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24

OVERVIEW AND
PROSPECTS

a time of repair and restoration of the rivers of North
America?

THE VARIETY OF RIVERS

The twenty-two chapters describing individual river
basins or geographical regions are rich with detailed
information about their regions and include one-page
summaries for 218 rivers, representing most of the
largest rivers on the continent. Although the major-
ity of rivers are relatively large within their respec-
tive regions, river size exhibits wide variation across
and within chapters. In addition, river basins vary
greatly in their mean temperatures and precipitation,
the fractions of precipitation that flow into rivers, the
diversity of landscape types drained by rivers, and
their natural biological diversity.

Variation in Physical Characteristics
The major rivers of North America, the focus of this
book, typically are large rivers, whether assessed by
river order, drainage area, or discharge. Of the five
to twelve rivers described for each basin or region,
some individual rivers are substantially smaller, of
order as low as 3 (e.g., the Virgin and Bill Williams
in the Colorado basin) or 4 (the Octonagon and
AuSable of the St. Lawrence basin); their inclusion
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INTRODUCTION

This concluding chapter provides an overview of
information in the previous chapters and addresses
some of the major challenges facing rivers in the
twenty-first century. It is clear from previous chap-
ters that the rivers of North America exhibit an
almost bewildering variety of natural features and
degrees of human impact. Our initial purpose, there-
fore, is to convey a sense of their variety and status.
They differ greatly in their natural features, depend-
ing on physical, climatic, and biological factors. Few
rivers can be called pristine, and the extent and type
of human influence adds additional layers of com-
plexity and variation according to how humans have
used these rivers for water supply, power, navigation,
waste disposal, and other purposes. Thus, the ob-
served variability among rivers is ultimately a com-
bination of natural variation and changes brought
about by human activities. Both of these types of
variation differ greatly across the continent, and this
is reflected throughout the chapters.

A second purpose of this chapter is to examine
the major challenges today and into the future facing
North America’s rivers. How will the diverse pres-
sures from human society further alter North
America’s rivers? What might we anticipate about the
future challenges that rivers will experience? What
are the opportunities to make the twenty-first century
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reflects their occurrence in very arid regions or their
regional significance. In contrast, the lower main
stems of the largest rivers are of order 9 (Mackenzie,
Ohio, Missouri, St. Lawrence, Yukon, Nelson) or 10
(Mississippi). In rare instances, rivers of substantially
smaller basin size (the Moisie in Atlantic Canada)
have been considered as order 9. In spite of this wide
range, the median value for river order in this book
is generally 6 or 7, which usually represents a
medium to large river.

Another way of looking at the variety of river
sizes is that whereas the median drainage area of 
individual basins is approximately 25,000km2, basin
areas range from as small as 217km2 (the Dunk River
on Prince Edward Island) to 3,270,000km2 (the
entire Mississippi basin, about 42% of the land area
of the 48 coterminous states). A drainage area over
100,000km2 provides an arbitrary criterion for “very
large”; after excluding the lower main stems of 
the largest river systems, some 33 individual rivers
meet this criterion. However, because many basins
>100,000km2 are in arid regions, they do not neces-
sarily have the highest discharges.

Because of their spatial extent, most river systems
encompass considerable physical heterogeneity, and
this is especially true of the largest river basins. The
number of physiographic provinces through which
rivers run influences potential diversity in geology,
gradient, channel morphology, and habitat types. The
number of ecoregions not only reflects this geologi-
cal diversity, but climate and vegetation as well.
Thus, plant communities in particular should influ-
ence the amount and type of organic matter inputs
from a basin’s smallest tributaries to its main stem
(Vannote et al. 1980, Webster and Meyer 1997), and
climate influences precipitation and the fraction that
becomes runoff.

A typical river drains two ecoregions and two
physiographic provinces (median values1), but the
largest river basins encompass much more hetero-
geneity. For example, the St. Lawrence drains eight
physiographic provinces and nine ecoregions; these
numbers are four and seven for the Saskatchewan,
seven and thirteen for the Missouri, and six and eight
for the Ohio. In some cases, relatively small basins
can have high heterogeneity (e.g., five ecoregions and
five physiographic provinces for the Potomac). Basin

relief (from highest peak to river mouth) also varies
within and among rivers. The median value for basin
relief for individual rivers is approximately 1300m,
but vertical relief in some “flatland” rivers is
minimal. For example, basin relief is <120m for the
Maumee River of Ohio, the Illinois and Minnesota
rivers of the Upper Mississippi, and the St. Johns and
Satilla rivers of the southeastern Coastal Plain. In
contrast, median vertical relief for Pacific Coast rivers
of Canada and Alaska is 2628m, despite a relatively
modest average basin area of about 46,000km2, and
median relief for Mexican rivers is 3000m, with an
average basin area of about 49,000km2. Given such
wide variation in river basin relief, the variety of
habitats and ecological conditions within a river can
be expected to vary accordingly.

The rivers of North America differ greatly in 
discharge and runoff. Of the 218 rivers described,
two-thirds have a mean annual discharge exceeding
100m3/s, 15% exceed 1000m3/s, and two exceed
10,000m3/s. Mean annual discharge in m3/s is an
indication of how much water is exported by a river
basin. It is higher for rivers with large drainage areas
and wet climates (Table 24.1). The lower Mississippi
(which receives inflows from the Upper Mississippi,
the Missouri, and especially the Ohio) ranks 9th in
the world (Leopold 1994). A number of northern
river systems, including the St. Lawrence, Macken-
zie, Columbia, Yukon, and Fraser, discharge very
large quantities of water. River basins in arid climates
have markedly lower mean annual discharges. In arid
regions, the majority of rivers have discharges below
100m3/s. For an individual example, consider the
Brazos River on the Gulf Coast of the southwestern
United States and the Tennessee River in the Ohio
basin. Both have slightly over 100,000km2 in
drainage area but annual discharge of the Tennessee
is ten times higher than the more arid Brazos.

Discharge (Q) is influenced by basin area, precip-
itation (PPT), and the amount of PPT that becomes
evapotranspiration (ET), as can be observed by com-
paring rivers and regions (see Table 24.1). Table 24.1
includes the largest river for each region or basin (left
side), as well as the median values for the remaining
rivers (right side). Annual runoff (RO, cm/yr) is
another way to represent water yield (1cm/yr =
100m3 ha-1 yr-1) or the amount of water that annu-
ally runs off a unit area of basin. We estimated
annual runoff directly from monthly runoff data pro-
vided by chapter authors (see figures in one-page
summaries of each chapter). Median annual runoff
for rivers of each region is shown in Table 24.1. It
reveals the low water yields of such arid-land basins
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1 Most values reported are medians rather than averages
because of occasional extreme values, and the subset of rivers
included within a basin is not truly a random sample. Hence, all
comparisons reported here should be interpreted as broadly indica-
tive but values given are approximate.
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as the Missouri (6cm/yr), the Colorado (4cm/yr), the
Great Basin (7cm/yr), the Gulf Coast of the south-
western United States (4cm/yr), and the Nelson–
Churchill (7cm/yr). Runoff values also identify rivers
with high yields, typically draining areas of high pre-
cipitation and low evapotranspiration. The highest
runoff regions are the Pacific Coast rivers of Canada
and Alaska (90cm/yr), and the Atlantic Coast rivers
of Canada (73cm/yr). At least one river of Mexico
(Usumacinta–Grijalva), however, has an annual
runoff of at least 70cm/yr in spite of high evapo-

transpiration, having the highest annual precipitation
of any basin in North America. Several rivers of the
Pacific United States have high runoff, including the
Rogue and Eel, but the median for rivers of that
region is lower due to the inclusion of some very arid
river basins in southern California.

Another advantage of converting discharge to
runoff is that it can be compared directly to precipi-
tation (both expressed as cm/yr) to provide a rough
estimate of evapotranspiration, assuming no losses or
gains to groundwater or interbasin transfers. For all
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TABLE 24.1 Some vital statistics of the rivers of North America based on data presented in the 22 chapter
summaries. The name, basin area, and discharge are given for the largest single river of each basin or region,
which is the main stem when all rivers drain into a single basin. Median values are given for major attributes
of the rivers of each region, but main-stem rivers were excluded so that median values are not influenced by
the much higher main-stem values.

Largest River Median Values for Rivers of Region

Median
Basin Basin Basin annual Runoff/ No. 

Major Basin or Discharge Area Discharge Area relief runoff Precip of 
Region Name (m3/s) (km2) (m3/s) (km2) (m) (cm) (%) rivers

Lower Mississippi Lower Mississippi 18,400 3,270,000 98 7,773 452 44 35 9
St. Lawrence St. Lawrence 12,600 1,600,000 150 16,458 510 42 40 9
Mackenzie Mackenzie 9,020 1,743,058 404 68,134 2,605 18 45 9
Ohio Ohio 8,733 529,000 420 30,300 690 54 45 11
Columbia Columbia 7,730 724,025 225 22,667 2,353 28 58 11
Yukon Yukon 6,340 839,200 670 67,250 2,458 29 99 6
Fraser Fraser 3,972 234,000 231 13,500 2,625 36 77 8
Upper Mississippi Upper Mississippi 3,576 489,510 157 25,929 163 27 30 10
Mexico Usumacinta/ 2,678 112,150 65 47,124 3,000 10 9 10

Grijalva
Nelson Churchill Nelson/Churchill 2,480 1,093,442 164 148,900 350 7 13 6
Missouri Missouri 1,956 1,371,017 51 32,600 1,182 6 13 11
Gulf Coast SE Mobile 1,914 111,369 289 20,400 220 54 37 11

States
Pacific Canada Kuskokwim 1,900 124,319 1,214 43,149 2,562 90 100 10
Atlantic Canada Churchill 1,861 93,415 246 7,860 490 73 67 11
Arctic Thelon/Kazan 1,380 239,332 408 40,363 1,464 26 86 6
Atlantic Coast Susquehanna 1,153 71,432 361 25,707 1,358 58 55 10

NE States
Southern Plains Arkansas 1,004 414,910 68 20,230 714 23 23 11
Pacific Coast Sacramento 657 72,132 171 11,158 2,847 42 72 10

States
Colorado Colorado 550 642,000 17 24,595 2,600 4 15 11
Atlantic Coast SE Santee 434 39,500 227 25,326 372 31 31 11

States
Gulf Coast SW Brazos 249 115,566 79 46,540 720 4 5 9

States
Great Basin Bear 71 19,631 26 7,925 2,341 7 13 7
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rivers in this volume, the median annual precipita-
tion and runoff were 84 and 31cm, respectively, indi-
cating that roughly 37% of precipitation becomes
runoff, and the remainder is lost to evapotranspira-
tion (or possibly groundwater). Our estimate of
median precipitation is higher than values of 67cm
(Hornberger et al. 1998) and 76cm (Shiklomanov
1993) reported for the continent as a whole (see
Chapter 1). This might suggest that the river data
from this book are biased toward regions where
rivers are concentrated (i.e., in higher-precipitation
areas). On the other hand, the median runoff of 
31cm is similar to reported continentwide values 
of 29cm (Hornberger et al. 1998) and 34cm 
(Shiklomanov 1993).

Table 24.1 gives median estimates for the indi-
vidual (excluding main stem) rivers of runoff as a per-
centage of precipitation, where low values usually
indicate high ET. The percentage of precipitation that
becomes runoff varies greatly among rivers and
regions and is strongly dependent on both precipita-
tion and temperature. Not surprisingly, northern
rivers with their cold climates and low plant pro-
duction have very high RO/PPT ratios, approaching
100% (values for Pacific Canada likely are inflated
because precipitation data are available mainly for
the lower basins whereas runoff reflects higher pre-
cipitation in the upper basins). In comparison,
median annual precipitation for the rivers of Mexico
included in this volume is approximately 100cm, and
runoff only 10cm, indicating that many of these 
low-latitude basins are relatively wet but experience
high evapotranspiration (although at least one, the
Candelaria, loses much of its water through ground-
water seepage to the sea).

The effect of temperature on percentage runoff is
particularly clear from examination of rivers drain-
ing into the Atlantic Ocean, where mean annual 
precipitation for 32 river basins (Chapters 2, 3, and
21) falls within the relatively narrow range of 92 to
147cm. In these eastern rivers, mean air temperature
explains 72% of the variation in percentage runoff
(Fig. 24.1). In the southeast, where mean air tem-
peratures range from 15°C to 20°C, percentage
runoff is near 30%. But in eastern Canada, where
mean air temperatures are <6°C, percentage runoff is
typically >60%. The influence of low precipitation on
percentage runoff in regions of relatively high tem-
perature can be illustrated for the Gulf Coast rivers
of the southwestern United States. The westernmost
Pecos and Rio Grande have <30cm precipitation and
£1% runoff, whereas the easternmost rivers (Sabine
and Neches) have >125cm of precipitation and 16%

to 20% runoff. Of course, these estimates can be
strongly influenced by human withdrawals, which
also reduce runoff, and it is often impossible to sep-
arate this from natural evapotranspiration losses.

In addition to the annual water balance described
here, seasonal patterns of PPT versus ET and the
extent of intra- and interannual variability in both
are primary determinants of a river’s flow regime
(Poff et al. 1997; Chapter 1). Mean and seasonal 
temperatures also are important, as they affect how
much precipitation falls as snow and may be stored
until spring thaws result in a rise in runoff. The
extent of agriculture, types of crops, and reliance on
irrigation drawn from surface waters (deep ground-
water would not be part of the normal water budget)
will further affect flows, principally during the
growing season, and human withdrawals for other
purposes, including municipal use, may have notice-
able impacts.

In Chapter 1, several examples were given to illus-
trate the major factors affecting seasonal patterns of
PPT and RO (see Fig. 1.4). Similar graphs of monthly
PPT and RO presented throughout this book (with
ET inferred from the difference) provide multiple
examples that clearly distinguish the seasonal flow
signatures of different regions. For example, seasonal
runoff patterns of the southeastern Atlantic and
Eastern Gulf drainages appear largely influenced by
seasonal patterns of evapotranspiration. The north-
eastern Atlantic United States, the upper Mississippi,
and the Ohio basin also are influenced by seasonal
patterns of evapotranspiration, but in addition they
are affected to varying degrees by spring snowmelt,
depending on their latitudes and monthly air tem-
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FIGURE 24.1 Annual runoff as a percentage of precipita-
tion versus mean annual air temperature for rivers drain-
ing into the Atlantic Ocean (from Chapters 2, 3, and 21).
R2 = 0.72. This graph excludes the St. Lawrence River,
which drains a much larger area, including the Great Lakes
and their tributaries.
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peratures. On the other hand, runoff patterns of
northern rivers and those draining large western
mountains are dominated by spring snowmelt. Along
the Pacific Coast of the coterminous United States,
however, the pattern of runoff is most obviously
influenced by the distinct winter precipitation. In
contrast, the runoff in most rivers of Mexico follows
the strong pattern of summer precipitation.

Variation in Biological and 
Ecological Characteristics
The foregoing comparisons emphasize the variety 
of rivers in physical terms and landscape context, 
but what about biological and ecological variation
among rivers? Chapter accounts amply document
substantial diversity in the number of fish species
among rivers and regions. Rivers of the Ohio basin
have a reported median number of 120 fish species
per individual river basin. Similarly, the median
number of fish species in the southeastern Atlantic,
the Gulf Coast of the southeastern United States, 
the upper Mississippi, and the lower Mississippi 
all exceed 100 per river. The Tennessee River and
Mobile River each have a staggering >225 fish
species. These Midwestern and southern basins
support far more fish species per river basin than
rivers of the west or far north. For example, the
median number of native fish species reported by
individual river basin was 23 for rivers of the Colum-
bia basin, 18 for rivers of the Pacific United States,
and 10 for rivers of the Colorado basin (although the
entire basin of the Columbia and Colorado includes
considerably more native fishes than the median for
individual rivers). The Nelson–Churchill system of
southern and central Canada supports a median of
62 fish species (the extensive lake habitat of the
Nelson–Churchill likely contributes to this species
count), and the rivers of the Yukon basin support 27
species. Physiographic and habitat variation, glacial
history, and dispersal opportunities are some of the
factors that underlie this enormous zoogeographic
variation (Hocutt and Wiley 1986). In general, the
number of fish species increases with area of drainage
basin, is markedly higher in the east than the west,
and is reduced in far northern rivers relative to the
eastern United States. Mexican rivers have somewhat
fewer species per river than the eastern United States,
but they are not as well sampled. The fraction of
endemic species is very high in Mexican rivers,
however, and when scaled to account for differences
in area by country rather than river basin, the

number of Mexican fish species per km2 exceeds both
the United States and Canada (Chapter 23).

Biogeographic information for other taxa is scant.
There was insufficient information available on a
river-specific basis to describe patterns for any taxa
other than fish. Molluscan diversity (approximately
>300 species in North America; Master et al. 1998,
Abell et al. 2000) is well known to be highest in the
southeastern United States, which is globally rich in
freshwater mollusks, less diverse in the west, and
depauperate in the far north. This statement also
applies to decapod crustaceans (nearly 300 species 
in North America). However, much more work is
needed before species diversity trends can be identi-
fied for the abundant aquatic insects of rivers, which,
based on a few well-studied systems, likely include
several hundred species per river. Many studies of
aquatic insects use genus-level taxonomy, species dis-
tributions are largely unknown, and large rivers are
understudied. Certain genera, including Baetis and
Stenonema (mayflies), Hydropsyche (caddisflies),
Simulium (black flies), and Polypedilum (nonbiting
midges) are widely reported in rivers throughout this
book, indicating that species in these genera (and
others) may often be important components of the
majority of river communities.

Few rivers of order 6 and higher have received
intensive investigation of ecosystem processes, and
even description of the biota often is restricted largely
to surveys of fishes, owing to the tendency of
running-water ecologists to focus on smaller streams
that are easier to study. In addition, our interpreta-
tion of current knowledge is complicated by the vari-
able extent of anthropogenic disturbance. Relative to
their presettlement state, many rivers have elevated
turbidity and nutrients, reduced connectivity both
laterally and longitudinally, and altered water
budgets and water-residence times, and receive a
complex brew of industrial, agricultural, and phar-
maceutical chemicals.

Based on studies of ecosystem metabolism from a
modest number of North American rivers, low ratios
of gross primary production to respiration (P/R)
appear to be common in large rivers. Among the best
examples of low P/R ratios are careful studies in the
Hudson, Ogeechee, and Ohio rivers (Chapters 2, 3,
and 9, respectively). Of these three, the Ogeechee is
arguably the least altered because it is unregulated 
by dams along its entire length and has a large intact
floodplain. Given the tea-colored waters and exten-
sive floodplain of this low-gradient blackwater river,
which receives much allochthonous organic matter
from the floodplain swamp and has relatively low
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primary production in the water column, the
observed dominance of heterotrophic processes is
expected. The carbon budget of the Hudson (Table
2.1), although also providing strong evidence of het-
erotrophy, nonetheless suggests a substantial role for
autochthonous production, which perhaps was even
greater prior to a number of human impacts.

Primary production within large rivers is expected
to be limited by some combination of environmental
factors, including light, nutrients, and downstream
export of algal cells (Allan 1995). Light limitation is
frequently reported. In the lower Missouri River
(Chapter 10), reported photic depths averaged 
0.78m and mixed depth/photic depth ratios averaged
10.2. Because river water columns are well mixed
and most of the water column experiences light levels
too low to support algal growth, light limitation can
be significant. Summer primary production by river
phytoplankton for the middle and lower Ohio river
sections also showed evidence of light limitation,
although in this system large impoundments have
notable effects by lengthening water residence time,
and so phytoplankton production in river sections
slowed by impoundments likely are higher than
would otherwise be expected. The well-studied
Hudson River (Chapter 2) illustrates several ways 
in which human actions may influence observed
primary production. High turbidity due to silt result-
ing from intensive land use and reduced water resi-
dence times during summer due to human alteration
of hydrology both reduce algal production. The
introduced zebra mussel has had profound impacts,
including through its suspension-feeding, and likely
has contributed to a reduction in phytoplankton and
an increase in macrophytes.

Although nutrients may seldom be limiting in 
the rivers just mentioned, northern rivers frequently
have low background nutrient levels and therefore
respond strongly to nutrient enrichment. The Wapiti
River, a tributary of the Smokey and Peace rivers, 
has low background nutrients but receives high
point-source inputs of N and P from a pulp mill and
a municipality. Periphyton biomass below inputs
increased more than tenfold, resulting in higher
macroinvertebrate densities and increased fish condi-
tion in a bottom-up trophic cascade.

Despite the dominance of ecosystem metabolism
by heterotrophy, presumably reflecting the extent of
inputs of allochthonous carbon, autochthonous
primary production can be important to large-river
food webs (Chapter 1; Thorpe and DeLong 2002).
Some studies suggest that high system respiration
likely is due to the metabolism of allochthonous

carbon by microbes, and little of this carbon is
thought to reach the metazoan food chain. Stable
isotope and other evidence indicates that most meta-
zoan production is derived from autochthonous 
production, often phytoplankton. Thus, the river is
heterotrophic overall, with a P/R ratio well below 1,
but the metazoan food webs may be primarily
autotrophic. Reports for the Ohio River, where 
much of the work leading to this hypothesis was
done, and for the Hudson River provide supporting
evidence.

Snags and large wood play an important role in
the ecology of large rivers, creating stable substrate
for producers and invertebrates and cover for fishes
(Benke et al. 1985). Snags and backwater areas
support the most diverse and productive assemblage
of invertebrates, as the fine substrate of main chan-
nels commonly is too unstable for invertebrates. Very
high secondary production of invertebrates occurs on
snags, and, exported as drift, contributes to fish
biomass and production. Many large rivers had an
abundance of snags in their presettlement condition,
as exemplified by descriptions of the Cape Fear River
in the early 1700s (Chapter 3). Clearing of snags,
which was common in the 1800s and early 1900s,
improved river navigation and provided access for
steamboats but likely had substantial effects on
ecosystem processes. Blockage of the main channel of
the Red River in Louisiana with driftwood was so
extensive that a major effort by the U.S. government
beginning in the 1870s was undertaken to open the
river to boat traffic (Chapter 7). Detailed studies 
of snag habitat in the Satilla and Ogeechee rivers
(Chapter 3) reveal what has been minimized or lost
in many other rivers. The main channel of the
unchannelized Missouri River provides another
example, where woody habitats were shown to con-
tribute over two-thirds of total insect production
compared with mud and sand substrates and back-
waters (Chapter 10).

In summary, ecosystem processes have been
studied for only a modest number of North 
American rivers, which strongly argues for the
importance of further study. The lack of information
on ecosystem-level processes for many of the large
rivers of North America represents not only a signif-
icant frontier for further investigations but also a
serious shortage of knowledge on which to base man-
agement decisions. Because these large rivers differ in
their natural settings and extent of anthropogenic
disturbance, the comparisons and generalizations
offered here should be viewed with considerable
caution, and much remains to be learned.

24 Overview and Prospects
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FEW RIVERS ARE PRISTINE

Many rivers of North America have been affected by
human actions since at least European settlement and
some were influenced much earlier, as described for
ancient cultures in Mexico (Chapter 23). Over time
the variety and magnitude of impacts has grown dra-
matically, although we should recognize that there
have also been successes in river management. At the
beginning of the twenty-first century we cannot 
accurately describe the condition of North America’s
rivers, because presently we lack effective systems 
of national assessment and large rivers are under-
studied. We do know that many of our rivers suffer
from pollution, habitat degradation, fragmentation
by dams, colonization by nonnative species, and
more, and that climate change, water withdrawals,
the continued spread of nonnative species, and the
ongoing expansion of human activities will pose
greater threats in the future.

Chemical contamination and water quality in
rivers continue to be of major importance, reflecting
the public’s legitimate concern for drinking water and
public health, as well as the ecological consequences
of polluted waters. Although the past 30 or more
years of regulatory activities focused on improve-
ments in water quality have achieved notable suc-
cesses, many rivers struggle to overcome a legacy of
severe pollution, particularly from industrial pollu-
tion on the lower portions of rivers. This has been
especially true in high-population areas of the
Atlantic Coast rivers of the northeastern United
States (Chapter 2). Water quality of rivers such as the
Delaware, Hudson, and Connecticut have improved,
but these rivers and others still have sediments
heavily contaminated with heavy metals, PCBs, and
other chemicals.

The Delaware River in the vicinity of Philadelphia
reminds us that water-quality deterioration has a
long history (Chapter 2). Significant pollution was
reported as early as 1799; low values of dissolved
oxygen, presumably due to the decomposition of
organic waste, were reported in 1915; and dock
workers along the river during World War II report-
edly were nauseated by the stench. In the era after
World War II, new, potentially highly harmful chem-
icals were added to the brew being discharged into
rivers. The Connecticut River contains a substantial
burden of contaminants, including trace metals
(chromium, copper, lead, mercury, nickel, and zinc)
and organic compounds (chlordane, DDT, polychlo-
rinated biphenyls, and various polycyclic aromatic
hydrocarbons). Fish and shellfish advisories have

been issued in Massachusetts and Connecticut
because of high levels of polychlorinated biphenyls.
PCB contamination in the middle Hudson likewise is
responsible for restrictions on commercial and sport
fisheries and an ongoing battle over the methods 
and financial responsibilities for their removal
(Chapter 2).

Other rivers have been greatly affected by the
timber industry due to pulp mill wastes and associ-
ated factors. The Saguenay, a very large tributary of
the St. Lawrence (Chapter 21), has seen considerable
pollution from the timber industry and industrial 
pollution associated with paper manufacturing
(mercury, PCBs, and PAHs) despite its relative
remoteness, low population density, and sparse agri-
cultural activity in its watershed.

Confined animal feeding operations on an
unprecedented scale add a new dimension to chemi-
cal contamination of large rivers. The numerous
industrial hog and poultry operations located in and
near the floodplain of the Cape Fear River (Chapter
3), a region prone to hurricanes and extreme flood-
ing, illustrate the risk that river ecosystems will
receive high volumes of organic wastes.

Nutrient enrichment is widespread in most major
river systems that drain landscapes of significant
human population and disturbed land use. Heavily
agricultural rivers such as the Platte (>90% agricul-
ture, Chapter 10), the Great Miami (80% agricul-
ture, Chapter 9), and the Minnesota (>95%
agriculture, Chapter 8) typically have high concen-
trations of nutrients (phosphates and nitrates) and
pesticides. For example, the Minnesota River, as well
as other rivers of the Upper Mississippi basin, 
typically has concentrations of NO3-N and PO3-P
approaching or exceeding 3mg/L and 0.1mg/L,
respectively, each of which is substantially higher
than natural background levels (Chapter 1).
Although the impact of elevated nitrogen levels on
primary production and the resultant hypoxia within
the Gulf of Mexico is now well established (Chapter
6), the potential effect of nutrient enrichment on
large-river food webs is not well studied and may be
masked by other factors, including turbidity and
altered water residence times. However, in some
northern rivers that have experienced little distur-
bance and have very low nutrient concentrations the
effects of elevated nutrients can be very pronounced,
as in the case of the Wapiti River.

Dams and impoundments, levees, and channel-
ization have altered the physical dimensions and
dynamics of many kilometers of large rivers. Even
before the twentieth-century era of large-scale river

Few Rivers Are Pristine
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engineering, North America’s major rivers were
altered for transport. An extensive canal system was
dug in the seventeenth century to provide access and
transport of goods into the Delaware valley (Chapter
2). Broad floodplains of backwaters and wetlands
were transformed by the simultaneous activities of
narrowing and deepening the main channel, snag
removal, and drainage of adjacent bottomlands for
farming. The considerable loss of channel complex-
ity and lateral connectivity in the upper freshwater
tidal Hudson, where deepening of the channel and
filling of wetlands and backwaters resulted in a
narrow and simplified river system, is illustrated in
Fig. 2.11. In the mid-1800s, less than half a century
after Lewis and Clark ascended the Missouri, similar
channel modification processes began, followed in
the early 1900s by the construction of a system of
wooden pile dikes to create a single, self-scouring
navigation channel. Then came flood-control levees
by the mid–twentieth century, and a series of major
dams. As Chapter 10 reports, flooding historically
was essential in maintaining the natural character 
of the river–floodplain complex. Subsequent to this
chain of channel-modifying events the channelized
section of the Missouri River underwent major 
geomorphic changes, including an 8% reduction in
channel length, a 50% reduction in channel water
surface area, a 98% reduction in island area, and an

89% reduction in the number of islands (see Fig.
10.2).

Using information on size, number, and distribu-
tion of dams in main-stem rivers we have attempted
to place rivers into one of three categories: rivers with
few or no dams along main stems or on tributaries;
rivers moderately fragmented, with at least one
sizable main-stem dam; and rivers strongly frag-
mented, with multiple or large dams along the main
stem. Figure 24.2 shows the percentage of river
systems within a basin or region that were recorded in
each category. Over half of the river basins or regions
of North America and ten of thirteen basins or
regions primarily located in the United States had at
least 50% of their main rivers scored as strongly frag-
mented. Of the eight primarily Canadian basins and
regions, the Nelson–Churchill and the St. Lawrence
are highly impacted by dams, as are rivers of the
Atlantic Canada region. The remaining Canadian
basins and regions experience low dam fragmentation
overall, although this conceals some specific rivers
highly influenced by dams, including the Peace River
in the Mackenzie basin and the Nechako River in the
Fraser basin. Although the most fragmented Mexican
rivers are found in the arid north, less fragmented
rivers in the tropical south, particularly the large and
free-flowing Usumacinta, are endangered due to pro-
posed hydropower projects.
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FIGURE 24.2 The percentage of river systems within a region (based on 5 to 12 rivers, median of 10) that were
recorded as strongly fragmented, with multiple or large dams along their main stems (black bar); moderately
fragmented (gray bar); or essentially unfragmented (unshaded bar).
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The extent of dams in North America has been
well-documented by previous publications (Dynesius
and Nilsson 1994, Graf 1999), and there is a large
literature on their consequences (Ward and Stanford
1979, Hart and Poff 2002, Stanley and Doyle 2003).
The imposition of lentic conditions can eliminate
benthic species, including many freshwater mussels,
and generally promotes a shift to plankton-based
food webs. With nine main-stem reservoirs, very little
of the Tennessee River main stem remains free
flowing (Chapter 9), the density and diversity of the
main-stem mussel populations have declined dra-
matically, and gizzard shad and threadfin shad, which
are dependent on the abundant plankton in the
system, have become the principle forage fishes. The
influence of dams on any given river can vary greatly,
but alterations to the river’s natural flow regime 
are widespread. In some cases, regulation by a 
dam largely flattens the monthly hydrograph (e.g.,
Churchill Falls dam on the Churchill River,
Labrador; Hoover Dam on the Colorado River). In
many other cases, hydropower facilities cause enor-
mous hourly and daily fluctuations in discharge and
water height that are hidden by plots of mean
monthly discharge or runoff values. Perhaps the most
extreme example is on the Nelson River (Chapter
19), where dams can cause hourly summer discharge
to range between 0 and 7200m3/s. In yet other cases,
dams and diversions can reduce downstream flows to

zero for very long periods (e.g., Rio Grande, Chapter
5; Gila River, Chapter 11; Rio Conchos, Chapter 23).
By reducing the magnitude and frequency of flood
events, a large reservoir on the Peace River, a major
tributary of the Slave River, is causing the Slave River
delta to shrink (Chapter 18). Loss of wetland habitat
in the Slave River Delta and in many such wetlands
throughout North America has devastating impacts
on birds and other wildlife.

Human population density can be a useful proxy
measure of human impacts, including nutrient
loading (Cole et al. 1993). It may also serve as a very
rough proxy for land-use change and urbanization,
although the current phenomena of urban sprawl and
depopulation of agricultural areas complicate this
relationship significantly (Meyer and Turner 1994).
Although human density estimates reported in this
book may be approximate, they nonetheless reflect
very substantial regional differences. River basins in
the Atlantic states of the northeastern United States
support much higher population densities than any
others in North America (Fig. 24.3). Within the
coterminous 48 states the Missouri and Colorado
basins and river basins of the southern plains are least
densely settled. The St. Lawrence and Nelson–
Churchill basins support human populations com-
parable to less dense U.S. basins, whereas more
northern river basins have comparatively very low
populations.

Few Rivers Are Pristine
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FIGURE 24.3 Median values of human population density (people/km2) for regions and river basins. In some
instances within-basin variation varied widely; for instance, the Fraser basin has a density of 11.7/km2 for the
Fraser itself, compared to <1/km2 in most of its tributary river basins. Densities for individual Atlantic Coast
rivers of Canada show a similarly wide range of values.
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The extent of urban and agricultural land within
river basins provides another indication of human
impact. It is difficult to assess the influence of
between-basin differences in the extent of urban land,
because urban land use commonly is a low percent-
age of total area yet exerts a disproportionately large
influence both proximately and over distance (Paul
and Meyer 2001). The river basins with the greatest
percentage of urban land include Atlantic Coast
rivers of the northeastern United States, Gulf Coast
rivers of the southwestern United States, the St.
Lawrence, and the Colorado. Agricultural land use
varied considerably among basins, from near zero in
some Canadian basins to 66% of the Upper Missis-
sippi basin. Six major river basin of the United States
had over 40% of their areas in agriculture: the Lower
Mississippi, Upper Mississippi, Southern Plains,
Ohio, Missouri, and Colorado.

The combined data on dams, population, and
land use argue that all river basins of the cotermi-
nous United States experience considerable human
disturbance. However, all or nearly all of these basins
contain tributaries and river segments of very high
quality that are suitable for designation under federal
and state river protection programs. Indeed, these
data, and the insightful analyses of individual chap-
ters, clearly demonstrate the urgency and importance
of protecting least-disturbed river segments whenever
possible. Major river basins of the far north include
many that appear little changed according to the
measures reported here (which do not, however,
include mineral extraction, timber harvest, or road
and recreational development, which are significant
threats to boreal regions; Schindler 1998), offering
the potential for protection of even larger and more
intact watersheds and river systems.

Nonnative species pose another, less-visible threat
to river ecosystems, and in a number of instances the
native fauna is largely displaced, at least in terms of
biomass, energy flow, and community structure. This
is especially so in western rivers, where the number
of nonnative species can equal or exceed the total
species richness of native fishes (Fig. 24.4). Com-
monly in such situations, native species persist at
reduced abundances and in isolated locales, and often
warrant endangered species status. From the view-
point of species richness, the fish assemblage may
appear little changed in the number of native species
but be greatly augmented with nonnative species.
From the perspective of the biological community,
however, biomass and energy flow may be totally
dominated by the nonnative component (e.g., a
survey of the Colorado River in Canyonlands

National Park, Utah, by Valdez and Williams [1986],
reported 83% percent of individuals to be nonna-
tive), and so ecologically the system is even more
altered than might be inferred from consideration of
a species list.

Based on information presented in river sum-
maries, the median number of native fish species for
the 11 river basins of the Colorado system exclusive
of the main stem is 10 (Chapter 11), and a median
of 4 species are listed as endangered. Today the
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FIGURE 24.4 Native fish species and total fish species in
three river basins or regions of the western United States
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median number of all fish species for these 11 basins
is 29, and so the addition of nonnatives has roughly
tripled the species count, whereas much of the native
fauna is in need of protected status. The 10 river
basins of the Pacific Coast rivers of the United States
contain 18 native species and a total of 39 fish species
(median values). Within the Columbia system, based
on eight rivers (excluding the main stem), chapter
data indicate a median number of 23 native fishes
and a total of 38 species.

The influence of nonnative fishes may be less 
dramatic elsewhere compared to the western United
States, perhaps because high native species richness
of some regions has helped to limit invasions and
perhaps in far north river systems because fewer non-
native species are preadapted to these environments,
and there have been fewer invasion opportunities.
Nonetheless, the influence of nonnative fishes has
been profound in many other rivers. For example, 
in several rivers of the northeastern (Chapter 2; 
Connecticut, Hudson, Delaware, and Susquehanna
rivers) and southeastern United States (Chapter 3;
James River), approximately one-third of all species
are nonnatives, raising the total number of species to
>100 in many cases. Nonnatives sometimes dominate
fish collections in these rivers (e.g., Chapter 3; Cape
Fear River, North Carolina), with unknown impacts
on ecosystem function.

Finally, a changing climate driven by greenhouse
gasses is likely to have profound impacts on fresh-
water ecosystems, altering hydrologic cycles, flow
regimes, and riparian vegetation and likely facilitat-
ing range expansions and the proliferation of non-
native species. These climate-related effects are as 
yet poorly understood and so pose one of the most
important emerging threats to rivers in coming
decades.

NORTH AMERICA’S RIVERS IN 
THE TWENTY-FIRST CENTURY

During the twenty-first century the rivers of North
America will experience growing human pressures.
Water use will increase due to the growth of afflu-
ence and population, and in many areas surface-
water supplies are nearly fully appropriated (NRC
2001). Reliance on groundwater will increase, with
uncertain but serious consequences for river flows
(Postel and Richter 2003). Some areas of the western
United States are expected to exhaust their ground-
water sources during this century. Surely some 
will call for transbasin water diversions on a scale

presently unknown in North America, potentially
altering river flows and facilitating the spread of
nonnative species. Conflicts between human and
environmental needs for water are certain to increase.
Meanwhile, all of the known threats remain,
although some, such as point-source pollution, are
diminished in many areas, whereas climate change
adds a new challenge, likely to interact with other
threats in complex ways. Opportunities exist to halt
the decline in the condition of the rivers of North
America and even to improve their status. However,
those undertakings call for better knowledge to guide
management and restoration and a stronger resolve
that consumption of water resources cannot be dic-
tated by uncontrolled growth.

Climate Change
Rivers and other freshwater ecosystems will be
affected by projected climate change in multiple
direct and indirect ways, of which only the most
straightforward can be identified with high confi-
dence (Firth and Fisher 1992, Meyer et al. 1999,
Allan et al. 2005). A warmer climate will result in
greater evaporation from water surfaces and greater
transpiration by plants. However, whether rainfall
will increase or decrease in a particular region is
uncertain, and it also is difficult to predict whether
the change in PPT or ET will be greater. Thus,
increased precipitation might be accompanied by
even greater evapotranspiration, leading to reduced
runoff. General circulation models (GCMs) are not
yet able to reliably predict how precipitation and
water supplies will change at the local or regional
levels (NAST 2000), and there is still a great deal of
uncertainty in climate-change forecasts (Forest et al.
2002, Elzen and Schaeffer 2002). For example, 
Frederick and Gleick (1999) examined runoff for 18
water-resource regions of the United States using two
contrasting GCMs and found that predictions often
were in disagreement. The two models predicted the
same direction of change in runoff in only 9 of the
18 regions, and where the direction was similar often
the magnitude was not. Perhaps the greatest single
challenge in evaluating aquatic ecosystem response to
future climate change is the considerable uncertainty
regarding the local and regional responses of the
hydrologic cycle.

Despite this uncertainty, the potential for climate
change to alter total runoff and the seasonality of
flow regimes is considerable. Some seasonal shifts are
certain to take place, because warming winter tem-
peratures will cause some areas to experience more
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winter rain and episodes of rain on snow, trans-
forming predictable spring melt runoff into highly
variable winter runoff. Rivers of the far north may
be most vulnerable because they will experience dis-
proportionately greater warming, along with associ-
ated dislocations of the hydrologic cycle (Poff et al.
2001); for example, the Mackenzie basin may warm
by as much as 5°C by the middle of the century
(Chapter 18).

In addition to affecting the hydrologic cycle,
warmer temperatures are expected to result in higher
ecosystem metabolism and productivity. The biota of
rivers are dominated by cold-blooded organisms, and
these ectotherms generally increase their metabolism
with each degree increase in temperature until very
near their upper temperature tolerances. Rates gen-
erally increase by a factor of 2 to 4 with each 10°C
increase in water temperature, up to about 30°C
(Regier et al. 1990). In a review of over 1000 
estimates of macroinvertebrate production, Benke
(1993) estimated a 3% to 30% increase in biomass
turnover rates for each 1°C increase in temperature.
Thus, although there may be complex and unpre-
dictable changes in species composition, an overall
increase in system productivity is a potential response
to climate warming.

Poleward range shifts by those taxa able to dis-
perse are highly probable under warmer climate 
scenarios. Sweeney et al. (1992) estimated that a 4°C
warming would result in a 640km northward latitu-
dinal shift in thermal regimes for macroinvertebrates,
and several authors have estimated comparable dis-
tances for the range displacement of particular
species of fishes. The opportunity to disperse, and the
presence of corridors versus barriers, can be highly
variable among river basins, however. For example,
fishes in the southern Great Plains and the desert
Southwest cannot move northward because those
streams and rivers tend to run west and east. Because
summer water temperatures now approach the upper
limit for a number of fish species, just a few degrees
of warming poses serious risk of extinction for native
fishes in these regions (Chapter 7; Matthews and
Zimmerman 1990). Fishes of the far north may be
especially vulnerable, as warming will favor species
that presently are only marginally successful. Arctic
coregonids (broad whitefish, least cisco, Arctic cisco)
may be particularly at risk. Temperature also sets the
northern range limit for harmful nonnative species
such as the zebra mussel (Strayer 1991), and so a
northward range expansion seems highly probable.
Given the well-established negative impacts of non-
native species on freshwater ecosystems (Allan and

Flecker 1993), native biodiversity may be adversely
affected by such range shifts.

Rivers draining forested landscapes and with
forested riparian and headwater zones derive much
of their energy as organic matter inputs from the ter-
restrial environment (Chapter 1). Climate change is
likely to bring about shifts in terrestrial vegetation
and changes in leaf chemistry and affect the process-
ing of detritus and functioning of the microbial-
shredder food web linkage in complex ways. Altered
carbon/nitrogen ratios of the leaves likely will reduce
palatability, temperature changes will affect leaf-
processing rates, and floods may export leaf matter
before it can be processed (Rier and Tuchman 2002,
Allan et al. 2005). These interactions are complex
and potentially offsetting, making the overall impact
of climate on this important energy supply difficult
to predict.

Other Threats
Although the potential impact of a changing climate
deservedly is the focus of much current concern,
more familiar threats may prove to be of equal or
greater importance. Pollution from point and non-
point sources continues, and legacies of past con-
tamination are numerous. Rivers continue to be
fragmented by dams, which modify flow, alter water
budgets, disrupt migrating species, and interfere with
ecosystem connectivity and function. Levees and
other flood-control measures remain largely in place.
The spread of nonnative species is virtually a cer-
tainty. Although heartening examples of improve-
ments can be found and some of the most harmful
pollution practices have largely been halted, many
rivers experience a mix of stressors that include
legacy effects, long-standing threats, and newly
emerging challenges.

Water withdrawals and transfers comprise
another potential threat to rivers but are associated
with so much uncertainty they are difficult to assess.
Due to the combined influence of population and
economic growth, freshwater demand is expected 
to grow significantly during the twenty-first century
(NRC 2001). On the other hand, past projections of
demand have invariably proven to be overestimates
due to unanticipated advances in efficiency. Nonethe-
less, because surface waters are largely appropriated
in many regions, it seems highly likely that ground-
water withdrawals will increase, with uncertain
effects on hydrologic budgets and river ecosystems.
Some areas of the Great Plains and the southwestern
United States that now rely heavily on nonrenewable
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groundwater will almost assuredly desire to import
water via canals and interbasin transfers.

Examples of existing out-of-basin transfers are
described in several chapters. The Sacramento River in
northern California (Chapter 12) has approximately
50% of its flow diverted via the California Aqueduct
and Delta–Mendota Canal to meet urban and agricul-
tural water demands in the southern part of the state.
The Colorado River experiences transfers from its
headwaters via the Colorado–Big Thompson project
to provide water to Denver and other cities of the Mis-
sissippi drainage, whereas a diversion from the Lower
Colorado below Lake Havasu to Phoenix and 
California sends almost 40% of the virgin river flow
out of basin (Chapter 11). Water is siphoned off from
three reservoirs in the Delaware River headwaters as
part of the water supply of New York City and dis-
charged into the Hudson estuary (Chapter 2). A
massive diversion of water occurs from the Churchill
River in northern Manitoba in order to increase
hydroelectric generating capacity through dams in the
nearby Nelson River. Some 75% (or >700m3/s) of the
flow of the Churchill River was diverted into the
Nelson system during the 1970s, causing severe eco-
logical and social impacts on both the lower Churchill
and the lower Nelson, where hydroelectric releases
also have extreme daily fluctuations (Chapter 19).
Large diversions are a common practice in Canada,
where Dynesius and Nilsson (1994) report total out-
of-basin transfers of 4400m3/s. Based on various news
media accounts, interbasin water transfers have been
considered from the Great Lakes to surrounding
areas, between the Upper Missouri and southern trib-
utaries of the Hudson Bay drainage via the proposed
Garrison River diversion, and from the Pacific North-
west to California. Although no transfer of such mag-
nitude has yet taken place, pressure may intensify as
water shortages become more severe.

Restoration
We should aspire to make the twenty-first century a
period of restoration and repair of damaged ecosys-
tems, including rivers, for many reasons. First, we are
increasingly aware of the extent of environmental
degradation and have the capacity to make improve-
ments. Second, society increasingly values biological
diversity, the variability of nature, and the psycho-
logical and social benefits we derive from natural sur-
roundings. Third, all of us benefit from a number of
ecosystem goods and services, including clean water,
recreation, and harvestable fishes. Healthy rivers are
of direct value. Sometimes restoration will be costly,

such as in the greater Florida Everglades ecosystem,
where large sums were spent to channelize the
Kissimmee River and even larger sums are currently
being spent to restore it. This is a call to learn from
past mistakes. In other instances restoration will 
be cost effective, as with the purchase of riparian 
land to preserve water quality in the Catskill and
Delaware watersheds supplying water to New York
City (City of New York Department of Environmen-
tal Protection 2002 http://www.nyc.gov/html/dep/
html/fadplan.html), a far cheaper solution than the
alternative, building treatment plants to remove
excess sediments. This is a call to recognize the effi-
ciency of sound environmental policy.

Restoration has been defined as “returning a
system to a close approximation of its condition prior
to disturbance, with both the structure and function
of the system recreated” (NRC 1992). However, it
may not be possible to know the predisturbance con-
dition, and it may not be practical to achieve it.
Various authors and scientific working groups have
wrestled with the definition of restoration and the
setting of goals and targets (Bradshaw 1988, Palmer
et al. 1997, SER 2004 http://www.ser.org/content/
ecological_restoration_primer.asp). In our opinion,
although we should make every effort to be aware of
the historical state of the system, restoring systems to
presettlement condition will very rarely be practical.
In practice, restoration today seems to encompass
everything we might do to repair or improve an
ecosystem. Using reference sites and historical infor-
mation when available, and incorporating an under-
standing of the dynamic processes that govern rivers
and their biota are key ingredients of thoughtful
restoration practice. Recognizing the importance of
stakeholders, it may be sensible to consider a range
of options, with public input determining the desired
outcome (Hobbs and Harris 2001).

A great deal of river restoration presently takes
place under the auspices of federal, state, and local
governments, as well as by private citizens. Unfortu-
nately, we do not have very good information con-
cerning the extent and types of restoration practices
or their effectiveness, and little or no accountability
for the large sums being spent (Palmer et al. 2003).
In fairness, river restoration is a relatively new area,
and recent program initiatives such as CALFED (a
partnership of California and federal governments,
which is investing substantially in San Francisco
Bay–area restoration) are requiring external scientific
review, explicit hypotheses, and other key elements
that should help to ensure sound science and the
application of adaptive management.

North America’s Rivers in the Twenty-First Century
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The type of river restoration depends greatly on
location, prioritization of threats, and how the river
is valued. In addition, there may be several ways 
to address a particular problem. For example, in 
agricultural regions and wherever bank erosion is
serious, maintenance of a vegetated buffer zone along
river margins, which may be accompanied by plant-
ing trees, is common practice. Gabions (wire baskets
of rocks) and rip-rap (individual large stones or 
concrete blocks, even old automobiles, referred to as
“Detroit rip-rap”) are less attractive means to stabi-
lize banks. In some cases, recognizing that river 
channels naturally migrate, it may be appropriate to
do nothing at all. Clearly, identifying the problem,
understanding the fundamental processes at work,
and clarifying the desired outcome are all important
in arriving at the optimal solution.

Flow restoration is increasingly becoming an
objective of water managers, particularly those
responsible for dam releases and water withdrawals.
How much water a river needs is being reevaluated
in light of the scientific consensus that rivers (and
most ecosystems) are naturally variable and depend
upon that natural variability for full geomorphic,
hydrologic, and ecological function (Richter et al.
1997, Poff et al. 1997). River channels are shaped
largely by the interplay among slope, sediment
supply, and water supply and maintained mainly by
bankfull flood events; if human actions change one
of these variables, adjustments will occur in one of
the others. For example, regulation of the Colorado
River below Glen Canyon Dam after 1963 restricted
the supply of sediments, and in response the river cut
downward, lowering its slope. How much water is
needed for fish populations may be difficult to deter-
mine, or perhaps society has not yet agreed to include
a margin of error in its estimates. For example, in an
extreme conflict between human use (for agriculture)
and ecosystem use (for fishes), water-supply man-
agers for the Klamath lake and river system experi-
enced massive protests from farmers whose crops
were threatened, and then only months later oversaw
the largest die-off of Pacific salmon yet recorded, in
a case marked by conflicting reports of investigating
committees (Service 2003). This may indicate a need
for more and better science to guide decisions and
more documentation of successes and failures in
order to build the case-based knowledge necessary
for management of conflicts with such potentially
high costs on both sides (Poff et al. 2003).

Few examples of river restoration are reported in
the chapters of this book, and this likely can be taken

as rough evidence that few well-documented cases
can be found. This may reflect the fact that river
restoration is a new agenda. In addition, restoration
of large rivers is expensive and often encounters 
real conflicts of interest and financial constraints. In
several instances, including the Columbia, Missouri,
and Willamette, recovery and restoration plans date
from 2000 or later and are not yet implemented.
Recovery plans for anadromous fishes, including
salmon and shad, typically are based on hatcheries
and fish passage around dams and occasionally on
dam breaching, and are perhaps most frequently
cited. Examples include largely successful efforts to
restore shad to the Connecticut River and largely
unsuccessful efforts to restore salmon runs on the
Columbia River.

Flow restoration through modifications of dam
operations is at least not uncommon as a restoration
tactic, although costs of lost hydropower and other
commercial benefits pose a constant challenge to such
efforts. In some instances, including sections of the
Missouri, the Flaming Gorge Dam on the Green
River of the Colorado drainage, and the Yakima
River, which enters the only free-flowing section of
the Columbia and is where most natural salmon
reproduction occurs, biological opinion is clear, but
action has yet to be taken.

Recovery proposals recommended by the
National Research Council show that current science
can guide actions to benefit ecological services as well
as societal benefits through a combination of acquir-
ing floodplain lands, increasing main-channel habitat
complexity, and modifying reservoir water manage-
ment to restore more natural river flows (Chapter
10). However, it is unfortunately worth noting that
efforts to resolve environmental and human uses of
the Missouri River have been in political and legal
gridlock for years and continue to be in controversy
as of this writing.

If there is a lesson to be drawn from these few
restoration examples from large rivers, it may be that
the effort is at an early stage, and the extent of soci-
etal valuation of river ecosystems for their natural
values and their ecosystem services remains to be
determined.

In conclusion, whether North America’s rivers
will be in better condition at the end of the twenty-
first century than at the beginning is uncertain. But
they can be. Many rivers have improved due to a
reduction of careless resource extraction followed by
sufficient time for some natural recuperation. Addi-
tional improvement has resulted from reductions in
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point-source pollution and other targeted actions,
including habitat improvement, dam removals, and
active river restoration. Moreover, rivers have signif-
icant restorative capacity: The flow of water and
movement of sediments can cleanse pollutants, and
periodic floods can restore dynamism to river chan-
nels and allow natural processes to dominate. Some
recovery has occurred passively and some due to
sound management.

But there is discouraging news as well. At present,
some good restoration plans are struggling to be
implemented due to conflicting pressures and finan-
cial constraints. Water demand will increase with the
growth of population and affluence, climate warming
and the spread of nonnative species may pose even
greater threats over the present century, and all of 
the familiar threats associated with human activities
remain with us. We find ourselves between, on the
one hand, improved knowledge, stakeholder support,
and the capacity to manage and restore, and on the
other hand, an array of familiar and unfamiliar
threats. Although improvements in the science and
practice of river restoration clearly have much to 
contribute, they matter little unless major strides are
made to grow awareness, political will, and the poli-
cies and institutions necessary to advocate sound
river management.

In this light, the growing influence of citizen
groups and nongovernmental organizations con-
cerned with river health is of great importance. By
joining the dialogue on the future of our rivers and
contributing scientific expertise where it is appropri-
ate, whether through giving public lectures, serving
on panels, sharing scientific knowledge with river
advocates, or in any other way, scientists as individ-
uals can help to see that knowledge is used. It will be
rare (and probably should be) for decisions affecting
river health to be made by a few specialists. In the
long run, involvement of all sectors of society likely
holds the greatest promise for the future condition 
of the river ecosystems so ably discussed in this
volume.
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