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Abstract. Fresh waters are central to society and to the environment. Nevertheless,

ongoing and projected changes in the distribution, abundance, and quality of water resources

and freshwater ecosystems represent a serious threat to the integrity of the environment as

well as the vitality of human cultures. Nearly every country in the world experiences regular

water shortages, agriculture uses most of the world’s available fresh water, and most illnesses

in developing countries result from waterborne parasites and pathogens. Unfortunately,

often hidden in these and other depressing statistics are the needs of the environment for

adequate water to maintain vibrant ecosystems. Understanding the abilities and limits of

freshwater ecosystems to respond to human-generated pressures is becoming a central issue

for cultures and a challenge for science. This article explores trends in alterations to fresh-
water ecosystems, discusses the ecological consequences of biophysical alterations expected

to occur in the next 20–30 years, and identifies some of the major scientific challenges and

opportunities to effectively address the changes. Topics discussed include altered hydro-
logical regimes, biogeochemical cycles, altered land use, riparian management, life history

strategies, and relations between climate change and water resource management.
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INTRODUCTION


Freshwater ecosystems, touching nearly all aspects


of the natural environment and human culture, act as


integrators and centers of organization within the land-

scape. Their roles in providing natural resources, such


as fish and clean water, are well known, as are their


roles in providing transportation, energy, waste assim-

ilation, and recreation. Unfortunately, human societies


have exploited the natural benefits provided by fresh


waters for centuries without understanding how these


systems maintain their vitality (Gleick 1993, Naiman


et al. 1995). Today, with ever increasing demands being


made on fresh waters by an exponentially increasing


human population, a basic understanding of the trends


in resource use, the ecological consequences of mul-

tiple system alterations, and the identification of major


research challenges is essential for formulating sound


management and policy decisions (NRC 1998, Postel


1998).


In addition, changes to land cover and use, and how


societies view the land and its resources, can no longer


be divorced from aquatic systems (Naiman et al. 1998a,


b, Dale et al. 2000). Indeed there are strong and inti-

mate links between terrestrial and aquatic systems that


shape the character and productivity of the environment
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over multiple spatial and temporal scales. Alterations


to disturbance regimes and spatial patterning associated


with the terrestrial landscape have important, long-term


consequences for aquatic ecosystems.


The objectives of this article are threefold. First, we


examine status and trends in significant categories of


change that ultimately affect freshwater ecosystems.


Second, we discuss the ecological consequences of


changes expected to occur in the next two to three


decades. Finally, we identify several of the major sci-

entific challenges and opportunities for effectively ad-

dressing the expected changes. This latter objective, by


necessity, links climate, land, and fresh water.


STATUS AND TRENDS


There are five major categories of change affecting


freshwater ecosystems (Naiman et al. 1995, 1998b).


These are human demography, resource use (especially


as it affects environmental quality), patterns of water


consumption, technology development, and social or-

ganization. Collectively, these result in one or more of


the following types of changes: physical restructuring


of aquatic ecosystems, introduction of exotic species,


discharge of toxic substances, or overharvesting of re-

sources (Rapport and Whitford 1999).


Human demography.—Projected changes in the


world’s population are well known (Turner et al. 1990,


Cohen 1995). The world’s population likely will likely
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FIG. 1. Projected average annual rate of natural increase in population (increase per 1000 population) for the United

States, by state, between 1995 and the year 2025. Population change reflects births minus deaths plus net migration. (Data

are from the U.S. Department of Commerce, Bureau of Census, Population Division [PPL-47], 1997.)


increase by ;50% in the next 50 years or so, ;90%


of the increase will be in developing countries, and as


much as 60% of the population may reside in urban


centers (WRI 1997).


In the United States, the pattern of population growth


continues to be stronger in most of the western and


southern states, while the national population is ex-

pected to increase by 27% from 275 million in the year


2000 to 350 million by year 2030 (U.S. Department of


Commerce 1997). All states will have more people but


in some states the increases will be significant (Fig. 1).


California, Texas, and Florida will gain .6 million


persons, while 12 states (all in the West with one ex-

ception) will experience .4% increase in population


size. Thus, although the per capita rate of population


growth in the United States is relatively low, the num-

ber of individuals to be added to the population in


coming decades is substantial. All but one of these


states already experience severe water-based environ-

mental challenges.


Resource use.—The distribution of major land uses


in the United States reflects a complex pattern of his-

torical conversion of native lands, especially forests


and grasslands, to human-dominated lands (Turner et


al. 1998, Dale et al. 2000). The area occupied by forests


continues to decline even though large-scale conver-

sion to agriculture has diminished. This continued de-

cline in forests may be attributed to urban and suburban


expansion. Nevertheless, resource use resulting in land


use change represents an enormous uncontrolled ex-

periment in the ways habitat changes influence the


movement of water, nutrients, and sediments from land


to fresh waters.


Today ,5% of the original forests remains in the


lower 48 states, croplands now occupy ;16% of the


land base, nearly 50% of the wetlands and 70% of the


riparian forests have been converted to other uses, near-

ly half the land is cultivated or grazed by livestock,


and ;3% of the land is in urban settings (Turner et al.


1998). Although the percentage of area in urban setting


seems low, urban centers have disproportionate impacts


on the environment. Overall, changes in drainage and


erosion accompanying all forms of land use changes


have had, and will continue to have, substantial effects


on freshwater ecosystems (NRC 1992, 1998, Naiman


et al. 1995).


Changes to freshwater resources have been equally


severe. The Nationwide Rivers Inventory estimates a


total of 5.23106 km of streams in the contiguous United


States, but only 2% (,10 000 km) have sufficiently


high-quality features to be considered relatively natural


rivers and thus worthy of federal protection (Benke


1990). In North America (north of Mexico), in Europe,


and in the republics of the former Soviet Union, 77%
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FIG. 2. Conceptual diagram showing interrelationship and

feedbacks
between
environmental
state (or
condition), public

perception
and
understanding,
formulation of
governmental

policy, and resultant policy activities that ultimately affect

environmental conditions. Abbreviations are: I, Influences;

D, Determines.


of the runoff from the 139 largest rivers is strongly or


moderately affected by fragmentation of the river chan-

nel by flow regulation, interbasin diversion, and irri-

gation (Dynesius and Nilsson 1994). As a result of


these and numerous other changes related to exploi-

tation, exotic introductions, pollution, and erosion,


there is a general malaise in freshwater fisheries to the


point that they are in serious decline throughout the


nation (Hilborn et al. 1995, Postel and Carpenter 1997).


Approximately 39% of the native fishes are considered


to be extinct, threatened, or endangered (Stein and


Flack 1997).


Water consumption.—In the United States water


consumption has doubled in the last 40 years, and over


the next few decades this consumption will increase


dramatically, especially for agriculture where ;1000 

Mg (1000 metric tons) of water are required to produce


1 Mg of grain (Powledge 1984, Pimentel et al. 1997, 

Postel 1998). Globally, Postel (1998) has estimated that 

the volume of irrigation water annually available to 

crops (as soil moisture) would need to increase by 2050


km3 over current demand to meet agricultural needs in


the year 2025, the equivalent of the annual runoff of 

24 Nile Rivers or 110 Colorado Rivers. 

Not only is agricultural consumption excessive but 

so is household consumption, with a typical family of 

four in the United States requiring about 1300 L/d (of 

which only 3% is used for cooking and drinking). In 

contrast, the corresponding consumption rate in de- 

veloping countries is only 300 L/d per family (Pow- 

ledge 1984), uncomfortably close to Gleick’s (1998) 

estimate of a minimum human water requirement of 

200 L/d per family. The United States alone has built 

more than two million dams to support this use. Res- 

ervoirs have become a significant component of the 

nation’s hydrologic cycle because they have the ca- 

pacity to store an amount of water equal to three years’ 

annual runoff from the nation’s landscapes (Graf 1993). 

The nature and severity of water constraints remain ill- 

defined, largely because of national inadequacies in 

governmental coordination, data collection and man- 

agement, and effective application of knowledge, 

thereby hampering the development of appropriate wa- 

ter and agricultural strategies (NRC 1998, Postel 1998). 

Technology development.—History provides many 

examples of how the emergence of new technologies 

has profoundly affected societal use of the landscape 

(Headrick 1990). Inventions such as powerful pumps, 

labor-saving machinery, and herbicides and pesticides, 

have fundamentally altered agriculture and forestry; 

construction of highways and river locks forever al- 

tered the transportation and use of essential goods; and 

medical advances have reshaped the age structure and 

size of human populations (Dale et al. 2000). New tech- 

nologies continue to emerge, and some will have strong 

influences either on the distribution of human popu- 

lations or on land use. 

As one looks to the future, there are numerous tech-

nologies on the horizon that promise to change land


and water use in fundamentally significant but un-

specified ways. For example, advances in telecom-

munications promise to change the ways business is


conducted and thereby influence patterns of human set-

tlement. In addition, emerging technologies targeted at


improving resource production (e.g., food and fiber)


and water efficiency promise to make more intensive


use of increasingly scarce land and water resources.


Consider managed forests. These will be cut on shorter


rotations, plantation areas will increase, and additional


uses will be found for fiber that is not currently utilized.


Social organization.—A comprehensive discussion


of this subject is beyond the scope of this article but


some discussion is fundamental to understanding how


ecological systems have been changed in the past and


will be changed in the future. The variety of attitudes,


traditions, and perceptions of North American people


are embodied in their cultures and institutions, which


ultimately shape the character of freshwater systems.


There are at least 22 federal agencies, and scores of


state and local agencies, which have responsibilities


for the hydrological cycle, often with dramatically dif-

ferent perspectives (NRC 1998). Environmental con-

ditions directly influence perceptions about freshwater


availability and resources, and those perceptions de-

termine much of the policy related to environmental


regulation (Fig. 2). In turn, policies directly influence


the future environmental state. Unfortunately, attitudes


and traditions, as well as institutional missions, are


highly resistant to change. Effectively resolving most


freshwater issues means finding better ways to com-

municate between people and organizations (Naiman


et al. 1998b, NRC 1998). We return to this subject later


in the article.
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FIG. 3. Hierarchical impacts caused by land use practices

on the structure and dynamics of streams, with some specific

examples of each in the boxes to the right.


CONSEQUENCES


The ecological consequences of past and projected


changes in the above five categories are as varied as


the categories themselves. The only things that can be


said with certainty are that the ecological responses


will be pervasive, affecting every aspect of the envi-

ronment, and that they will be played out in ways and


at scales that will be difficult to predict. Unless there


are sustained improvements in how issues are ad-

dressed, how information is processed into knowledge,


and how wisdom is inserted into policy decisions, one


can expect that variation and uncertainty will be the


norms (Walters 1997, Naiman et al. 1998a).


So what are some of the major ecological conse-

quences that one may expect to see in the next two to


three decades? As Rapport and Whitford (1999) have


stated so clearly, projected changes to aquatic ecosys-

tems will be manifested by a ‘‘distress syndrome’’ in-

dicated by reduced biodiversity, altered primary and


secondary productivity, increased prevalence of dis-

ease, reduced nutrient cycling efficiency, increased


dominance of exotic species, and increased dominance


by smaller, shorter lived opportunistic species. For ease


of presentation, we provide seven wide-ranging ex-

amples (land use change, disturbance regimes, ultra-

violet [UV] radiation, life history phenology, pollution,


exotic invasions, and cumulative effects) of how human


activities may affect freshwater ecosystems.


Land use change.—We use the phrase ‘‘land use’’


in the sense of Turner et al. (1998) to accommodate


changes in land cover and use. The ecological conse-

quences of changing land use are complex because


changing land use practices also influence ecosystem-

scale structure and processes that, in turn, influence


habitat and communities (Fig. 3). Embedded at each


scale are concomitant alterations to water, sediment,


energy, and nutrient balances, to community structure


and species demography, and to overall aquatic system


integrity (Innis et al. 2000).


Land use influences freshwater systems by directly


altering the composition and structure of the natural


flora and fauna, changing disturbance regimes, frag-

menting the land into smaller and more diverse parcels,


and changing the juxtaposition between parcel types.


Collectively, these changes result in alterations in the


relative abundance of habitat types, a reduction of na-

tive biodiversity, changes in the natural patterns of en-

vironmental variation that are needed to sustain a va-

riety of species, and augmentation of nitrogen and


phosphorus loads (Turner et al. 1999). Perhaps the lat-

ter point is the best documented. There are numerous


studies either relating questionable land uses to in-

creasing nutrient loads or ecologically proper land uses


to the maintenance of acceptable water quality (Peter-

john and Correll 1984, Cole et al. 1993, Hunsaker and


Levine 1995, Bolstad and Swank 1997, Johnson et al.


1997).


Disturbance regimes.—The type, intensity, duration,


timing, and spatial pattern of disturbance shape the


characteristics of populations, communities, and eco-

systems. Disturbances may be natural (e.g., wildfire,


storms, floods, grazing) or induced by human actions


(e.g., fire suppression, flow regulation, fragmentation).


However, the human-induced regimes differ so radi-

cally from natural regimes that all levels of system


organization are affected (Poff et al. 1997, Dale et al.


2000). Consider fire suppression. Average fire size and


severity have increased in a variety of temperate eco-

systems, due in part to the legacy of increased fuel


loads and the encroachment of shade-tolerant late-suc-

cessional species. These effects of fire suppression are


pronounced in ecosystems that would typically expe-

rience frequent fires of low intensity, such as the pine


and scrub communities in the southeastern coastal


plain, chaparral along the Pacific coast, and the pine


forests of the Southern Rocky Mountains. Fire sup-

pression during the past century has lengthened the fire


return interval and altered successional pathways (e.g.,


Glitzenstein et al. 1995, Linder et al. 1997). Where fire


suppression was effective, the resulting increase in the


amount and connectivity of fuel, both vertically and


horizontally, has made these systems conducive to larg-

er and more intense fires. The effects of these more


severe fires include greater plant mortality, and shifts


in species composition and vegetation structure may


result. The implications for freshwater systems are sig-

nificant. Fire suppression results in changing land cover


and soil properties, pulsed erosion, altered biogeo-

chemical cycles and nutrient retention, and severely


degraded habitat for aquatic organisms.


Altered flow regimes are another pervasive type of


artificial disturbance (Poff et al. 1997). Whereas, his-

torically, there were regular patterns (or at least iden-

tifiable periods with increased probabilities) for ex-
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FIG. 4. Effect of upstream dams on dis-
charge of the Hanford Reach of the Columbia

River, Washington, USA (from Stanford et al.

1996).


FIG. 5. Theoretical relationship between frequency of dis-
turbance, community productivity, and species diversity.

Adapted from Huston (1994).


treme flows, today the timing of flows is often sub-

stantially different (Fig. 4). Critical components of the


flow regime affected by discharge regulation are mag-

nitude, frequency, duration, timing, and rate of change.


Organisms queuing reproduction, migration, or feeding


to flow patterns especially are affected. At the opposite


hydrologic extreme is flow stabilization, often found


below certain types of dams, that results in artificially


constant and faunistically simple environments.


Huston (1994) postulated that there are predictable


interactions between frequency of disturbance, com-

munity productivity, and biodiversity (Fig. 5), and Pol-

lock et al. (1998) provided empirical evidence for that


relationship in riparian wetlands. Fundamentally alter-

ing the disturbance regime, results in system-level


shifts that are ultimately expressed as biodiversity.


Overall biodiversity may be increased by new or more


frequent disturbances, allowing exotic species to col-

onize, or it may be decreased by less frequent distur-

bances (such as fire suppression or stabilized flow)


which exclude both native and exotic species. Indeed,


the virtual elimination of fire from once fire-maintained


ecosystems and the reduction or elimination of flooding


from many river systems have altered not only biodi-

versity but also successional pathways (e.g., Linder et


al. 1997).


UV radiation.—The chemical reactions responsible


for stratospheric ozone depletion are extremely sensi-

tive to temperature. Greenhouse gases warm the Earth’s


surface but cool the stratosphere, and therefore affect


ozone depletion (Shindell at al. 1998). Increased con-

centrations of greenhouse gases are thought to be re-

sponsible for the large increase in the Arctic and Ant-

arctic ozone losses observed in recent years, and which


are expected to increase in the future (Rex et al. 1997,


Shindell et al.1998).


What does this atmospheric change mean for fresh-

water ecosystems? Ozone depletion increases the


amount of UV-B and UV-A radiation reaching the water


surface, and it is known that UV radiation can be harm-

ful to aquatic organisms (Williamson 1995). Fortu-

nately, dissolved organic carbon (DOC) has strong at-

tenuation effects on the depth of penetration of UV


radiation. However, there is a strong dependence of the


1% attenuation depth on DOC concentrations below 1–


2 mg/L with penetration depths exceeding several me-

ters. This suggests that waters with low DOC concen-

trations may be very sensitive to small changes in DOC


concentrations (Williamson et al. 1996). For example,


it has been shown that high UV radiation levels in lakes


with low DOC concentrations modify the spawning


depth, hatching success, and recruitment of freshwater
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FIG. 6. Average hatching and emergence times in relation

to ambient incubation temperatures for five species of Pacific

salmon (Onchorhynchus spp). Adapted from Beacham and

Murray (1990).


FIG. 7. Synergistic effects of thermal modifications found

below deep release dams on the life history characteristics

and population dynamics of aquatic invertebrates. Modified

from Ward (1976).


fishes (Williamson et al. 1997). These studies, although


alarming, are somewhat difficult to interpret for future


decades. This is because others have shown that the


numerous dams being constructed have increased the


residence time of water on the land, and thereby con-

tributed to increased DOC concentrations (Vo¨ ro¨ smarty


et al. 1997). Nevertheless, there are many fresh waters


with naturally low DOC concentrations that are sus-

ceptible to pervasive system-level damage from in-

creasing doses of UV radiation, but the effects are hard


to quantify, often severely harming organisms at sen-

sitive life history stages.


Life history phenology.—Aquatic organisms have


evolved within a range of natural environmental var-

iation, adapting their life history traits (age at repro-

duction, fecundity, movements, and so forth) to key


environmental attributes such as temperature, light, ox-

ygen, and food. Alterations from optimal conditions


for these key variables result in a variety of responses


at the individual and population levels. These may in-

clude decreases in population sizes, growth, age, and


size at reproduction, fecundity, and survivorship (Ward


1992).


Temperature is probably the most important envi-

ronmental variable for aquatic organisms since it de-

termines not only metabolic rates and food require-

ments, but also controls developmental processes. Even


small alterations to water temperatures can have far-

reaching effects. For example, altering the egg incu-

bation temperature for salmonids by only 1–38C can


either accelerate or retard hatching and emergence by


weeks to months depending on the basic temperature


range (Fig. 6), as well as significantly influence fry size


and survivorship (Beacham and Murray 1990). Further,


temperature tolerances for the formation of viable eggs


are much narrower (usually just a few degrees) than


that for developmental tolerances which are, in turn,


narrower than temperature tolerances for normal re-

productive behavior (Gerking 1981).


Temperature effects on organisms can be insidious,


making them exceedingly difficult to quantify. Con-

sider the effects of a deep release reservoir on down-

stream organisms (Fig. 7). These cold waters result in


a delayed maximum, winter warming, seasonal con-

stancy, summer cooling, and diurnal constancy, all of


which have differing effects on the life history of the


organism and, in many cases, eventually leading to


species elimination (Ward 1976).


Pollution.—Pollution comes in an increasingly be-

wildering array of forms: toxic organic compounds


such as atrazine and hormone inhibitors, heavy metals,


fertilizers, and even toxic algal blooms (Naiman et al.


1995). The 1995 Toxic Release Inventory (TRI) reports


that 630 000 Mg of toxic chemicals were released into


waters of the United States, 120 000 Mg were trans-

ferred to wastewater treatment plants, and ;631 000


Mg were released into the air, of which some unspec-

ified portion eventually moves to fresh waters (USEPA


1997). No integrated understanding of polluting com-

pounds exists, especially for synergistic effects. De-
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FIG. 8. Comparison of nitrogen export by

regional rivers to nitrogen inputs per unit area

for selected areas of North America and Europe.

Modified from Howarth et al. (1996).


spite the Clean Water Act and other federal regulations,


pollutants are increasing nationally, and environmental


quality and integrity are decreasing, as exemplified in


recent contaminant surveys of the Mississippi River


drainage (Meade 1995) and reviews of nonpoint sourc-

es of nitrogen and phosphorus (Carpenter et al. 1998).


An especially acute pollution issue, with national and


international consequences now and into the future, is


associated with nitrogen. Human activities have dou-

bled the rate of nitrogen entering the soil, water, and


atmosphere, and that rate is continuing to climb. Re-

cently, Vitousek et al. (1997) showed that there are


increased global concentrations of the greenhouse gas


nitrous oxide in the atmosphere as well as regional


increases in other forms of oxides of nitrogen that drive


the formation of photochemical smog. Also associated


with the increased nitrogen loading are losses of cal-

cium and potassium from soils, acidification of soils


and fresh waters from nitric acid, and greatly increased


export of nitrogen to estuaries and the coastal zone


where it is a major pollutant (Fig. 8). They also suggest


that the increase in nitrogen and its cycling rate may


result in losses of biological diversity, especially


among organisms adapted to low-nitrogen soils and


water, and may contribute to long-term declines in


coastal fisheries. Further, it has been suggested by As-

ner et al. (1997) that the nitrogen supply may even-

tually lead to a decoupling of the carbon and nitrogen


cycles and perhaps even a loss of nitrogen limitation


in terrestrial systems. The potential disappearance of


terrestrial nitrogen limitation would mean increased N-

fluxes to aquatic systems. Based on the estimated pro-

jections of nitrogen deposition by Galloway et al.


(1994) for early in the next century, the consequences


could be especially severe in North America, Europe,


and Asia.


Exotic invasions.—The homogenization of the


world’s fauna and flora is an increasingly perplexing


issue with multiple, synergetic consequences. Thou-

sands of exotic plants and animals, as well as patho-

gens, are already established in North America and


hundreds of others arrive annually. About 15% of the


total have caused widespread problems that are proving


to be ecologically serious as well as costly to remedy


(Simberloff 1996).


Ecological impacts include domination (e.g., red


mangrove, Asian salt cedar), disruption (e.g., zebra


mussel, feral hogs), epidemics (e.g., chestnut blight


fungus, balsam woolly adelgid), competition (e.g., Eu-

ropean brown trout), and hybridization (e.g., mallard


ducks, rainbow trout). Other examples abound. Overall,


introduced organisms pose initially hidden but even-

tually monumental problems. The harmful effects are


often subtle and surreptitious but the eventual impacts


on the natural environment are real, and sometimes


disastrous and irreversible, as when native species dis-

appear. On a general level, exotic species often are


encouraged by the destruction, fragmentation, and al-

teration of natural habitat. Sadly, government regula-

tions remain woefully insufficient to meet the chal-

lenge.


Cumulative effects.—Incremental changes when


added to other past, present, or reasonably foreseeable


future impacts can result in significant environmental


changes. The concept is relatively simple to understand


whereas, in practice, it is exceedingly difficult to quan-

tify even in apparently straightforward cases (Reid


1998). Quantifying cumulative effects is important be-

cause of the increasing number and variety of envi-

ronmental impacts.


The difficulty of quantification is evident in the fol-

lowing example for Pacific salmon (Fig. 9). Let’s as-

sume that two adult salmon (a spawning pair) produce


2000 eggs. Further, if there is a 20% survival rate to


the juvenile stage, a 10% survival to smoltification,


and a 5% survival over several years at sea, then two


adult salmon will return to spawn again. However, if


the survivorship is reduced by only 2% at the juvenile


and smolt stages and by only 1% at the sea stage, then


only one adult salmon will return, leading to eventual
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FIG. 9. Illustration of cumulative effects as-
sociated with different life stages of Pacific

salmon. It is possible to increase population

size, or drive the population to extinction, by

only slight changes in survivorship at each life

history stage. See Consequences: Cumulative

effects for full explanation.


extinction if the trend continues. The scientific diffi-

culty is in determining if there are statistically signif-

icant declines in survivorship at a given life history


stage. It is estimated that studies of survival and abun-

dance for salmonids may require 20–30 years to pro-

vide an 80% chance of detecting a 50% change. Studies


of age and size at important life history stages may


require 8–10 years to provide an 80% chance of de-

tecting a 5–15% change (Lichatowich and Cramer


1979). Subtle changes, as in this example, illustrate the


scientific difficulties as well as the ecological and man-

agerial consequences being faced in literally thousands


of similar cases.


The overall consequence of these and other changes


is that the historic characteristics of watershed pro-

cesses, such as the movements of water and other ma-

terials, have been significantly altered (Fig. 10). Today,


precipitation contains quantities of pollutants capable


of altering ecosystem processes while land use prac-

tices change runoff, sediment, and chemical regimes,


roads and other structures modify the landscape’s abil-

ity to regulate water movements, and resource extrac-

tion alters the timing, magnitude, and duration of water-

based disturbance regimes.


CHALLENGES AND OPPORTUNITIES


Considering the magnitude of the changes already


having taken place, and those that are projected to occur


in the next two decades, the challenges facing ecolo-

gists, resource managers, and decision makers are


daunting while the opportunities are unlimited. For ex-

ample, challenges related to information management,


cultural diversity, technology, institutional organiza-

tion, public responsibility, and education are essential


for progress that, unfortunately, can be only lightly


treated in our discussion. Here we focus on processes


at the watershed and landscape scales that require better


understanding if progress is to be made in the ecolog-

ical arena for fresh waters.


A basic need is the incorporation of ecological prin-

ciples into aquatic resource use and management de-

cisions. Specifying ecological principles, such as those


related to time, place, species, disturbance, and scale,


and understanding their environmental and social im-

plications, are essential steps on the path to sustain-

ability (see Dale et al. 2000). Developing and com-

municating ecological principles, goals, and guidelines


for terrestrial and aquatic resources enhances the wis-

dom of human choices by elucidating the consequences


of those choices for ecological systems. For example,


it is now known that there are fundamental reasons why


some management approaches fail, while others suc-

ceed (Schueler 1996, Baskerville 1997, Walters 1997,


Naiman et al. 1998a). These reasons fall into four cat-

egories: (1) weakness in the models (of the mind or in


a computer); (2) expense and risk in adaptive manage-

ment experiments; (3) protection of self-interests; and


(4) conflicts related to divergent institutional and per-

sonal values. Understanding and managing the bio-

complexity of the world’s ecosystems, however, re-

mains a major goal for science (Colwell 1998).


Ecologists need to clearly articulate what is known


with certainty about freshwater systems, to identify and


prioritize key voids in knowledge that impede under-

standing and issue resolution, and to recognize their


dependence on advances in other disciplines. For ex-

ample, consider these needs in terms of disturbance


patterns, human population demography, landscape


structure and fragmentation, and resource substitut-

ability.


All ecological systems are influenced by the dynam-

ics of disturbance and succession, although the spatial
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FIG. 10. (A) Pervasive changes have occurred to hydrologic cycles and material transport as a result of (B) human-
induced changes to the atmosphere and watersheds in this century. Long-range transport of materials, changing land cover

and use, altered climate regimes, and water quantity and availability are acting in concert to shape the freshwater issues of

the next century.
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and temporal scales vary widely among ecosystems


(Pickett and White 1985, Glenn-Lewin et al. 1992). It


is well known that some ecosystems require regular


disturbances for the maintenance of function or species


diversity. The unusual juxtaposition of two distur-

bances may result in qualitative changes to ecological


systems (Paine et al. 1998, Sparks et al. 1998), and


large infrequent disturbances may produce qualitative-

ly different responses than disturbances of lesser mag-

nitude (Romme et al. 1998, Turner et al. 1998). How-

ever, humans have substantially modified the frequen-

cy, intensity, duration, and extent of natural disturbance


regimes in many areas, often with unintended effects


(e.g, Ogden et al. 1998, Sparks et al. 1998).


Now it is known with certainty that many distur-

bances (fires, storms, floods) are strongly influenced


by climate. Examples include fire size and frequency


related to El Nin˜ o and persistent high pressure ridges


in the Pacific Northwest (Swetnam and Betancourt


1990, Johnson 1992), among others. Also, disturbance


size, frequency, and intensity have varied considerably


with past changes in climate (Clark 1990). Climate


change during the last century appears to drive in-

creased fire frequency and extent, especially in high-

elevation or boreal areas little affected by fire sup-

pression. Fire frequency and annual area burned are


predicted to continue to increase under most global


climate change scenarios with important consequences


for aquatic systems.


But what are the key scientific impediments to mak-

ing reliable predictions about the ecological conse-

quences of altering disturbance regimes? First, there is


the need to predict disturbance regimes from climate


projections. Knowing climate variability, especially the


frequency of extreme events (e.g., very dry or very wet


years), is key for predicting changes in disturbance


regimes. At the same time, there are needs for improved


projections of climate changes at local to regional


scales as well as quantifying the relationship between


climate change and the frequency and intensity of


storms. Second, there is the need to understand rela-

tionships between specific disturbances and aquatic


ecosystem processes. One example might be the long-

term effects of altered fire frequency on net carbon


storage in the terrestrial setting and its flux to aquatic


systems. Information on the frequency, aerial extent,


and carbon storage consequences of disturbance is a


high priority for improving spatial modeling and could


be used immediately in the current generation of mod-

els (Schimel et al. 1997). Finally, it remains extremely


difficult to quantitatively detect altered disturbance re-

gimes. Given the spatiotemporal variability in distur-

bance regimes, how much change must occur before it


can be detected? In addition, how can one predict in-

teractions among multiple disturbance regimes (e.g.,


cumulative effects)? The salmon example used earlier


in this article provides a sobering example of the dif-

ficulties involved.


The demography of human populations presents sub-

stantial challenges and opportunities for predicting land


use patterns. Land use change is the leading cause of


habitat loss and fragmentation for terrestrial as well as


aquatic systems (Skole et al. 1994, Turner et al. 1994,


Sinclair et al. 1995). The total land area dedicated to


human uses has increased dramatically to the point that


nearly all the habitable land and most of the water is


dedicated to human use (Richards 1990, Postel et al.


1996, Pringle 1999). It is known, for example, that:


1) Historical rates of deforestation in some regions


of the United States were as great as observed in the


tropics today (Iverson 1991).


2) Humans introduce new ecosystem types, often at


the expense of natural communities.


3) The conversion of land to urban settings tends to


leave a long-lasting impression on the landscape and


it’s aquatic ecosystems.


4) Legacies of past land and water use on contem-

porary ecological communities and processes are ubiq-

uitous (Foster 1992, Wallin et al. 1994, Soranno et al.


1996, Pearson et al. 1998).


5) Human populations, the ultimate drivers of land


and water changes, will continue to increase substan-

tially, especially in developing countries.


The challenges and opportunities are squarely cen-

tered on understanding the complex drivers related to


landscape change (see Fig. 2), and understanding the


links between land use and aquatic systems. This means


projecting spatial patterns of future human settlement


and land use patterns, predicting with reasonable cer-

tainty the ecological responses to dynamic land use


change, understanding the linkages and consequences


of these changes to freshwater systems, and developing


approaches and tools to increase confidence in predic-

tions (not only the ecological consequences but also


the feedbacks on human land use dynamics).


Presently, the ability to predict landscape structure


two to three decades into the future is fraught with


great uncertainty. One fruitful approach is to rely more


on scenarios rather than on specific predictions. There


are major limitations on modeling land use change


(which require interdisciplinary efforts), on modeling


disturbance regimes (which depend on climate regimes


and human behavior), and on linking terrestrial changes


to aquatic responses. Both modeling activities have


high uncertainty associated with them and understand-

ing terrestrial–aquatic linkages is still underdeveloped.


Along with this is the necessity to quantify nonlinear-

ities and thresholds that exist in important relationships


such as between climate, disturbance, and successional


processes, between fragmentation and connectivity,


and between interactions among multiple environmen-

tal drivers. An example of such an approach is the


Land-Use Change and Analysis System (LUCAS) (Ber-
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ry et al. 1996, Turner et al. 1996). In modeling envi-

ronments, such as LUCAS, which couples social, eco-

nomic, and environmental considerations, the risk of


undesirable future conditions can be assessed by ex-

ploring alternative land management scenarios to sim-

ulate future conditions (Wear et al. 1996, 1998).


Traditionally, as economic incentives grow, lower


grade resources or previously unexploitable resources


are substituted for the exhausted ones. In the case of


water, however, there are compelling reasons to believe


this will be impossible or dauntingly expensive (Postel


1992, 1999, Cohen 1995, Postel and Carpenter 1997).


Well known examples include desalination (Postel and


Carpenter 1997), wastewater treatment, long-range


transport and irrigation, and nonconventional agricul-

ture (Cohen 1995), all of which are economically and


energetically costly as compared to natural processes.


In addition, there are the environmental consequences


of altering hydrologic regimes that are in excess of the


technological costs. The key point is that societies are


running up against hard limits in water supplies not


only for human use but also for environmental needs.


Water appears to be becoming the most limiting factor,


in a Liebig sense, for human and nonhuman popula-

tions. The limits are occurring directly (water limits on


human population or industry), or indirectly as com-

petition for water between humans and the environment


(leading to critical levels of biotic impoverishment),


severely limiting widespread substitutability as a viable


option for the long term.


CONCLUDING REMARKS


As the next century approaches, there are substantial


challenges and opportunities awaiting ecologists to


provide not just good science but useful science that


is actively used in the decision-making process (e.g.,


NRC 1992, 1998, Gunderson et al. 1995, Lubchenco


1998, Pringle 2000 and others). Even though the fun-

damental roles of science are not changing, there is an


ever-increasing expectation that achieving societal


goals (e.g., clean water, productive fisheries, or healthy


rivers) will be outcomes of the scientific process. Im-

mediate challenges are to craft better watershed pro-

tection and management plans based on sound scientific


principles (Dale et al. 2000), to develop seamless pro-

cesses which allow effective decisions to be made and


implemented regardless of spatial scale or jurisdiction


(Gunderson et al. 1995, NRC 1998), to ensure that


emerging legislation (i.e., the Clean Water Act and En-

dangered Species, among others) have the breadth, in-

tegration, and scientific basis to effectively meet future


challenges (McKnight et al. 1996), and to provide the


educational tools necessary to meet the tasks (NRC


1996, Firth 1998). Accomplishing these challenges


means having to understand the variety and magnitude


of environmental changes, how the changes interact to


produce new environmental states, and what is needed


to resolve specific environmental and societal issues as


they arise. These are challenges and opportunities, not


only for ecologists, but for all citizens committed to a


vibrant future.
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