chains (124), so long-lived top
predators like large fish or osprey have chemical burdens many orders of magnitude
greater than those of their prey’s prey, or organisms lower in food webs (125). PCBs were
found in the tissue of every fish sampled by EPA scientists in 2022, supporting an estimate
that 58,747 lakes across CONUS have contaminated fish (90).

A pollutant left by car tires on roads, 6PPD-quinone, has proven highly toxic to coho and
other salmon (126). Microplastics, now pervasive in the environment and in human bodies,
are ingested by several important taxa of freshwater invertebrates. Their impacts remain
poorly understood (127-129), although they have recently been found to be more
concentrated in plaque that is associated with damaged human hearts or circulatory
systems (130). Disposal mine wastes, injected fracking compounds, and heavy-metal
drilling fluids (131,132) are contaminating groundwater, polluting human water supplies,
and potentially exterminating many microbes and endemic invertebrates before they have
even been discovered and described (133,134). Pollution can travel upslope as well;
recently discovered airborne pathways can carry pathogens and toxins like hydrogen
sulfide from contaminated fresh waters (e.g., the heavily polluted Tijuana River) to humans
hundreds of miles away (135-137).

Fine sediments unleashed by erosive land uses and intense storms allow toxic chemicals
like ammonia to build up (138), while phosphorus and toxins adhere to fine sediment
particles and are retained in riverbeds, worsening pollution (139). Excessive fine sediment
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deposits smother salmon eggs (89,140,141) and impair growth and survival of rearing
juvenile salmonids (142) as well as juveniles of freshwater mussels that live buried in
stream sediments (143,144) and many other invertebrates that nourish stream-dwelling
fishes and riparian birds (89).

Fragmentation of Inland Water Ecosystems

Human impacts—impermeable surfaces (pavement and roofs), ditches, denuded
shorelines, drainage engineering, culverts, canals, levees, and dams—fragment inland
water flow paths and habitats over a range of scales. If precipitation can sink into the
ground, water is stored in soil and fractured bedrock, replenishing aquifers and
groundwater, and is slowly released to sustain either surface waters or terrestrial
vegetation during dry periods (Figure 7.1c). Slow subsurface flow paths reduce peak flows
during floods and prolong flows during drought (145). Groundwater discharge into surface
waters during warm seasons provides critical cool refuges for coldwater species (146). In
contrast, when roofs, pavements, or other impermeable surfaces block natural hydrologic
flow paths, precipitation flows quickly into channels, generating more erosion and
producing “flashier” (more rapid, larger, but less sustained) peak flows (145,147). Overland
flows also deliver more raw pollution to waterways because they short-circuit the
purification and microbial detoxification and denitrification (conversion of nitrate to
nitrogen gas) that occurs during contact with soils (148-150). Agricultural drainage tiles,
compacted and overgrazed soils, wetland ditching, floodplain diking, and other land
modifications to reduce subsurface residence times of water also worsen the extreme
flooding and droughts projected and now observed under hydroclimatic change (151,152)
(see Ch. 10: Climate Change).

Riparian corridors along channels or lakeshores have been fragmented by extirpation or
damage of their vegetation. Wooded riparian corridors shade and cool channels (153), as
well as filter and retain sediments, nutrients, and toxicants that would otherwise pollute
surface waters. Their rooted banks, where undercut, provide excellent cover for fish and
other aquatic vertebrates, as well as perches for birds, adult dragonflies and damselflies,
spiders, lizards, amphibians, and bats that prey on aquatic insect emergence that
concentrates along shorelines (Figure 7.2) (23,154-157). In general, riparian zones harbor
more plant and animal species than adjacent aquatic or upland terrestrial habitats (158).
They also serve as migration corridors for valued birds and mammals (159). Two-thirds to
three-quarters of historic riparian forest in CONUS has been lost to agriculture, livestock
grazing, groundwater pumping, and urbanization (160). However, a survey of riparian buffer
zones for 42,363 catchments across 63 ecoregions of CONUS showed a small increase
from 1972 to 2003, possibly due to natural recovery and protection or restoration efforts
(161).

Levees block natural lateral migrations of rivers that once created and revitalized diverse
and productive floodplain habitats (162-164) and also have unintended consequences.
River floodplains and their diverse array of side channels, off-channel water bodies, and
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wetlands have supported humans for millennia, dissipating floodwaters, storing and
detoxifying groundwater, regenerating soil fertility, retaining sediments that would
otherwise fill mainstream reservoirs (165), and supporting abundant productive
populations of fish, water fowl, and other vertebrates on scenic waterscapes. But an
estimated 30% of floodplain area in CONUS and 83% of the Mississippi River’s historical
floodplain has been lost (Box 7.3) (152). Lateral habitats also matter in smaller streams. In
Puerto Rico, dams result in loss of side-channel and headwater habitats by restricting
upstream migration of native freshwater species and increasing sediment accumulation
and decreasing storage for municipal water supplies and recreation (69).

Finally, river channel networks are fragmented by tens of thousands of flow-regulating
dams (Figure 7.5). These have artificially stabilized and sometimes reversed (for summer
agriculture in the arid West) normal seasonal flow and thermal regimes to which native
organisms have adapted (166-168). Two million dams and culverts block upstream fish
movements, devastating migratory fish populations, including both Pacific and Atlantic
salmon, which historically abounded in rivers draining to both US coasts (169,170). The
great ecological harms of these dams are, happily, revealed by the amazing recovery of
river ecosystems, salmon, and other native species when dams are removed (see KM 7.3).

Figure 7.5. Fragmentation of Freshwater Systems and Flows

Fragmentation of Freshwater Systems and Flows

(a) Large and Medium Dams (b) Watersheds
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Rivers and floodplains have been fragmented by water levees and dams across the
Us.

Tens of thousands of dams fragment the rivers and streams of the United States. These
maps show (a) the distribution and abundance of almost 52,000 medium and large dams
across the US, including Hawai‘i, and (b) the major geographic regions and river systems in
the US, with total counts of dams by region. Dams shown are at least 7.6 m high with more
than 18,500 m? of storage, or at least 1.8 m high with more than 61,700 m? of storage. Large
dams (black circles) retain more than 100 million m? of water in reservoirs, while medium
dames (gray circles) store less than that. No dams meeting these criteria exist in Alaska.
Figure original to The Nature Record.

At regional scales, a portfolio of linked river, wetland, and lake ecosystems can stabilize
delivery of ecosystem goods and services, much as a diverse portfolio of stocks and bonds
can stabilize investments (171). For example, the Alaska Bristol Bay sockeye fishery as a
whole maintained stable high catches despite a precipitous drop in the number of fish
returning to one key river because this loss was offset by newly increased production from
other rivers of the region (172-174). Within rivers, salmon production from different
tributaries varies asynchronously as well, further stabilizing fish returns at the watershed
scale (175,176). If this habitat complexity (and the population diversity it supports) is
degraded (for example, by mining), Bristol Bay salmon populations will become more
vulnerable to crashes, as are salmon throughout their ranges at lower latitudes (177).

Regional- to continental-scale inland water habitats are essential for supporting other
migrations that require unbroken river corridors (e.g., alewives and river herring in Maine,
catadromous eels east of the Rocky Mountains) or adequate aquatic habitat along North
America’s four continental flyways for hundreds of bird species (including cranes, geese,
ducks, and many songbirds) that migrate annually between northern summer breeding
grounds and southern overwintering habitats (178).

Loss of Native Biota and Introduction of Non-Native Species

Human activities have caused population declines of native animals, plants, and other
species throughout inland waters of the United States, so that thousands of species are
now imperiled or extinct. Some valued native species (e.g. fishes, freshwater mussels)
have been overharvested by humans; more are being lost to habitat degradation. As
freshwater habitats are being destroyed, non-native species are being introduced, many of
which infect, outcompete, or prey on native species. As of 2023, 188 non-native species
have been introduced to the Great Lakes, and some have harmed native species by
outcompeting or preying on them or harboring pathogens (179,180). Declines in a native
deep water crustacean, Diporeia, followed invasions of Lake Michigan by non-native zebra
and quagga mussels and appear to have transformed the lake bed from a food source to a
food sink for fish and other consumers (181,182). Native inland water biota throughout
CONUS are handicapped if exotic species are better adapted to human-manipulated flow
and temperatures, as occurs in western rivers invaded by bullfrogs, warmwater fishes
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(183), and other species introduced from the Midwest. Facing non-native species
introductions, habitat degradation, and overharvesting, freshwater animals have higher
rates and risk of extinction than populations from any other terrestrial or marine
ecosystem. More than 10% of North American freshwater mussel (Unionoida) and snail
species are thought to have gone extinct globally since 1800 (184,185). Of the surviving
species, 55-72% of North American snails, freshwater mussels, and crayfishes and 33-
43% of fish, mayfly, and stonefly species from inland waters are as or more imperiled than
the spotted owl and the polar bear (186), with danger of extinction expected in coming
decades. Only 7% and 17% of North American birds and mammals, respectively, are in
similar peril (187).

Since European colonization, many populations of native invertebrates and fishes that
don’t face extinction have nevertheless increased or decreased in abundance, some more
than threefold over a few decades, particularly in developed parts of the country.
Throughout CONUS, Hawai‘i, Puerto Rico, American Samoa, and Guam, populations of
algae, vascular plants, aquatic insects, crustaceans, mollusks, worms, and fishes have
changed in abundance due to nutrient loading, non-native species introduction, dams and
hydrologic alterations, climate change, land-use change in the watershed or riparian zone,
water withdrawals, floods, droughts, pesticides, and harvest (188-192). Aquatic insects
used as indicators of high water quality (mayflies, stoneflies, caddisflies, damselflies and
dragonflies) have tended to decline (193,194). Weather surveillance radar shows that
mayfly (Hexagenia) abundance has decreased over 50% over the western Lake Erie Basin
and Upper Mississippi River (195). As larvae, these insects feed fish, and as emerging
adults, they feed birds and bats. Breeding success in spotted flycatchers and flying
performance in bank swallows were positively correlated with aquatic insect availability
because they are rich in polyunsaturated fatty acids (196,197). Amphibians are also
declining globally, including in the US (198,199). Some suffer from disappearance of
habitats, like ephemeral ponds (200,201). Other amphibians confront threats and stressors
from water, land, and air. For example, yellow-legged frogs (Rana muscosa) declined in
alpine lakes of the California Sierra Nevada due to predation from non-native golden trout
(202), airborne pesticides from lowland agriculture (203), and disease (204).

The 57 species of turtles (freshwater or terrestrial) in CONUS constitute 18% of global
turtle species. Diversity is highest in Southeast, peaking in the Mobile River Basin with
more than 18 species and 24 more in the surrounding region. Almost 40% of US turtle
species are threatened (205), mainly by habitat loss and degradation but also due to some
commercial collection for the international pet and consumption trade (206). Turtles’ long
life spans require long-term studies to adequately document declines.

Some population losses have had large economic consequences. For example, the Great
Lakes, which once supported large fisheries worth millions of dollars per year, have now
lost or are close to losing several native fish stocks (blue pike, several whitefish species,
lake sturgeon) (207,208). Collapse of coastal salmon populations have eliminated more
than 10,000 jobs that once kept more than 1,000 fishing boats in port and has cost the
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California economy over a billion dollars per year (209). Likewise, US freshwater mussels
supported fisheries for shells and pearls that were worth $10 billion (2017 dollars)
(210,211). We do not know enough about the ecological or economic consequences of
most losses and declines of native species, however, to estimate the cumulative economic
losses of their declines.

At the same time, invasive species are introduced via human activities, including boat
transfers between watersheds (212-214), releases of shipping ballast water (215,216),
aquarium releases (217-219), escapes from aquaculture (220,221), construction of canals
(222,223), and movement of contaminated recreational gear (224,225), as well as
deliberate stocking of non-native species thought to be desirable by agency scientists or
members of the public (226-228). These activities have brought hundreds of hon-native
species into US inland waters, and the numbers are increasing (180,229-233). This rate of
new species invasions is expected to continue without effective management actions
(232,234,235).

Non-native species now dominate many inland waters in the US, changing their ecological
functioning and value to people. Proliferations of non-native water hyacinth, Eurasian
water-milfoil, and hydrilla block canals, clog recreational waters, and damage fish habitats
in thousands of lakes, reservoirs, and rivers throughout the United States (236-238).
Invasion of predatory Asian swamp eels (Monopterus albus/javanensis) in Taylor Slough of
the Everglades National Park decreased the average fish and crayfish species richness by
25%; there was also a 68% decline in the small fish and decapod biomass, followed by an
80% decrease in nesting wading birds (239,240).

Introduced fishes such as Asian carp almost always outcompete native fishes for food and
habitat and carry harmful pathogens, impacting both commercial and recreational
fisheries and decreasing water quality by consuming aquatic vegetation and stirring up
sediment (241-244). The quagga mussel has transformed chemical cycles and food webs
throughout the Great Lakes, reducing growth rates and landings of lake whitefish, the
region’s most valuable commercial fish (245-248). Imported diseases such as viral
hemorrhagic septicemia and whirling disease have devastated salmonids and other
valuable fish populations throughout the country (249-251). The costs of these harms are
hard to estimate precisely but are probably in the range of billions of dollars per year—as
costly as natural hazards such as storms, wildfires, and floods (252-254).

Ecosystem Consequences of Changes in Species Distribution and Abundance

Changes in populations of inland-water species can strongly affect their ecosystems (255).
For example, after once-abundant mussels in the Kiamichi River in Oklahoma declined by
60% due to a series of droughts and poor management of an upstream reservoir, the
nitrogen and phosphorus they had formerly filtered, stored, and recycled into the food web
built up to decrease water quality in the river (256). Declines of aquatic stoneflies that feed
on tree leaves in streams slowed organic-matter decomposition, nutrient recycling, and
productivity in their streams (257). The introduction of the non-native spiny water flea
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reduced water clarity and the food supplies to sports fish in and around the Great Lakes
(258,259). Non-native bivalves (zebra and quagga mussels, the basket clam Corbicula, the
newly arrived golden mussel) and other species also clog industrial and agricultural water
systems and canals and foul ship and boat hulls, with costs estimated at tens of millions of
dollars per year in the United States (260,261).

The spread of chytrid fungi has devastated frog populations. Where their litter- and algae-
grazing tadpoles were lost, litter decomposition decreased, benthic algae bloomed, and
biogeochemical cycling and food webs shifted (262,263).

Losses of large fish species, including apex predators, are particularly concerning. Large
fish link aquatic open water and nearshore lake food webs (264,265), as well as river,
terrestrial, and marine habitats (31,175,176,266), via their movements, migrations, and
changes in foraging and habitat use over their life cycles. Overharvests of once-abundant
fishes have often altered ecosystem function (267). Migratory salmon swim marine
nutrients hundreds to thousands of miles up rivers (175,264,268). Their carcasses feed
scavenging vultures, eagles, raccoons, and bears and nourish riparian terrestrial
ecosystems (269). Restoration, management, and conservation efforts have had some
success due to advances in data, methods, and collaborations (see KM 7.3). Overall,
however, these efforts are not keeping pace with aggregate human impacts. Areas that now
support richer assemblages of native species (undeveloped areas, parks, and reserves) are
under increasing threat from direct human impacts and indirect impacts from climate and
invasive species.

Description of Evidence Base

It is virtually certain, based on multidecadal in situ and satellite groundwater monitoring
across CONUS and extensive modelling, that across much of the US, surface and
groundwaters are being withdrawn for use faster than they can be recharged. It is virtually
certain, based on multi-decadal in situ and satellite water quality monitoring across
CONUS and extensive field observations, that many rivers, lakes, and aquifers in the US are
polluted by excessive nutrients, toxicants, and excessive fine sediment—although trends
are less documented in Alaska). That dams, levees, impermeable surfaces, and diversions
have fragmented natural flows that sustain river, wetland, riparian, lake, and groundwater
ecosystems, worsening impacts of floods and droughts and disrupting species life
histories and migrations, is virtually certain based on decades of ecological field studies
and monitoring, including of major bird and fish migrations and comprehensive aerial and
ground-based observations of ecosystem impacts on inland waters. In many aquatic
ecosystems, the loss of native species and establishment of non-native species is very well
established, based on studies and observations in many aquatic ecosystems across the
US. While extinctions and non-native introductions with harmful impacts are documented
throughout CONUS, Alaska, Hawai‘i, Guam, and Puerto Rico, field monitoring and
taxonomic training have not been sufficient to detect all such changes in biogeographical
distributions.
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Key Message 7.2: With further climatic change, inland water
ecosystems and fresh water supplies will deteriorate more

As climate change continues to alter the hydrologic system in the US, inland water habitats,
native plants and animal populations, and the quality and quantity of ground- and surface-
water supplies are expected to degrade further (established but incomplete). Both inland
water systems and the human societies that depend on them are expected to experience
new diseases and abrupt changes in habitats and landscapes (virtually certain). These
changes are expected to accelerate and become increasingly difficult to reverse under
further climate change (established but incomplete).

State of Knowledge 7.2
Warming Impacts on Quantity and Quality of Inland Waters

Rain and snowfall patterns and intensity are changing over the US and will continue to do
so into the future (270) (Figure 7.6). Variable precipitation and rising temperatures are
intensifying droughts—which have been longer and hotter over the last 22 years (271),
reducing snowpack (272,273), and increasing heavy downpours (274). Observed rising
frequency of short-duration (hourly to daily) extreme rainfall events are responsible for
more than a hundred deaths per year in the US (275), as they can lead to flash floods that
occur with little warning (see Ch 10: Climate Change). Intense floods also damage
infrastructure and pollute water supplies (276,277), harming aquatic biota and public
health (278). In 2025, a flood killed more than 135 people in the Texas Hill Country, and
other deaths occurred in North Carolina, New Mexico, Virginia, and New Jersey (279).

Hydroclimatic change will not only affect the quality and quantity of water available to
sustain natural ecosystems or satisfy rising human demands, but will also shift its
seasonal delivery (163,177,280). Warming-related snow deficits in Western US mountain
rivers (272,273,281) reduce late-summer streamflow (282), which is critical to recharging
the groundwater table needed by rivers to buffer low flow and high temperatures (283-286).
This is particularly true for the western mountain regions of US and Alaska, where changes
in snowmelt delivery and loss of storage in snowpacks, glaciers, and permafrost are well
documented (53,163,177,280,282,287-293).

Effects of Climate Warming on Impacts of Pollution

Warming will exacerbate almost every factor harming inland water species and
ecosystems. Warm water holds less dissolved oxygen, stressing fish and many aquatic
invertebrates and making them more vulnerable to toxicants. Changes in streamflow and
temperature can stress riparian vegetation, reducing shading and bank stabilization of
stream channels (289). Warming also increases solubility of toxic metals and other
toxicants so these are more easily transferred into organisms and the water column from
lake sediments (294). Warming and low oxygen also releases phosphorus from sediments
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(295) so it can circulate up to the surface waters to fuel algal blooms (296). Increasing
strength of storms and winds under climate change (297) are expected to deliver more
nutrients to fuel increasing eutrophication (298,299). In agricultural watersheds, warmer,
wetter conditions and more intense storms will increase delivery of nutrients, pesticides,
and eroded soil to rivers and lakes (299). In many agricultural watersheds, most annual
nutrient flux through streams occurs during a few days with large storms (300,301). Across
climate scenarios, nutrient loading to rivers within the continental US is expected to
increase on average by nearly 20% by the end of the century, compared to historical
loading (between 1997-2005), particularly in the Northeast and the Corn Belt (298).

Warmer waters also tend to favor cyanobacteria, including toxin-producing species (302-
306). Increases in seasonal surface temperatures in western Lake Erie are associated with
a 30% increase since 1995 in the seasonal growth rate, the number of bloom days, and the
duration of the bloom season of Microcystis (93), the liver-toxic cyanobacteria that shut
down Toledo’s water supply for more than 2 days in 2014 (307).

Warming and Species Interactions
Native and Non-Native Species

As climate change proceeds, aquatic systems may be particularly vulnerable to invasion
(308,309). If environmental conditions, like higher temperatures or low current velocities,
are hospitable for non-native introduced species, long experience has shown that they are
likely to establish, and often out-perform resident native species (310). A meta-analysis of
157 non-native species and 204 native species showed that aquatic native animals were
particularly vulnerable, as many performed more poorly in warming environments than
non-native invaders (308). Non-native freshwater species overall had broader
environmental tolerances (and correspondingly larger geographical ranges) than native
species (309). Warming as well as artificial flow regulation of western rivers has greatly
disadvantaged native fishes (168) and frogs (311,312) in interactions with non-native
species from the US Midwest or Southeast. For example, native coldwater steelhead
(salmonids) are less able to compete with juveniles (313) or avoid predation from adults
(314) of the warmwater non-native piscivorous pikeminnow introduced into coastal
California rivers.

Hosts, Pathogens, and Parasites

Impacts of pathogens and parasites are increasing as inland waters of CONUS warm
(8315,316), plausibly due northward spread of parasites, pathogens, or their vectors or
intermediate hosts; weakening of host resistance; acceleration of parasite life cycles or
pathogen population growth relative to slower-growing vertebrates; increases in the
number of parasite pathogens or parasite generations per year with extended growing
seasons; and faster transmission through host populations (particularly if aquatic habitats
shrink or become more stagnant) (315). Although outcomes and mechanisms vary among
species and environmental contexts, warming leads to more adverse outcomes for animal
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hosts in a number of cases, including red sore disease in largemouth bass (317),
ectoparasitic copepods in river-breeding frogs (318), and blackspot disease in steelhead
trout (319). Chytrid infections (which are devastating amphibians worldwide) in
populations of native western river-breeding frogs may be a counter-example—an
extensive survey of specimens from Oregon through California showed that the frequency
of detected infections declined with maximum air temperature (263).

Figure 7.6. Inland Waters and Climate Change in the US

Inland Waters and Climate Change in the US

As weather variation grows more extreme PR
dams and levees will be more likely to fail, . Snow drought and premature melt will alter

and levees and impermeable surfaces will hydrographs and reduce duration of river
exacerbate damage from floods and flows during dry periods.

prolonged, hot droughts.

Warming will trigger more harmful algal
blooms in impounded reservoirs and
stock ponds.

Increased evaporation and human water extraction
will reduce ground water and river flows and lake
volumes, exposing shoreline sediments and
increasing habitats that support warm-adapted
cyanobacteria and invasive species.

===

Geographic spread and movement, feeding and
population growth rates of aquatic invertebrates
that vector diseases will increase.

Pollutants from sewage, agriculture,
and industry will be concentrated in
shrinking surface waters, reducing
water quality.

Heat, drought, and land uses that stress or
, eliminate riparian or watershed vegetation will
exacarbate erosional loading of excessive
<= nutrients and fine sediments.

~== Overdrawn groundwater will increase risk of
Native aquatic animals will suffer long-term loss of underground storage due to
more harm from pathogens inelastic collapse or salinization of subsurface

parasites, and non-native moisture reservoirs.
enemy species.

Warming will exacerbate harms already underway because of past and current human
activities.

Examples of how warming will exacerbate harms caused by past and current human
activities. Figure original to The Nature Record.

Description of Evidence Base

Predicted increases in warming and extreme hydrologic variation have become a reality,
with a robust evidence base of long-term monitoring studies at large and small spatial
scales showing impacts on water quantity and quality, including drought and flood regimes
across nearly every region in the US regardless of moisture regime. A solid base of evidence
shows that warming and reduced water supplies (due to natural or anthropogenic drought)
are negatively impacting many inland water species, particularly those adapted to colder
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habitats with high water quality. Expected future degradation from climate change is
assessed to be established but incomplete because it is not known whether valued native
species have sufficient genetic variation or developmental plasticity to adapt to new
hydroclimatic regimes; knowledge of the environmental or genetic factors that control
traits (toxicity, virulence, vulnerability) of ecological importance is far from complete. Many
observational and some experimental studies across a broad range of vertebrates and
invertebrates show cases in which warming increases the spread and virulence of
pathogens and parasites and weakens host defenses, with some exceptions. Replacement
of native plants and animals by the spread of non-natives better adapted to warmer
climates has been widely observed across the US, and there is now a robust evidence base
over geography, time, and taxonomy indicating that these adverse ecological changes,
many of them abrupt, are virtually certain to affect most inland water ecosystems in the
US. Interactive impacts of multiple stressors (toxins, salinity, heat, eutrophication,
pathogens) in the natural environment are known in a few cases, but how most will play out
in warming, dwindling inland water ecosystems remains unknown. The lack of knowledge
about whether humans will reduce their impacts and restore conditions under which native
aquatic species can adapt to increasing climate stress makes our assessment of future
degradation established but incomplete.

Key Message 7.3: Inland waters could be partially restored and
managed to increase US resilience to climate change

Inland water habitats and biota are capable of surprising recovery if released from
chronically damaging human impacts, although recovery times vary greatly among
ecosystems (well established). Measures that could, if widely applied, recover important
ecological and human benefits in inland waters of the US, and make them more resilient to
further hydroclimatic change, include: (1) controlling nutrient loading (very well
established) and supporting aquatic food webs with thriving native predators (established
but incomplete), (2) reconnecting the natural hydrologic flow paths that link inland waters
to their watersheds and connect them at regional scales (very well established), (3)
restoring natural or semi-natural seasonal hydrologic regimes (well established), (4)
building and maintaining barriers to invasive species (established but incomplete), and (5)
establishing long-term monitoring programs to evaluate success and the need for
stewardship in response to changing ecosystem states and environmental conditions
(virtually certain).

State of Knowledge 7.3
Resilience of Inland Water Ecosystems and Biota

Collapse of natural inland water ecosystems is not inevitable. If seasonally or periodically
flushed by natural or managed flows, rivers (41,320) and wetlands (11) are remarkably
resilient, as are inland water biota (321,322). Riverine taxa, particularly western species,
have behaviors (321,322) and life histories (323-325) adapted to highly variable hydrologic
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regimes. Insects with aquatic larvae that alternate with aerial adults (326) or fishes with
both marine and freshwater life history stages (327) are better able to rebuild populations
after environmental disruption or stresses have ended. Pacific salmon provide a clear
example. Because they spend part of their lives in the ocean and some returning spawners
stray into non-natal rivers, they have, over their evolution, endured volcanic eruptions and
the breakup of huge ice dams (325,328). Population variability in spawners’ return times
allow some individuals to survive unpredictable year-to-year variation in river flows
(327,328). Some turtle, amphibian, and fish species can go into quiescent states, under
lakebed or shorelines, to weather stressful months (329,330). Even species that evolved in
more stable habitats like large lakes have resistant life stages that can long endure
unfavorable environmental periods, sometimes for decades or centuries (331,332).

Vulnerability to Prolonged Stress and Habitat Loss

Despite their ability to tolerate environmental change, many inland water populations
(particularly vertebrates) can’t endure prolonged stress (e.g., from dewatered, artificially
stabilized, or seasonally mistimed flow or thermal regimes (166,167,333)), particularly
when compounded by habitat loss to pollution, diking and draining of wetlands (Figure 7.2),
loss of riparian corridors (334), or massively engineered levees (324,335), dams (336,337),
diversions, and culverts (338). The severity and decade-to-century long legacies of these
harms in the US make the natural ecosystem recoveries seen when inland waters are
relieved of these pressures all the more remarkable.

Restoring Food Webs and Water Quality of Inland Waters

Inland waters, particularly clear low-nutrient lakes, provide clear, drinkable or swimmable
water and can sustain vibrant populations of native fishes and other vertebrates of cultural
and economic value. Such lakes are maintained by restricted nutrient loading, and
sometimes periodic flushing of their waters. When such habitats are overloaded with
nutrients (from sewage or agrochemicals, destruction of wetlands and native watershed
vegetation, erosion, overdrafts of water that reduce depth and increase wind mixing—see
KM 7.1), they can be tipped into green-water (eutrophic) states (Box 7.2) (339).
Remediations have been suggested and attempted via biomanipulation: measures to
promote consumers and predators (much longer-lived than fast-growing algae and
microbes) could sustain or recover clear water states by sequestering nutrients (Box 7.2)
(94,340,341). Evidence for this “top down” control of inland water quality has been mixed
(842), however, and results in the same habitat can vary between years under different
hydroclimatic conditions. A consensus is emerging that consumers, predators, and
terrestrial wildlife of inland waters should be recovered and sustained for their own value,
but that water quality must be managed by controlling pollutants from watersheds.

Box 7.2. Recovery of Lake Washington

Lake Washington, in Washington State, is surrounded by the rapidly growing Greater Seattle
Metropolitan area where human density has increased rapidly over the last century, one of
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the most rapidly growing urban centers in the US. Water quality was heavily degraded and
characterized by nuisance blue-green algae during the early 20th century as the city was
expanding rapidly but with limited management of sewage-derived nutrients (particularly
phosphorus) (343). Nutrient management and sewage diversion out of the watershed
reduced phosphorus inputs to the lake, leading to improved water quality and reductions in
nuisance algae within a decade (Figure 7.7) (343).

At the same time, there were important changes in the lake food web. Longfin smelt
(Spirinchus thaleichthys) became established in the lake, owing to a combination of flood
control measures on the Cedar River, which flows into the lake and is spawning ground for
the smelt. The increasing population of longfin smelt predominantly preyed upon a small,
shrimp-like crustacean in the lake, Neomysis mercedis. Neomysis, in turn, is a keystone
predator on Daphnia (the water flea). Through this chain of food web interactions, the
increase in longfin smelt led to the establishment and eventual dominance of Daphnia in
the zooplankton community. Because of its high grazing rates on algae, Daphnia further
clarified the lake by reducing algae abundance, leading to increases in transparency from
two meters to over six meters.

Excellent water quality has persisted to the present because of the stability of Daphnia
grazers and continued effective nutrient management in the watershed despite an increase
of more than 30% in human density since 2000 (344). Lake Washington remains a classic
example showing that excellent water quality can be maintained by nutrient management
and aquatic food webs despite intense urbanization.

Figure 7.7. Urban Development and Lake Ecosystem Responses in the Lake
Washington Watershed

Urban Development and Lake Ecosystem Responses in
the Lake Washington Watershed
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Active human management efforts and corresponding ecosystem responses have
improved water clarity in Lake Washington.

(a) Land-cover map of Lake Washington watershed in 2021 showing intense urban
development in close proximity to the lake. The human population increased by 34%
between 2000 and 2020. (b) Long-term trends in lake water clarity (black line; measured as
the Secchi depth, i.e., the depth at which a black and white disk lowered from the water’s
surface disappears from sight), the amount of algae in the water (green bars; measured as
the chlorophyll concentration), and the abundance of efficient phytoplankton grazers in the
zooplankton community (blue bars; annual summer Daphnia densities). (a) Reprinted from
Nidzgorski and DeGasperi 2025 (344). (b) Figure original to The Nature Record; data from
Edmondson 1984 and Nidzgorski and DeGasperi 2025 (343,344) and D.E. Schindler,
unpublished.

[END BOX 7.2 HERE]

Legacy nutrients that have accumulated within watersheds and aquatic ecosystems
complicate restoration of eutrophic waters. Nutrients and pollutants that have
accumulated in soils of watersheds can leach into inland waters for decades or even
centuries, masking the benefit of reducing or curtailing new nutrient inputs (e.g., from
fertilizers) (301,345,346). Similarly, accumulation of nutrients (particularly phosphorus) in
lake sediments can delay recovery from eutrophication if these nutrients are released into
overlying waters by wind mixing or hypoxia (347). Lakes vary greatly in their legacies,
landscape context, and morphometry (ratio of lake width to depth and other aspects of
basin shape), so will differ in their rate recover from eutrophication, which may take
decades, even if introduction of anthropogenic nutrients is curtailed (348). By far the best
measure is to prevent excessive nutrient loading to lakes in the first place. But another
means would be reconnection of these waters to upland flowpaths and storage elements
that could be powerful tools for water quality management.

The role of legacy damage to inland waters or watersheds requires understanding local
landscape history and site-specific natural channel-forming processes. This research,
however, proves cost effective as it can explain or predict when active restoration
measures will fail or require sustained expensive maintenance. For example, extensive tree
planting was ineffectual for reducing stream bank erosion and retaining fine sediment and
nutrients in watersheds feeding excessive silt and phosphorus into the Chesapeake Bay
(849,350). Nutrient and sediment retention improved substantially, however, when deep
legacy sediments from 18th-19th-century upland deforestation and long-vanished early
American mill ponds were removed (349,351-353). Within a few years of unburial, historic
freshwater marshes (critical habitat for the severely endangered Muhlenberg turtle)
reformed via connection to long-buried groundwater springs (353,354).
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Reconnecting Formerly Fragmented Inland Waters

While conspicuous dams, diversions, and levees fragment formerly connected inland
water networks, pavements, roofs, and other impermeable surfaces are even more
ubiquitous agents of this harm. Lack of recognition of vital linkages of surface to
subsurface waters has long hindered water management, particularly in the arid west
(355,356). Reconnecting precipitation to subsurface storage and slow release would
improve ecological and societal resilience through current and anticipated drought and
deluge events. Prolonged water contact with the soils and weathered bedrock also reduces
nutrient and toxicant pollution. For example, small (1.6 ft deep, 17 ft diameter) soil-filled
bioretention cells, built to detain water in traffic calming circles, reduced concentrations of
6PPD-quinone (the toxin from car tires so lethal to salmonids) by ten-fold in urban road
runoff (150).

These benefits play out on larger scales in floodplains recovered by levee setbacks,
removals, or creative design—it was long ago pointed out that if low structures need to stay
in floodplains and survive inundation, they can be encircled by ring levees (357). Such
approaches create or conserve wetlands for denitrification (converting nitrate to harmless
atmospheric nitrogen gas) (358) and for enhancing natural landscapes, fisheries, wildlife,
and waterfowl populations. Wetlands generating these benefits can “time share” with
certain land uses (farming, grazing) that reap the soil fertility and plant production of
wetlands for farming or grazing during low flows, or employ them as methods to enhance
“conjunctive” water storage or reroute floods. For example, the Yolo Bypass, a floodplain
created to divert floodwaters around Sacramento, California, significantly enhances the
growth of outmigrating juvenile salmon and therefore their chances of returning from the
sea (359,360).

Mosquito production is a potential concern in wetland restoration. In Indiana (361),
however, mosquito populations or complaints about bites dropped after wetland
restoration, possibly because healthy wetlands support abundant mosquito predators
(e.g., odonates, fish, amphibians), whereas puddles that remain after wetlands are drained
can produce more of these short-lived pests and vectors. If habitats are sufficiently
inundated, predators control disease-vectoring mosquitoes by both eating them and
inhibiting their larval feeding so that smaller, weaker, less fecund adults emerge—this is
possibly a factor for why mosquito-transmitted West Nile cases increase during drought
(862). An international meta-analysis advised that reconstructed wetlands should be
carefully managed when necessary to favor predators over mosquitos (363).

New or recovered floodplains quickly attract and sustain abundant populations—for
example, of migratory birds in the Mississippi River Basin (Box 7.3) (164) and the recovered
Cosumnes River floodplain in California (41,364,365) and of salmonids in the Yolo
floodplain (360,366)—while recharging groundwater, dissipating flood waters, and
enhancing soil and water quality (366).
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Finally, rapid ecological recovery and benefits have followed the more than 2,025 dam
removals that occurred across CONUS from 1912-2022 (367). Only a few years after
removal of dams on the Elwha River in Washington state, riparian and river habitats had
recovered natural features and thriving runs of native salmonids (368-371). Similarly, within
one to two years of the removal of four major dams on the Klamath River in Oregon and
California, thousands of Chinook salmon are accessing newly reopened habitat—some
reaching more than 360 river miles from the ocean into the Upper Klamath Basin for the
first time in over a century (372). Dam removals from the Penobscot River of Maine were
followed within a year by the restoration of hundreds of thousands, then millions of
migratory river herring (373), a key forage fish for the largest run of Atlantic salmon left in
the US as well as four commercially important ground fish that gather at river mouths in the
Gulf of Maine to prey on them (374,375). Endangered shortnose sturgeon reached habitat
in the Penobscot River that had been blocked by dams for more than a century (376).

Restoring Natural Flow Regimes

Humans have frequently imposed unnatural flow regimes on rivers that devastate native
organisms and populations, but some harms have been alleviated with relatively minor
adjustments to flows, where crucial bottlenecks in the life histories of species needing
particular conservation protection are known. Mussel larvae in Kentucky (377) and eggs
and tadpoles of native frogs in California (333) were wiped out by large flow releases from
dams at times of year when flows in unregulated rivers were normally low. Adjustments of
the timing of flow releases promote persistence of such species (333). Reinstating key
elements of natural seasonal flow regimes (286) that sustain native populations and
natural ecosystem functions sometimes necessitate only small additional releases of
water. In the Eel, a California river under Mediterranean seasonality, only one bed-scouring
flood per year is needed to rejuvenate salmon-supporting early summer food webs (320)
and greatly reduce invasive bullfrog tadpoles. In Putah Creek in Northern California,
dominance by native fishes was reestablished and expanded spatially by pulsed reservoir
releases and elevated flows at biologically important times of year, with only a small
increase in water delivery required (168). Attention to flows appropriate for key life history
events of other taxa has supported regeneration of native riparian trees (167,378,379).

Box 7.3. The Mississippi River

The Mississippi River has been heavily engineered for shipping and polluted by agriculture.
Most of the Mississippi watershed is under intensive agriculture and receives hundreds of
millions of pounds, annually, of herbicides (380) and of pesticides (381), and more than 2
billion pounds of commercial nitrogen fertilizers (Figure 7.8) (382). Only one tributary of the
Upper Mississippi River—the 44,000 km? Minnesota River—retains sufficient natural area in
its 44,000 km? watershed to assess how wetland cover influences nitrogen retention within
intensively managed agricultural watersheds (358). Analyses of these sub-basins suggest
that 5-10% cover of wetland in a watershed can reduce nitrate (NO3) runoff to the
Mississippi River by about 50% (358,383), a finding supported by subsequent studies,
including some at large scales (384). These studies suggest that a surprisingly small
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reallocation of farmlands to wetlands at critical landscape locations could alleviate a large
portion of the pollution problem, while also providing other benefits such as decreased
stream erosion and increased fish, wildlife, and waterfowl habitat.

Figure 7.8. The Mississippi River Drainage Network
The Mississippi River Drainage Network

(a) Agriculture in the Mississippi River Basin

ety SRl COPYRIGHTED MATERIAL

“ o Permission to reproduce pending.

o
.
- . P
 Ethanol plant o B P North Carofina
) ‘Mexico
Com Belt «Oklahoma Arkansas o~
Dead zone o | ¢
- /

Total nitrogen used on crops o Alabama  Georgia

rams @ kiomeatre per year

) Less than 10 Texas A
_1101010 Lovsithe_ "~ -~
110010500

-} 50010 1000
0 More than 1000
Sources: M

Agriculture along the Mississippi River adds nitrogen resulting in oxygen-poor waters
downstream, but increasing wetland cover can reduce nitrate levels.

The 2,340 mile long Mississippi River drains 1.25 million square miles and 41% of the area
and 31 of the 48 states in the contiguous US, including a vast area of agricultural land. (a)
The Mississippi River drainage system encompasses nearly all of the US corn belt (red
outline). Intensive agricultural production is supported by the addition of nitrogen, at levels
ranging from less than 10 kilograms per square kilometer per year (kg/km? per year; green
shading) to more than 1,000 kg/km? per year (red shading). Accumulation of nitrogen in
surface waters has created a “dead zone” of oxygen-poor waters at the mouth of the
Mississippi (see Ch. 6: Marine Ecosystems). (b) Increasing the proportion of the watershed
comprised of wetlands can reduce nitrate levels in receiving waters (permission pending).
(a) Cartographer: Riccardo Pravettoni, UNEP/GRID-
Arendal;https://www.grida.no/resources/6227.

Restoration of Mississippi wetlands also shows the surprising resilience of its natural
floodplain ecosystems. Until the late 19th and early 20th centuries, wetlands and their off-
mainstem water bodies along the Mississippi were clearwater, scenic habitats that
supported more than 120 fish species, huge numbers (and rich harvests) of diverse
waterfowl, furbearing mammals, turtles, fishes, and mussels. Levee construction reduced
the seasonally inundated floodplain along the Mississippi by about 90% (27.2 million acres
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out of 30.5 million acres of floodplain) (385). But The Nature Conservancy’s Emiquon
Reserve—a large floodplain restoration along the Illinois River near its confluence that is
now approaching its 20th year—shows that both nutrient retention capacity and the rich
biota of central Mississippi wetlands and floodplains have surprising resilience (Figure 7.9).

Six hundred generations of Native American tribes, including the Peoria, Potawatomi,
Kickapoo, Sauk and Fox, and Myaamia, trace some of their history to this region. After they
were displaced, European-American settlers fished and hunted the forested and grassed
floodplains as a commons (386). Floodplains, forests, fish, birds, and wildlife disappeared
after wetlands were privatized; floodplain lakes were ditched, drained, and converted to
corn production; and the Mississippi was engineered for navigation. In 1924, two floodplain
lakes had been disconnected from the Illinois River near its confluence with the Mississippi
and reduced to ditches in agricultural farmlands. In 2007, the restoration project led by The
Nature Conservancy reconnected these lakes to the mainstem, carefully engineering and
monitoring sediment and water delivery from the river. This restored 11 square miles (more
than 6,000 acres) of former floodplain lakes and wetlands where hundreds of thousands of
migratory birds and populations of 30 native fish species now thrives (41,365). The
recovered floodplain enriches the lives of approximately 20,000 visitors annually and is
blessed each year by descendants of tribes who once lived there.

Figure 7.9. Restoration of the Emiquon Preserve in the Illinois River Valley

Restoration of the Emiquon Preserve in the Illinois River Valley

A restoration project along the Illinois River demonstrates the resilience of wetlands
and floodplains.

The Emiquon floodplain was restored from agricultural production to an ecological
preserve. In both panels, the Illinois River is at the right, with upstream at the top. The

Do not cite, quote, or distribute. 798



ONO Ok, WN-=-

—_
N = O ©

13

14

15
16
17
18
19
20
21
22
23
24
25
26
27

28
29
30
31

Review Draft The Nature Record Ch. 7: Inland Waters

distance across the floodplain, from the tree-lined bluff at the left to the eastern bluff, is 3.4
miles (5.5 km). The river is 600 feet (183 m) wide. (left) The Emiquon Floodplain Preserve in
June 2006, while it was still being farmed (note the white farm buildings in the upper left).
Some water had begun to collect in Thompson Lake. (right) The restored floodplain (which
is greater than 6,000 acres, or 2,400 ha) in June 2010. The farm buildings were replaced
with a visitors’ kiosk, paths, parking, and a launching ramp. Flag Lake is immediately left of
the channel, covered with submergent and emergent vegetation. Thompson Lake is deeper,
mostly open water, with fringing wetland vegetation. (left) Google Earth (June 2, 2006).
Emiquon Preserve. 40°271'03"N 90°05'05"W, USDA/FPAC/GEQ. https://earth.google.com/
[Accessed February 11, 2026]. (right) Google Earth (June 23, 2010). Emiquon Preserve.
40°21'03"N 90°05'05"W, USDA/FPAC/GEOQ. https://earth.google.com/ [Accessed February
11, 2026].

[END BOX 7.3 HERE]
Opportunities to Manage Non-Native Species

Reconnecting formerly isolated habitats may unleash invasions by non-native species
(387), but there are preventative measures. For example, a 60-year record suggested that
ballast controls have been effective against invasion by non-native species to the Great
Lakes. The opening of the St. Lawrence Seaway in 1959 allowed ocean-going ships to come
into the Great Lakes. The ballast water of these ships brought in many non-native species
(Figure 7.10). In the 1980s, several species with especially large economic and ecological
effects appeared (e.g., zebra and quagga mussels, round goby), and the states and
provinces around the Great Lakes decided that they could no longer tolerate such high
rates of invasion into the valuable Great Lakes ecosystems. Beginning about 1989, they
imposed a series of regulations that stopped ships entering the Great Lakes from releasing
untreated ballast water. In response, shipping-related invasions dropped almost to zero
(Figure 7.10) (216), even though large numbers of ships continued to come into the Great
Lakes.

Invaders arriving via the pet and horticulture trade, aquaculture, canals, and recreation
could be stopped by other means (388). These measures would obviate post-
establishment control programs with higher economic and ecological costs and lower
chances of success (389).
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Figure 7.10. Preventing Great Lakes Invasions

Preventing Great Lakes Invasions
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Ballast controls reduce the arrival rate of non-native species in the Great Lakes.

Strong ballast-water controls imposed by the Great Lakes states and provinces between
1989 and 2005 (red bar) effectively curtailed shipping-related invasions into the Great
Lakes. The “what could have happened” line (dashed line) is a conservative linear
extrapolation of the observed data (black line), which was increasing exponentially until the
introduction of these controls. The difference between the two lines suggests that at least
dozens of new invasions were prevented between 1995 and 2017 and continue to be
prevented. Adapted from Strayer 2024 (187).

Long-Term Monitoring Is Essential

Monitoring before and after projects (or other changes to environments) is crucially
important but usually insufficient or not done at all (390). It is very challenging to match
observation schedules to timelines of ecologically significant changes, which can be faster
(e.g. non-native species introductions, toxic spills) or slower (release of legacy pollutants
from watersheds) than monitoring observations (391). Over the last few decades, however,
several US agencies have developed and maintained invaluable multidecadal monitoring
programs, recording time series that document trends in quantity and quality of inland
waters: these programs include the United States Geological Survey’s Stream Gaging
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Network that tracks changes in US streamflow (26,392), the Environmental Protection
Agency’s National Aquatic Resource Surveys (393), and two of its programs: the National
Lakes Assessment (90), which tracks trends in lake water quality and harmful algal blooms,
and the National Rivers and Streams Assessments (138). The National Atmospheric
Deposition/National Trends Network documented significant reductions in acid rain and its
precursors from 1986 to 2016 (394), which had previously devastated freshwater biota of
lakes of the US Northeast (395). These programs have shown that over the last century,
some water quality and quantity problems have worsened, while others have improved. For
example, over 50 years after passage of the Clean Water Act, reduction of domestic and
industrial point source pollution, and phasing out of leaded gasoline, water quality in many
rivers and streams in the US has improved, with decreases in fecal bacteria (which
continued to decrease from the 1980s to 2015) (396) and lead in the Nation’s waters from
1974 to 1981 (although salt, nitrate, chloride, cadmium, and arsenic have increased)
(52,397). Rivers no longer catch on fire as some did prior to regulation (398), and local
“dead zones” below sewage treatment facilities have recovered (125). The National
Atmospheric Deposition Program National Trends Network has documented some
improvements in acid precipitation, particularly in the northeastern US from 1985 to 2002
(899). These trends show that if the political will exists to improve water quality, it can be
done.

Description of Evidence Base

Many native aquatic species are resilient and can recover rapidly, particularly in rivers, after
inland waters are degraded. In the Pacific Northwest, California, Maine, and Illinois, large-
scale habitat recovery following levee breaches or dam removals on major rivers, or
setbacks that allow floodplain recovery, have allowed surprisingly rapid recovery of
populations of valued migratory aquatic vertebrates (salmonids, alewives, waterfowl) as
well as resident species. Thriving ecosystems have persisted for 20 years since a large
floodplain was restored in Illinois. This resilience of inland water ecosystems and species,
when released from harmful human impacts or engineered constraints, is well established.
However, determining whether recoveries are proceeding as intended under changing
environmental conditions would require more examples, on meaningful ecological scales,
that are monitored both before and after intervention.

Recovery of inland water systems via controlling nutrient loading is very well established
based on long-term recovery of a number of well-studied lakes across the US, including
multi-decadal intensive study and monitoring of large urban lakes (343,344). However,
certain inland waters eutrophied by legacy nutrients may require more time or different
measures (349-353) for recovery than frequently flushed ecosystems. For example,
nutrients in deep lake sediments (301,345,346) or in watershed soils (300,400) may remain
problematic long after contemporary sources of pollution have been controlled.
Furthermore, pollutants can be resuspended by wind-driven stirring or borne in via erosion
during rain events, prolonging their negative impacts.
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Manipulation of fish and other consumers in the food chain as a successful approach to
recovery, by suppressing algal populations, is assessed to be established but incomplete
because these efforts have met with mixed results over decades. While food-web
responses are always context-dependent, measures that reduce invertebrate-feeding fish
achieve the most consistent benefits for water quality.

Reconnecting natural water flow paths is very well established as a successful recovery
strategy, based on experimental results at small scales (e.g., within urban environments)—
where slowing the paths of precipitation to surface waters by increasing permeability of
Earth’s surface reduces flooding and contaminant transport—and on large-scale
restoration projects (e.g., of wetlands along major river corridors) that demonstrate
benefits for migrating fish and waterfowl populations throughout the US
(41,164,359,360,364,365). Harmful impacts of non-native species on native species are
exacerbated under unnatural environmental conditions (of flow, temperature, or water
chemistry (333), and several long-term field studies have shown that native species will
recover where key components of natural environmental regimes are restored (168). Also,
some large-scale measures to reduce non-native species introductions have curtailed their
spread, though there are a limited number of examples of long-term control over large
ecosystem scales (187,216).

Overall trends and feedbacks in improvement or degradation of inland waters and their
biota under changing environments will play out over decades, sometimes with long lags
between actions and consequences. Based on multi-decadal monitoring programs across
allinland water types and across the US, it is virtually certain that monitoring programs
provide vital support for forecasting responses of inland water ecosystems to change and
informing management options (11,394,401).

Major Uncertainties and Research Gaps

The social and ecological benefits restored by large-scale, well-documented cases
encourage the expansion of passive restoration (such as removal of engineering control
structures and reallocation of water during critical periods) of other inland water
landscapes. For restorations of heavily modified systems near critical human
infrastructure, some active management (e.g. flow or sediment regulation structures) may
be needed, with careful real-time monitoring to assess impacts of management decisions.
Outcomes remain contingent, however, on site-dependent legacies (natural and human-
caused) and on future climate impacts.

Environmental Justice and Equity Highlights

Native American Tribes have led or been key players in dam removals on major rivers
including the Klamath and the Penobscot, Ottaway, and Elwha rivers (402-405). Removal of
smaller water diversions throughout the US has restored access for local indigenous
populations to fishing and shell fishing, key elements of their cultural heritage (406,407).
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Water systems serving communities with more Black and Latino residents have higher
concentrations of harmful PFAS and are nearer sources (like airports, military bases,
landfills) of these "forever chemicals" (408). Negative impacts of climate change on Native
Alaskans (409,410) include thermakarst melt that endangers homes, livelihoods, and lives
of Native Alaskans, and are now widely recognized as mediated through large-scale
degradation or destruction of freshwater resources and ecosystems.

Emerging Issues

Understanding the critical zone (1), the skin of the Earth where water is exchanged, from
the vegetation canopy down to the bottom of the groundwater table, must advance to
support better management of extreme variability in precipitation (drought vs deluge) that
has begun under warming and will worsen.

Below are some key questions that remain to be answered:

How do interactions of geology, topography, vegetation, soils and microbiomes, and land
use affect the storage, chemical evolution, and release regimes of ground to surface water,
and how will these interactions evolve under different future scenarios? Practical
applications require that we understand how long (temporally and spatially) subsurface
waters must reside and travel to recover the quality and quantity required for natural
ecosystems and vital human uses.

How do cocktails of toxicants and other solutes interact and evolve in open environments
(for example under exposure to UV). What are their impacts on organisms over time and
space?

What causes or triggers toxicity in cyanobacteria of inland waters?

What are the bottlenecks and opportunities that confront inland water species through
their life histories (particularly for migratory fishes, birds, crustacea)? Site-based, spatially
explicit knowledge is required for recovery.

How much genetic diversity or developmental plasticity remains in native populations and
how much environmental change can organisms and populations tolerate? Should
assisted migration or species replacements be considered?

What is the appropriate role, if any, for gene editing or synthetic biology in recovery,
conservation, and management of inland waters? Will planning, regulation, and
management of synthetic organisms that are released into the wild be sufficient to prevent
or contain damages (411) like, or worse than, those caused by non-native species?
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