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Terrestrial and Freshwater Ecosystems: Impacts
of Global Change

BRUCE A HUNGATE AND JANE C MARKS
Northern Arizona University, Flagstaff, AZ, USA

Humans are altering the environment in many ways. While local environmental damage (landfills, oil spills,
urban smog) is still prevalent, we now also realize that human activities are altering the Earth System as a
whole, that our environmental crisis has become truly global. For example:

s Our growing use of automobiles, air conditioners, jet planes, and other amenities of modern industrial
society has caused the composition and chemistry of the aimosphere 1o change. .

o The increasing concentration of heai-irapping gases in the atmosphere (carbon dioxide (CO, ), nitrous oxide
(N>0), methane (CHy ) and others) is already increasing global temperatures, and the rate of change is likely
to increase in the future, ) )

e The increasing conc ion of oz lepleting gases (chlorafl

2 7 ) arbons and nitrous oxide) in the

stratosphere is weakening the ozone shield, allowing more and more d ing ultraviolet (UV-B) radic
to reach the Earth’s surfuce.

e Growing food demand, greater use of irrigation, fertilizer and pesticides in agriculture, and the expansion of
food production into previously uncultivated lands has increased the inputs of sediments, nutrients, and other
pollutants into watersheds and the inputs of greenhouse and chemically active gases into the atmosphere.

e Of all the available freshwater on the Earth, humans now appropriate 23% for industrial, municipal, and
agricultural uses, thereby altering natural hydrologic regimes and th ing ;
the services those ecosystems provide.

o The spread of exotic species into terrestrial and freshwater ecosysiems poses a growing threat to biodiversity
conservation and 1o the services that ecosystems provide 1o humans.

ecosystems and

Such changes in the Earth’s environment are collectively referred 1o as global change. The nature and
magnitude of global change has raised the question, how does global change affect the ecosystems upon which
we depend? Ecosystems supply humanity’s food, clean water, and clean air and also are important sources of
recreation and aesthetic value. Global changes threaten the ability of ecosystems to continue to provide these
services. Our understanding of these threats will provide a foundati for ining the influence of our
a(’t}'\miﬂ: on the Earth System: and for future decisions we must change our lifestyles and use of resources.
This article provides an overview of the effects of global change on terrestrial and Sfreshwater ecosystems in
coming decades. Many such effects have been postulated or observed in manipulative experiments, but one of
lh-e more serious logical concerns is the ibility of marked shifts in plant species composition due to
differing responses of individual members of ecosystems to major changes in carbon dioxide concentrations,
temperature, nitrogen emissions and other elements of the global environment.

ECOSYSTEM PROCESSES AND EFFECTS OF
GLOBAL CHANGE: AN OVERVIEW

all the organisms in an area and the physical environment
with which they interact. Ecosystem structure describes the
spatial distribution of organisms, elements, and materials
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biomass of macrophytes and epiphyles and nutrient stores
in freshwater ecosystems. By contrast, ecosystem processes
are the fluxes of materials and energy among ecosystem
components and between ccosystems and the surround-
ing environment. For example, rates of photosynthesis and
respiration, predation and herbivory, and nutrient turnover
and loss are all ecosystem processes (see Ecosystem Struc-
ture and Function, Volume 2).

Ecosystems are not static; rather, disturbances, such as
fires or insect outbreaks in forests, or scouring floods in
sivers, occur in all ecosystems. Disturbance in ecology is
defined as the catastrophic removal of biomass that creates
space available for recolonization. Succession follows dis-
turbance and involves species progressively recolonizing
the disturbed area and being excluded from it (primar-
ily through competition for resources by other species),
resulting in a pattern of species replacements and chang-
ing species composition through time. Global change can
alter the frequency and intensity of disturbances (increasing
flood frequency and intensity, for example), but few global
changes (excepting perhaps some Jand-use changes) consti-
tute ecological disturbances in the strict sense. In ecological
parlance, global changes arc anthropogenic perturbations
to ccosystems, human-caused changes in the conditions
(temperature, pH, etc.) or resources (nutrients, carbon diox-
ide, light, water, etc.) thal influence ecosystem structure
and processes.

Central to ecosystem ecology is the cycling of biolog-
jcally essential elements, beginning with carbon. Carbon
enters the biosphere through the process of photosynthe-
sis (primary production) by plants and algae, converting
atmospheric carbon dioxide to organic forms of carbon.
This organic carbon resides in ecosystem compartments,
both living (living tissue of plants, animals. and microor-
ganisms) and non-living (as detritus and humus in terrestrial
ecosystems and as dissolved or particulate organic matter
in aquatic ecosystems). Within ecosystems, carbon is trans-
ferred between compartments through trophic interactions
(herbivory, predation), senescence, and death. Through res-
piration by plants, animals, and particularly decomposer
microorganisms, organic carbon is returned to the atmo-
sphere as carbon dioxide. Net primary production. (NPP) is
the amount of carbon dioxide taken up by plants through
photosynthesis minus respiration by plants, whereas net
ecosystem production (NEP) is the amount of carbon diox-
ide taken up by plants through photosynthesis minus the
respiration of all organisms in the ecosystem. Ecosystem
carbon balance is equivalent to NEP, except when distur-
bances cause carbon losscs by means other than decom-
position (fire, for example, which converts organic carbon
to carbon dioxide through the process of combustion). As

Considering the effects of global change from an ecosy
tem perspective warrants an overview of the terms and
concepts of ecosystem ecology. An ecosystem comprises

in ecosystems, including, for example, above- and below-
ground biomass of plant species, soil carbon and nutrient
mass, leaf arca index in terrestrial ccosystems, or total

described in detail below. global change can affect all of
these important ecosystem processes; carbon gain through
photosynthesis, loss through decomposition, and rates of

transfers among ecosystem compariments. Changes in these
process rates can alter components of ecosystem structure
that depend directly on carbon cycling, such as stores of
carbon in organic matter and vegetation.

Transfers of carbon dioxide between ccosystems and the
atmosphere through photosynthesis and respiration are large
cnough, for example, that during the Northern Hemisphere
summer, the seasonal peak in photosynthesis reduces the
temperate zone carbon dioxide concentration by several
parts per million, whereas when respiration becomes a rela-
tively larger flux in the winter, atmospheric carbon dioxide
concentration increases. These oscillations are mirrored (but
more damped because of the smaller Jand masses) in the
Southern Hemisphere, and are much less apparent in tropi-
cal regions, where the activities of photosynthesis and res-
piration are more synchronous throughout the year. These
seasonal changes in atmospheric carbon dioxide concentra-
tion reflect the breathing of the biosphere and underscore
the importance of biological control over atmospheric car-
bon dioxide concentrations. Because carbon dioxide is a
greenhouse gas (increasing in the atmosphere due to fossil
fuel burning, cement manufacture, and deforestation, and
the major cause of global warming) there has been tremen-
dous interest in understanding how global changes will alter
carbon cycling in terrestrial ecosystems and, ultimately, the
balance between carbon dioxide release Lo the atmosphere
versus carbon dioxide uptake and slorage in ecosystems.
Such changes could strongly influence the trajectory of ris-
ing carbon dioxide and associated global warming over the
next few centuries.

In terrestrial plants, carbon uptake through photosynthe-
sis is coupled to franspiration, (he cvaporation of water
from the internal surfaces of leaves to the atmosphere
and the major flux in the water cycle directly mediated
by biota. Together, transpiration and the evaporation of
water from exposed surfaces constitute evapotranspiration,
the total flux of water from ecosystems to the almo-
sphere (see also PET (Potential Evapotranspiration),
Volume 2). Water not lost through evapotranspiration can
be stored in soil and vegetation or lost as surface runoff
to aquatic ecosystems and as percolation to groundwa-
ter. Precipitation returns water in the atmosphere to the
Earth’s surface, completing the water cycle. Climate change
can alter water cycling through climate-driven shifts in
the amount and distribution of precipitation, subscquently
alfecting ecosystem processes sensitive to water availabil-
ity, including evapotranspiration, thereby altering surface
runoff and percolation. Global changes such as rising car-
bon dioxide, warming, nitrogen deposition, and increased
UV-B radiation can also alter water cycling through their
cffects on plant transpiration.

Evapotranspiration is regulated by the difference in water
vapor pressure between the atmosphere and air above
ecosystems and the resistance to water vapor flux between




124 THE EARTH SYSTEM: BIOLOGICAL AND ECOLOGICAL DIMENSIONS OF GLOBAL ENVIRONMENTAL CHANGE

the ecosystem and the atmosphere. Evapotranspiration
occurs when solar radiation striking an ecosystem drives
water from liquid to gas, an energy conversion (called
latent heat fiux, JF) that dissipates solar energy that might
otherwise have increased the surface temperature of the
ecosystem. Convection (the upward transfer of heat, also
called sensible heat flux, C) is also an important way that
heat is transferred from ccosystems to the atmosphere. The
transfer can also oceur in the other direction, if the surface
of the ecosystem is colder than the surrounding atmosphere,
as is often the case at night. The sum of sensible and latent
heat fluxes, along with conduction into the ground (also
termed storage, G), balances the net input of radiation (Ry)
into terrestrial ccosystems: R, = C + AE + G. Structural
and physiological features of ecosystems, including leaf
area, stomatal conductance, canopy roughness, and rooting
depth, strongly influence the relative importance of these
terms, and thus the way in which energy is partitioned in
ecosystems. By altering ecosystem structure or physiology
through changes in growth or species comiposition, global
ghange can alter cnergy partitioning. Such changes have
important implications for ecosystem processes sensitive
to lemperature and moisture availability, as well as for
regional climate patterns.

Global change can also alter the cycling of mineral nutri-
ents (such as nitcogen, phosphorus, and others) upon which
plant and ecosystem production depend. Indeed, global
changes such as nitrogen deposition involve direct changes
in the amounts of nutrients added to ecosystems from
the atmosphere. Nutrients are made available to primary
producers by decomposer organisms in the processes of
mineralization (release of mineral nutrients through decom-
position of dead organic matter); weathering (rclease of
-nulriems from parent material through chemical and phys-
ical reactions); biological fivation in the case of nitcogen
(conversion of atmospheric N, to NHs, a form usable
by plants and microorganisms), and asmospheric deposi-
tion (in which readily available forms of nutrients enter
ecosystems through rainfall or dry deposition). Nutrients
are removed from this available pool through microbial
immobilization or uptake by plants, chemical sorption reac-
tions (formation of covalent bonds with mineral particles or
precipitation with other minerals into unavailable forms),
leaching and biotic and abiotic transformations to gascous
forms.

Gaseous fluxes of nitrogen from ecosystems to the atmo-
sphere represent not only losses of an essential nutrient but
also inputs to the atmosphere of reactive (nitric oxide and
nitrogen dioxide) and radiatively active (nitrous oxide) trace
gases. Fluxes of other trace gases. such as methanc (CH,),
carbon monoxide (CO), and carbonyl sulfide (COS), while
relatively small compared (o carbon dioxide fluxes in pho-
tosynthesis and respiration, for example, are critical in the
chemistry and radiation balance of the atmosphere. Through

changes in trace gas fluxes, the responses of ecosystems to
global change create feedbacks that can further amplify or
mitigate global changes in the atmosphere.

ASSESSING THE EFFECTS OF GLOBAL
CHANGE

The scientific community has taken three complemen-
tary approaches to assessing the cffects of global change
on ecosystems: expcriments, observations, and models.
[€))] Manipulative experiments compare a set of test plots
experiencing current normal conditions to another set where
one aspect of the environment is modified to simulate a par-
ticular global change factor (e.g., global warming, nitrogen
deposition, or the presence of an invading species). The
advantage of the experimental approach is that it explicitly
identifies the global changes that cause particular ecosystem
responses. More complicated experiments involve manipu-
lating two or more global change factors singly and in com-
bination, allowing investigators to test whether knowledge
of responses to each factor alone can predict their com-
bined effects, or whether factors interact in surprising ways.
Experiments cxamining full combinations of many factors
can address very complex interactions and are extremely
valuable in assessing effects of global change. However,
such experiments are large and expensive and thus few and
far between, Global change experiments are typically long
term (1-10 years); they measure responses of ecosystems
to a slep change, an instantaneous doubling, for example,
of atmospheric carbon dioxide concentrations (from 365
to 730ulI~"). This approach is necessary to be able to
discern changes in ecosystem properties against a back-
ground of high natural variation. Actual global changes,
however, occur more gradually and over longer periods of
time (e.g., 3ul1™! year™!, perhaps not reaching 730l 1~'
until the year 2100). Results from experiments must there-
fore be interpreted within a framework that accounts for
these differences in time scale.

(2) Observations allow the impact of actual global chan-
ges on ecosystems 1o be observed. This may be carried
out by reconstructing global changes that occurred in the
past and examining evidence of their effects on €cosys-
tems, through comparing ecosystems that occur along nat-
ural climatic or other gradients in space, or by moni[})ring
ecosystems in the present as they are increasingly affected
by global change. For example, the concentration and iso-
topic composition of gascs trapped in air bubbles within
ice near the poles provide records of atmospheric composi-
tion and temperature, and shows how the accumulation of
greenhousc gases in the atmosphere in the past has coin-
cided with increases in global temperatures. By combining
sud} records of past temperatures and atmospheric com-
position with analyses of pollen in lake scdiments, one
can understand how plant species shifted in distribution

Y
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when, or shortly after, the climate changed. This approach
has the considerable advantage of revealing how species
composition in an arca (an important component of ecosys-
tem structure) has changed over hundreds to thousands
of years in response to changes in climate. The gradi-
ent approach essentially substitutes space for time using,
for example, a transect across the landscape along which
mean annual temperature changes systematically. such that
observations comparing the colder and warmer sites serve
as an analog for ecosystem responses to global warming.
Another approach is (o monitor current ecosystems directly,
to observe their responses to year-to-year variations in cli-
mate and to ongoing global changes. This type of approach
is central to efforts to document global changes per se (c.g.,
rising global temperatures, atmospheric carbon dioxide con-
centrations, sea levels, rates of nitrogen and acid deposi-
tion and glacial retreat, etc.) and is also becoming more
important for understanding ecosysicm responses to these
changes. One of the challenges associated with this observa-
tion approach is that, because many kinds of global change
are occurring simultaneously, it is difficult to discern which
particular change is causing a particular ecosystem response
(though this can be overcome with the gradient approach,
for cxample, if only one variable changes along the gradi-
ent). Another challenge is that while current rates of global
change are unprecedented, they are slow for even a long-
term (10-50 years) campaign of observations. This makes
it difficult to nguish the signal caused by global change
from the noise associated with natural variation in ecosys-
tem processes in space and time.

(3) Mathematical models are an essential component
of efforts to understand the effects of global change on
ecosystemns. Models provide access to responses of ecosys-
tems to global change that neither manipulative exper-
iments nor obscrvations allow. For cxample, a manip-
ulative experiment to explore the interactive effects of
warming, altered precipitation, increased nitrogen deposi-
tion, increased atmospheric carbon dioxide concentrations,
and enhanced UV-B radiation on forest ecosystems in
the field would be prohibitively expensive, yet models
that incorporate information from single-factor manipula-
tive experiments can explore such interactive effects. Sim-
ilarly, models allow the study of responscs over temporal
and spatial scales that are impractical with manipulative
experiments or observations. Ecosystem models incorpo-
rate state-of-the-art scientific understanding of controls over
ecosystem processes, and as such, their simulations and pre-
dictions arc limited by this understanding. Nevertheless,
models are one of the morc powerful tools available Lo
global change scientists for taking complex and variable
processes and translating them to larger spatial and tempo-
ral scales.

Efforts to understand ecosystem responses to global
change through experiments, observations, or models shed

light on the problem, but limitations arc associated with
each approach. For this reason, where possible, integrated
assessments that take advantage of all three approaches are
more powerful than any one approach alone.

ELEVATED ATMOSPHERIC CARBON DIOXIDE

The concentration of CO; in the atmosphere has increased
by 30% since the mid-1800s and is perhaps the most certain
component of atmospheric change. Direct measurcments of
atmospheric carbon dioxide over the past 50 years show
this increase clearly (Keeling and Whorf, 2000), and mea-
surements of the concentrations of carbon dioxide in gas
bubbles trapped in ice provide a robust record of car-
bon dioxide concentrations for the past 420000 ycars (Petit
et al., 1999). Carbon dioxide is the entry point for carbon
into the biosphere because it is the substrate for primary
production by plants, algae, and some bacteria. Rising
carbon dioxide thus represents an increase in resource avail-
ability for primary producers, a change with effects that can
cascade through ecosystems.

Effects on Terrestrial Ecosystems (see a/so Plant
Growth at Elevated CO,, Volume 2)

Plants usually respond to elevated carbon dioxide by
increasing photosynthesis and growth, decreasing transpi-
ration, and by altering patterns of carbon and nutrient use
and allocation, patterns that arc most clear in short-term
laboratory or greenhouse studies. While these physiologi-
cal changes often lead (o responses at the community and
ecosystem levels, feedbacks and environmental constraints
strongly shape these responses. Indeed, one of the more
important conclusions from the past several decades of
research on this topic is that, while the short-term physio-
logical responses of plants to elevated carbon dioxide can
sometimes guide our predictions of larger-scale responses,
in many cases they are misleading aboul the magnitude
(and even the direction) of these responses at the ecosys-
tem scale. For example, in the field, the photosynthetic
response to elevated carbon dioxide and the fate of assimi-
lated carbon are sensitive Lo temperature, water stress, and
nutrient availability, and thus the growth responses of plants
(o elevated carbon dioxide ranges from none to modest to
quite large.

Plants grown in elevated carbon dioxide usually have
lower nitrogen concentrations, both because the require-
ment for rubisco and other enzymes (major nitrogen con-
taining compounds) is reduced in elevaled carbon dioxide,
and becausc elevated carbon dioxide often causes accumu-
lation of starch and sugars, diluting the amount of nitrogen
they contain. Similarly, plants collected over the past sev-
eral hundred years and stored in herbaria show a consistent
decline in nitrogen concentrations in concert with increasing
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atmospheric carbon dioxide since the industrial revolution.
Reduced nitrogen concentration in Hiter usually siows the
rate at which that litter decomposes and releases nitrogen
in plant-available forms, so the commonly observed reduc-
tion in green-leaf nitrogen concentration was expected to
reduce decomposition rate and nitrogen availability. This
cffect is only sometimes observed: litter produced by plants
grown in clevated carbon dioxide does not usually decom-
pose more slowly, contrary (o previous predictions based on
the physiological responses of plants (Norby and Cotrufo,
1998).

However, there are other mechanisms through which ele-
vated carbon dioxide can affect nutrient cycling. By increas-
ing root growth and the flow of labile organic compounds
into the soil, elevated carbon dioxide can stimulate micro-
bial nutrient immobilization, thereby exacerbating plant
nutrient deficiencies, and decreasing nutrient availability
for other microbial processes as well, such as nitrifica-
tion. By increasing plant growth, clevated carbon dioxide
can increasc nutrient uptake and nutrient accumulation in
biomass and soils, eventually increasing nutrient pools in
unavailable, organic forms. On the other hand, elevated
carbon dioxide can also increase nutrient availability to
plants, both through changes in internal cycling rates and
through changes in nutrient inputs and losses. For example,
by stimulating microbial turnover, elevated carbon dioxide
can increase soil nitrogen mineralization. Elevated carbon
dioxide also often favors the growth of plants in association
with nitrogen-fixing bacteria, as long as other factors (such
as low phosphorus availability) do not limit nitrogen fixa-
tion. Nitrogen inputs to ecosystems can therefore increase
with enhanced growth of nitrogen-fixing species. Elevated
carbon dioxide has been shown to increase plant exudation
of phosphatase, enzymes that convert soil phosphorus into
a plant available form.

Carbon uptake through photosynthesis ultimately feeds
all trophic levels in ceosystems, so it is not surprising
that changes in carbon uptake in response to elevated car-
bon dioxide can alter trophic interactions. For example,
the reduction in leaf nitrogen concentrations alters herbi-
vore behavior and survival. Insect herbivores growing on
leaves produced by plants grown at high carbon dioxide
concentration levels usually consume more leaf tissue, but
have slower rates of growth and development because of
the lower quality of that tissue, Changes in the perfor-
mance of herbivores can also alter trophic interactions that
amplify the detrimental effects of elevated carbon dioxide
on insect herbivores. In one case, elevated carbon dioxide
caused a two-fold increase in mortality of insect herbi-
vores because of reduced food quality, but also caused
a four-fold increase in mortality because these herbivores
are more vulnerable to attack by predators and parasitoids
(Suling er al., 1999). In this case, the indirect effect medi-
ated by predators substantially amplified the direct effect

of reduced forage quality on herbivore mortality. Again,
simple extrapolations of responses in the laboratory may
differ substantially from responses observed in the field,
Elevated carbon dioxide can also affect ruminant herbi-
vores, and studies in tall grass prairie predict that forage
produced in elevated carbon dioxide will cause a reduc-
tion in ruminant growth rate (Owensby et al., 1996). In
contrast to insects, ruminant tissue consumption declines
with forage quality, so wild ruminants will likely suffer
reduced growth and reproduction as carbon dioxide con-
tinues to rise (Owensby, 1996), with possible implications
for higher trophic levels. Increased carbon inputs below
ground can also alter soil food webs, changing the actiy-
ity and abundances of bacteria and fungi, their protozoan
and nematode predators, and mites and other organisms
occupying higher trophic levels as well. Such changes in
soil trophic structure could influence nutrient cycling and
decomposition rates.

As carbon dioxide diffuses from the atmosphere into
leaves through stomata, water vapor diffuses from the
leaves to the atmosphere, the process of transpiration.
Increasing the concentration of atmospheric carbon dioxide
strengthens the air-to-leaf concentration gradient of car-
bon dioxide, thereby increasing carbon dioxide supply to
leaves, allowing stomata to close to save water, and result-
ing in lower rates of transpiration. While herbaceous species
and tree scedlings often show strong reductions in stomatal
conductance and transpiration in response to elevated car-
bon dioxide, responses in mature trees are more variable,
and in some species there is no response to elevated car-
bon dioxide. Differences among species is at least partly
related to growth form, as the stomatal response of conif-
erous lrees to elevated carbon dioxide tends to be smaller
than the response of herbs, and deciduous trees tend (o be
intermediate (Saxe et al., 1998). The reduction in plant tran-
spiration in response to elevated carbon dioxide can cause
a reduction in evapotranspiration (the flux of water from
the ecosystem to the atmosphere). Reduced evapotranspira-
tion (latent heat flux) is usually compensated by increased
canopy temperature and thus increased sensible heat flux.
The ecosystem level consequences of reduced evapotran-
spiration include increased soil water storage, leaching,
and/or runoff, and these changes, in turn, can alter a number
of ecosystem processes sensitive to soil moisture, includ-
ing plant growth, nutrient mineralization and trace gas
fluxes.

Elevated carbon dioxide usually increases photosynthe-
sis at the canopy scale in both managed (e.g., a wheat
field) and unmanaged (e.g., an alpine grassland) ecosys-
tems, leading to the suggestion that terrestrial ecosys-
tems could sequester some of the carbon dioxide being
added to the atmosphere from fossil fuel burning, cement
manufacturing and deforestation, However, observing car-
bon accumulation in €ecosystem components in quantities
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that match carbon uptake inferred by measurernents of
canopy photosynthesis has so far proven elusive. ‘To date,
there have been no publications in which these indepen-
dent measures of carbon uptake can be balanced fr()m‘a
field experiment, but convergence of these appr.oaches will
provide greater confidence in our understanding of car-
bon dioxide effects on carbon uptake. Carbon uptake in
clevated carbon dioxide experiments also illustrates the
problem of scaling step-change experiments to the more
gradual reality of global change. In response to a sudden
increase in atmospheric carbon dioxide concentration, plant
production can increase immediately, increasing NE? or
carbon uptake. However, because the rat.ev()f c‘arbml diox-
ide release from soil through decomposition mcreases.as
the amount of carbon in soil incrcases, carbon dioxide
release through decomposition will eventually catch up,
though with a lag period as the carbon |< transferred from
plants to soil pools of varying turnover times. All €cosys-
tem carbon cycling models agree on this poin}. The nbx}uy
of ecosystems to hold carbon over long periods requires
large carbon reservoirs in pools that cycle slowly, su;h
as wood and soil. Greater distribution to lhesevpm)ls in
response to elevated carbon dioxide, and (hu.s 1pcreased
carbon storage, will be apparent in carbon dioxide d(_:u—
bling experiments if there is a relatively long lag perlod
between increased carbon dioxide uptake and carbon diox-
ide release. If this lag period is shorter than cxpechdj the
extra carbon taken up in elevated carbon dioxide environ-
ments is being preferentially distributed to carb.on .pnols
with rapid turnover that quickly return ce_xrbon dmxndev to
the atmosphere. Few experiments have tried to determine
the patterns of carbon distribution between carbon pools
for short vs. long turnover times, but several have.sh(.)wn
that elevated carbon dioxide tends to favor carbon dlsmbl.l-
tion to rapidly cycling pools, limiting potential increases in
carbon storage.

Effects on Freshwater Ecosystems

Freshwater ecosystems are frequently supcrsalur.ated with
carbon dioxide, making direct effects of increasing atmo-
spheric carbon dioxide on these ecosystems unlikel?f, How-
ever, [reshwaler ecosystems receive waler, the dissolved
nutrients and organic matter contained therein, and dead
leaves, stems, and other plant parts from terrestrial €cosys-
tems. Because terrestrial and aguatic ecosystems are linked
in this way, effects of elevated carbon dioxide on produc-
tion, water use, and nutrient cycling in terrestrial systems
can have important consequences for freshwater ecosys-
tems. For example, reductions in transpiration due to ele-
vated carbon dioxide could increase streamflow and water
yield from watersheds (though increases in evapotranspira-
tion in response to warming will more than compensate for
this in many cases). Increased plant production in response

to elevated carbon dioxide could translate into greater ivnpms
of plant litter into aquatic ecosystems, and changes m. the
chemical composition of that litter (c.g., concentrations
of phenolic and other secondary compounds) could flff&cl
decomposition rates in aquatic ecosystems. Chapges in the
balance of microbial mineralization and immoblllz.anon of
nitrogen in soils, along with chunges.ifl nltrlﬁf;allgll and
plant uptake, could alter the export of morgar}uc'nurogcn
to streams and lakes. Such effects are only beginning to be
documented in global change research.

EUTROPHICATION AND ACIDIFICATION (see
also Eutrophication, Volume 2; Nitrogen
Cycle, Volume 2; Phosphorus Cycle,

Volume 2)

Human production of [fertilizer nitrogen, cullivali_on of
nitrogen-fixing crops, livestock hushandry..and fossil fuel
burning have dramatically increased thg inputs of fixed
nitrogen (available for plant and microbial uplgke) to ter-
restrial and aquatic ecosystems. These changes in land-use
in watersheds have greatly increased inputs of Ehospho—
rus into aquatic ecosystems. These inputs constitute the
phenomenon of eutrophication, a global change that ahe.brs
the balance of nutrients that support ecosystem pmdu»cu»}’—
ity. Atmospheric deposition of nitric am_i sulfuric acid is
responsible for the acidification of terrestrial and freshwater
ecosystems, often with deleterious effects.

Effects on Terrestrial Ecosystems

Current global inputs of anthropogenic nitrogen (o
terrestrial ecosystems match or exceed, nalur.al pre-
industrial inputs through biological nitrogen ﬁxallf)n and
lightning. Human-caused changes in }he global nitrogen
cycle have profound and widespread effects on ccosystems
(Vitousek er al., 1997). Of all the resources that plants
require, nitrogen most commonly limits plant gr(}wlh and
NPP in terrestrial ccosystems. For this reason, increased
inputs of nitrogen often stimulate NPP and carbon uptake
by forest, grassland, and tundra ecos'ys[em‘s. as shov»_'n
by a number of experiments. By sum}llatmg NEP in
these ecosystems, nitrogen deposition has »llkely _conlnbutc_d
to the uptake of carbon dioxide derived from fossil
fuels. o

In ecosystems where nitrogen availability is r_mlurally
low, nitrogen deposition can favor the estfabllshmenl,
growth, and reproduction of introduced species adapted
(o high nitrogen levels over nalivc_ species adap_led_lo
low nitrogen, causing marked shifts in plant Lrgnspuaupn
composition, plant species often leading to bmdx}wcrsny
losses and local extinctions. For example, in the
Netherlands, where rates of nitrogen deposition are the
highest in the world, nitrogen deposition has converted
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species-rich heathlands into species-poor grasslands, a
complete change in the structure of the ecosystem (Aerts
and Berendse, 1988). Nitrogen deposition can also affect
an ccosystem’s ability to withstand and recover from
perturbations. For example, perennial grasslands in the
US subjected to nitrogen addition had higher productivity
in favorable years, but were affected more severely and
recovered more slowly from drought than control plots
without nitrogen addition (Tilman ez al., 1994).

Continuous additions of nitrogen will eventually cause
some other resource to become more limiting to pho-
tosynthesis and growth, so that these processes will no
longer show a positive response to nitrogen additions. At
this point, the ecosystem is considered to be nitrogen-
saturated. Nitrogen added to a nitrogen-saturated ccosystem
is often matched by an equivalent amount of nitrogen leav-
ing the system through leaching and gaseous pathways. In
many other cases, though, not all nitrogen added through
deposition (experimental or otherwise) to nitrogen-saturated
ecosystems can be accounted for in increased biomass pro-
duction, leaching, or trace gas losses. It appears thal a
substantial amount remains in the soil, immobilized either
biotically or abiotically, and unavailable for plant or micro-
bial uptake. This suggests that not all the nitrogen added
through deposition will support extra plant growth, but it
also suggests that some soils can absorb more ammonium
than previously thought.

Not only will the productivity of nitrogen-saturated
ecosystems no longer increase with nitrogen additions, but
nilrogen saturation can also actually lead to system decline
through several mechanisms, First, acid deposition. either
as nitric acid (HNOas) or sulfuric acid (H,SQy), directly
leads to soil acidification. Even when nitrogen depos
tion occurs as ammonium (NHa'), the NH4* is often
quickly converted to nitrate (NO3™) via nitrification, a
process releasing hydrogen ions and thus increasing soil
acidity. Aluminum is biologically available at low pH,
and can build up to toxic levels when soils are acidified.
Second, nitrogen-saturated ecosystems lose added nitro-
gen through nitrate leaching and in gascous forms through
microbial transformations (nitrification and denitrification).
Leaching losses of nitrate can substantially reduce soil
fertility, because positively charged base cations (potas-
sium, calcium, and magnesium) are carricd away with the
negatively charged nitrate as it leaches. Gaseous losses
of nitrogen through microbial processes occur as dinitro-
gen gas (Ny), which is inert in the atmosphere, but also
as nitric oxide (NO), nitrogen dioxide (NO3), and nitrous
oxide (N,0). Nitric oxide and nitrogen dioxide are reactive
trace gases that contribute to photochemical smog and acid
rain. Nitrous oxide, by contrast, is a very stable radiatively
active greenhouse gas, 200 times more effective at trap-
ping heat than carbon dioxide. Through increased nitrous
oxide efflux from soils (a major source of nitrous oxide to

the atmosphere), ecosystems effectively translate one facet
of global change, nitrogen deposition, to another, global
warming.

Effects on Freshwater Ecosystems

Runoff from urban and agricultural areas transports nutri-
ents (nitrogen and phosphorus) from terrestrial to aquatic
ecosystems, leading to eufrophication, by many accounts
the most widespread and severe type of global change
affecting lakes (Lodge, 2001) (see Eutrophication, Vol-
ume 2). Phosphorus is the nutrient most commonly lim-
iting to NPP in freshwaters, particularly in temperate
latitudes, so added phosphorus gencrally increases algal
productivity. Nitrogen is often the next most limiting
nutrient, so freshwater ecosystems already affected by
increased phosphorus inputs arc likely to also be very
responsive to increased inputs of nitrogen from the atmo-
sphere. Eutrophication, in addition to incrcasing NPP,
can also alter algal spccics composition, favoring those
species better able to take advantage of the higher nutrient
levels.

Increased algal productivity in response to moderate
entrophication can stimulate productivity of higher trophic
levels in aquatic ecosystems, but more often eutrophica-
tion favors particular species of algae that may be inedi-
ble and/or toxic, causing noxious algal blooms; extremely
densc mats of algae that decrcase light penetration and
alter thermal structure. When these algac die, the input of
organic matter fuels decomposition and depletes oxygen
concentrations, killing fish and other organisms (Carpenter
et al., 1998).

Deposition of sulturic and nitric acid to lakes causes
acidification, particularly in lakes which arc low in alka-
linity (the chemical capacity to buffer changes in pH in
response to acid inputs), such as those in the northeast-
ern part of North America and in Scandinavia (Schindler,
1998). Most organisms arc sensitive to changes in pH,
so the effects of acidification on species distributions and
abundances are often quite direct. For cxample, crustaccans
and mollusks are particularly sensitive to the direct effects
of acidification, because it reduces the availability of the
calcium and carbonates required to build their cxoskele-
tons. Acidification can reduce algal productivity and alter
species composition, indirectly affecting higher trophic lev-
els. Acidification of lakes also increases water clarity and
reduces concentrations of dissolved organic carbon (DOC)
(Schindler, 1998). Finally, the effects of acidification can
be indirect as well. In lakes of the Laurentian Shield,
with low-bullering capacity, for example, the increase in
hydrogen ion concentration leads to mobilization from
the sediments of toxic heavy metals such as mercury.
These subsequently accumulate in fish, which then fail to
reproduce.
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GLOBAL WARMING
Effects on Terrestrial Ecosystems

Global warming will likely alter many ecosystem
processes in terrestrial ecosystems, including increasing
decomposition, increasing evapotranspiration, altering NPP,
and shifting species composition in ways that can
substantially modulate the initial direct responses. Potential
effects of global warming on terrestrial ecosystems have
becn investigated in the field by experimentally warming
the air around vegetation (using greenhouses or infrared
heaters), by warming the soil using heat tape, or by studying
natural gradients in temperature across the landscape.

As with elevated carbon dioxide and nitrogen deposition,
understanding how global warming will alter the carbon
balance of terrestrial ecosystems is a major focus of global
change rescarch. In laboratory incubations, microbial res-
piration responds exponentially to increasing temperature,
and litter decomposition in the field shows a similar trend.
By contrast, photosynthesis has a saturating relationship
with temperature for most plant species, with optimal tem-
peratures close to those typical of the environment in which
the plant is found. Warming will likely increase rates of lit-
ter decomposition, stimulating a release of carbon dioxide
from ecosystems to the atmosphere, and across 30 different
ecosyslem warming experiments, the flux of carbon dioxide
from soil to the atmosphere increased (Rustad er al., 2000).
But photosynthesis can increase as well: in tundra, warming
did not change the carbon balance; the etfects of increased
decomposition were counterbalanced by increased photo-
synthesis (Hobbie and Chapin, 1998). Incrcased carbon
dioxide efflux from arctic and alpine tundra in response
to recent warming trends and to experimental manipula-
tions appears to be due to warmer temperatures causing
soil drying. In high latitudes, drying of waterlogged peat
soils could release large amounts of carbon dioxide to the
atmosphere. Increased decomposition should also increase
nutrient mineralization and nutrient availability to plants,
an effect that could ultimately enhance carbon uptake, as
plants sequester nutrients in higher carbon-to-nutricnt ratios
than those in soils. However, this effect does not seem to
have strongly influenced results from warming experiments
to date.

Global circulation models predict that warming will be
most pronounced in upper latitudes. In tundra ecosystems,
the indirect effects of increased tcmperaturc may more
strongly determine the responses of tundra ecosystems to
climate change than the direct effects. For example, the tem-
perature controls depth ol thaw, soil nutrient availability,
and growing season length, all of which exert greater con-
trol over tundra plant growth than does temperature directly
{Chapin, 1983). Growth responses to temperature vary
among tundra species, and increased abundance of shrubs
and decreases in mosses and other non-vascular species in

response to experimental warming (and that observed over
the last decade, a period when mean annual temperatures
have also increased) suggest that shifts in species composi-
tion in tundra ccosystems will be one of the critical drivers
of changes in ecosystem processes in response to global
warming (Chapin and Shaver, 1996). In lower latitudes, Loo,
warming could cause shifts in specics composition that alter
ecosystem processes. For example. warming could favor
biological invasions by weedy C4 grasses in hotter climates,
because of their higher temperature optimum for photosyn-
thesis and their greater drought tolerance compared to C3
and C4 plants (Dukes and Mooney, 1999; see C; and Cy
Photosynthesis, Volume 2).

Experimental warming usually results in drying as well,
and often the latter is the more critical driver of changes
in ecosystem structure and processes. particularly in arid
and semi-arid ecosystems. One of the challenges in this
rescarch arca is to disentangle dircet and indirect effects.
Climate models predict that changes in precipitation caused
by global warming will be regionally specific, increasing
in some areas and decrcasing in others, and thus are not
always well-represented by the drying that occurs with
cxperimental warming.

Effects on Freshwater Ecosystems

Global warming will almost certainly alter the hydrologic
cycle, directly altering the amount and distribution of water
on the terrestrial surface and thus the extent of freshwater
ecosystems. While warming will increase evapotranspira-
tion globally, changes in precipitation will vary from region
to region. Thus, regionally-specific climate change scenar-
ios are needed to predict where increases and decreases in
the extent of freshwaters are likely to oceur. For example,
warming is predicted to reduce runoff and lake water levels
in the Great Lakes region (Mortsch and Quinn, 1996), but to
increase runoff and possibly flood intensity in the Amazon
Basin (Neilson and Marks, 1994). Overall, however, evap-
oration will increase more than precipitation, reducing the
extent of freshwater ccosystems globally. In arid and semi-
arid regions, as well as in high latitudes, some freshwater
habitats could disappear (Schindler et al., 1996).

The paleo record indicates that changes in global tem-
peratures and regional precipitation patterns have strongly
affected flood magnitude and frequency (Ely er al., 1993).
Global warming is thus likely to alter the disturbance
regime, an important regulator of ecosystem structure and
function in many streams and rivers. Increased temperatures
will also likely increase the extent and duration of thermal
stratification in lakes (see also Disturbance, Volume 2).

Changes in the distribution and abundance of aquatic
organisms will likely accompany global warming, leading
to increases in the ranges of organisms where corridors
between habitats allow migration; and to extinctions where
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corridors (o habitats with appropriate thermal regimes do
not exist. Direct cffects of warming on organisms arc
likely to be greatest in high latitudes, where warming
is predicted to be greater and where native biota are
more scnsitive o increased temperatures. For example,
model simulations suggest that warming will increase food
requirements of lake trout in arctic lakes. but long-term
observations over a reccnt warming period revealed no
changes in primary production to fuel this greater food
demand, thus threatening the top trophic level in arctic
lakes (McDonald et al., 1996). Such changes are likely to
have strong impacts on ccosystem processes, because top
predators often are major determinants of nutrient cycling,
water clarity, and net ecosystem productivity in freshwater
ecosystems (Schindler et al., 1996).

Changes in runoff and in terrestrial ecosystem processes
caused by warming could aiter the amounts and forms of
nutrient and plant litter inputs to freshwaters, affecting pro-
duction, decomposition, and the food webs these processes
fuel in streams, rivers, and lakes. As mentioned above,
warming can reduce DOC supply to lakes and streams from
terrestrial ecosystems (Schindler er al., 1996), but could
cause the opposite effect in northern latitudes, where melt-
ing permafrost and increased decomposition of old peat
(e.g., Oechel et al., 1993) could enhance DOC transport
from tundra to arctic lakes and strcams,

ENHANCED UV-B RADIATION

As a direct consequence of human production of ozone-
depleting chemicals, such as chloroflucrocarbons and
nitrous oxide (N2O), concentrations of ozone (QO3) in the
stratosphere (the ozone shield) are currently at their lowest
recorded values. Lower levels of stratospheric ozone allows
greater penetration of UV-B radiation (280-315nm) to
the Earth’s surface where it can damage deoxyribonucleic
acid (DNA), proteins, lipids, and other UV-B absorbing
compounds in living tissues, alter tissue composition and
growth, and cause photolysis of non-living organic matter,
all of which have important consequences for terrestrial and
freshwater ecosystems.

Effects on Terrestrial Ecosystems

In terrestrial ccosystems, inhibition of photosynthesis by
UV-B reduces leaf area and stem growth in many specics,
potentially reducing NPP. Water stress can mitigate these
cffects, because water-stressed plants often produce higher
concentrations of UV-B absorbing compounds. The effects
of enhanced UV-B radiation on plant growth can also
interact with clevated carbon dioxide concentrations.
Some plants tolerate UV-B more than others, such that
shifts in species composition are a likely consequence of
enhanced UV-B radiation. In some cases, these changes

can buffer reductions in NPP, if UV-B induced reductions
in plant growth lead to the acquisition and growth of more
tolerant species (Caldwell er al., 1998).

Organisms vary in their natural abilities to cope with
enhanced UV-B radiation. Some, particularly microbes and
insccts in early stages of development (early instars), arc
not well protected against UV-B, having little ability to
adjust concentrations of UV-B absorbing compounds, and
are therefore quite sensitive to UV-B damage. This suscep-
tibility is exacerbated when the natural habitats of those
organisms, such as the surfaces of leaves, soils or biolog-
ical crusts in the desert, involve direct exposure o UV-B
radiation. Plants often alter their chemical composition in
response to enhanced UV-B radiation, producing greater
amounts of phenolic compounds (tannins, lignins, and other
refractory materials) or antioxidants (e.g., flavenoids) that
can absorb some of the damaging radiation and thercby
protect the plant. Plants can also alter morphological prop-
erties, such as leaf thickness, which offers greater resistance
to UV-B damage.

Changes in plant chemistry and morphology can in turn
alter rates of herbivory and decomposition processes that
arc very sensitive to leaf thickness and chemical composi-
tion. UV-B can also increase litter decomposition directly.
through photolysis, when solar radiation breaks chemical
bonds. Tn these ways, enhanced UV-B radiation can alter the
cycling of carbon and nutrients in ecosystems, but the direc-
tion of these effects is difficult to predict. For example, in
some cases, litter produced under enhanced UV-B decom-
poses more slowly because the UV-B treatment alters the
chemical composition of litter. But in other cases, UV-
B increases decomposition, possibly because of the dircct
effects of photolysis. Enhanced UV-B radiation can also
affect nitrogen cycling by inhibiting biological nitrogen
fixation.

Effects on Freshwater Ecosystems

In contrast to terrestrial ecosystems, where UV-B radiation
is attenuated only by the atr UV-B penctration into
freshwater ecosystems declines with water depth and with
increasing concentrations of DOC, particularly DOC high
in UV-B absorbing chemical structures (phenols, humins,
and other aromatics). Much of this DOC is of terrestrial
origin—byproducts of the decomposition of terrestrial plant
litter. The water-soluble portion of this material can be
transported into freshwater ecosystems and there serve an
important role in absorbing UV-B radiation. Through pho-
tolysis, UV-B radiation breaks down this DOC into smaller
organic compounds that are usually more susceptible to
microbial decomposition. Increased photolysis and decom-
position in response to enhanced UV-B allow greater pen-
ctration of UV-B into the water column and further DOC
photolysis, creating a positive feedback cycle. Freshwaters
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naturally vary in DOC concentrations, so the penetration of
UV-B into the water column, and the potential for detri-
mental effects of enhanced UV-B on ecosystems, also vary
among habitats.

Increased processing of DOC and altered rates of micro-
bial metabolism can in turn affect nutrient cycling and
primary production in freshwater ecosystems. For example,
photolysis can release nitrogen compounds (ammonium
and amino acids) that stimulate microbial activity and
trnover, and thus the rates of nitrogen cycling. Many of
the enzymes involved in nitrogen (transformations, how-
ever, such as nitrogenase (nitrogen fixation) and glutamine
synthetase (ammonium uplake) arc inhibited by UV-B radi-
ation, such that the overall effects of UV-B on rates of
nitrogen cycling are difficult to predict. Changes in algal
production in responsc to cnhanced UV-B radiation, like-
wise, will reflect the direct negative impacts of enhanced
UV-B on photosynthesis and growth, as well as any indirect
effects on the availability of nutrients limiting to pro-
duction. UV-B also affects zooplankton, both directly, by
damaging tissues, and indirectly, by affccting the amount
and quality of primary production upon which these grazers
depend.

For both phytoplankton and zooplankton, enhanced UV-
B often results in a shift in community composition,
because species differ in sensitivity to UV-B damage.
In some ecosystems, cntirc trophic levels vary in sensi-
tivity to UV-B damage. For example, algal production
increased in responsc to enhanced UV-B in a strcam
habitat (Hader et al., 1998). Although (he algac in iso-
lation were negatively affected by UV-B. the dominant
grazers (larval chironomids) were even more sensitive,
and largely eliminated by the UV-B treatment, releas-
ing the algae from grazing pressure. These observations
highlight the danger in predicting ccosystem responses to
global change by examining any part of the system in
isolation.

Because of the central role of DOC in attenualing UV-
B penetration into aquatic ecosystems, any global change
factor that influences DOC concentrations will interact with
enhanced UV-B radiation. A number of such interactions
have been identified and observed through both experi-
ments and observations in the Experimental Lakes Area in
Canada. Ilcre, observations over two decades, along with a
number of long-term experiments showed that increases in
lake temperatures and lake acidification occurred in concert
with reductions in DOC concentrations, allowing greater
penetration of UV-B into the water column. The reductions
in DOC were caused by reduced inputs of DOC through
runoff (particularly during drought years), incrcased micro-
bial processing of DOC, decreased primary productivity,
and greater lake stratification, which reduced the transfer
of UV-B absorbing compounds from deeper water into the
upper layers.

LAND-USE CHANGE

More and more land is used for livestock grazing, agricul-
ture, forestry, and settlement, and these changes in land use
and land cover are projected to increase. Land-use change is
currently the most severe global change affecting terrestrial
ecosystems, and it is likely to remain the dominant one in
tropical regions over the next several decades.

Land-use change alters both ecosystem structure and
ecosystem processes. For example, land-clearing removes
vegetation, and such clearing is often accomplished by
burning, so the carbon stored in the plants is thereby
released to the atmosphere as carbon dioxide. Similarly,
tillage in agriculture disrupts soil associations that stabilize
soil organic matter, stimulating decomposition and releas-
ing carbon dioxide to the atmosphere. Largely due 1o these
processes, past land-use changes have already substantially
increased carbon losses from ecosystems (o the atmosphere,
accounting for nearly half of the observed increase in atmo-
spheric carbon dioxide concentrations between 1750 and the
present (Houghton, 1994).

Grealer rates of nutrient losses ofien occur after land
clearing or conversion to agriculture, due to both higher
microbial activity and lower plant nutrient uptake. When
land is cleared for agriculture, higher rates of nutrient losses
arc usually compensated by application of fertilizers and
lime, allowing such ecosystems to maintain cqual or even
higher rates of NPP (particularly where agricultural fields
are also irrigated). Nutrient cycling in agricultural ecosys-
tems is thus fundamentally differcnt from that in the natural
terrestrial ecosystems they replaced. Typical rates of fertil-
izer application in intensive agriculture far exceed natural
rates of nutrient importation (e.g., through natural nitrogen
fixation), and losses of fertilizer also greatly exceed natural
rates of nutrient loss (e.g., through leaching and gascous
pathways). For these reasons, managed ccosystems (par-
ticularly agricultural ones) are said to save open nutrient
cycles, where inputs to and losses from the ecosystem are
the dominant transfers. By contrast, nutrient cycles in natu-
ral terrestrial ecosystems are closed, in the sense that inputs
and losses are far smaller than exchanges within ecosys-
tems (c.g., mineralization of organic to inorganic forms).
Nuirient losses from agricultural ecosystems contribute o
a number of global changes: 1) losses of gaseous nitrous
oxide contribute o global warming, as nitrous oxide has
nearly 200 times more warming potential than carbon diox-
ide, molecule for molecule; 2) losses of gaseous nitric oxide
and nitrogen dioxide contribute to photochemical smog and
acidic nitrogen deposition; and 3) leaching losses of nutri-
ents (e.g., NO3~ and PO,42™) from agriculture contribute
substantially to eutrophication of aquatic ecosystcms.

Other changes in ecosystem structure and processes
accompany Jand-use changes. For example, converting a
native forest to a pasturc reduces canopy height and root-
ing depth. thereby altering water and energy exchange with
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the atmosphere (reducing latent heat flux and increasing
sensible heat flux, for cxample). Over large enough scalcs,
such changes in energy partitioning can change regional
and potentially even global climate (Shukla et al., 1990).
Land-use changes also alter conneclions between habitats,
converting, for example, a large homogenous forest stand to
a patchwork mosaic of managed ecosystems and remnant
forest. Such changes in ecosystem structure can threaten
animal species that require large ranges and can facilitate
species invasions.

Rates of soil erosion driven by both wind and water are
also typically much higher as a result of land-use change.
Losses of soil are not easily replaced, so increasing soil ero-
sion caused by land-use change remains a serious global
problem, affecting the long-term fertility of agricultural
ecosystems, as well as the integrity of ccosystems down-
stream and downwind.

HYDROLOGIC ALTERATIONS

Direct human changes in the global water cycle (through
impoundments (dams), surface water diversions, and
groundwater extraction) have dramatically altered freshwa-
ter ccosystems. Globally, nearly a million dams interrupt
natural river flows, appropriating more than half of the
available global runoff for human use (Postel ef al., 1996).

Water impoundment through dam building converts up-
stream rivers to reservoirs, and dampens the natural varia-
tion in flow regimes downstream, both of which constitute
fundamental changes in the structure of river ecosystems.
Upstream, converting a river to a reservoir introduces
thermal stratification, drastically reduces water flow, and
changes the light environment, leading to a complete
change in the structure of the producer community with
associated changes in food web structure. Additionally,
buricd terrestrial vegetation and soil organic matter decom-
poses in reservoirs, releasing carbon dioxide to the atmo-
sphere, and also methane (CHy), a greenhouse gas produced
when decomposition proceeds in the absence of oxygen
(St. Louis et al., 2000). Downstream, dams largely elimi-
nate natural flooding regimes, scasonal fluctuations in water
temperature, and sediment loads, often endangering or caus-
ing the exlinction of the native species that were adapted
to such fundamental characteristics of the river, including
species important to fisherics (Postel, 1998). Such changes
in water flow regimes can detrimentally affect important
habitat, including floodplains, riparian zones, wetlands, and
cstuaries, all of which are particularly sensitive to changes
in water flow. Reduced water flow can also impair water
quality, as pollutants become less and less dilutc. The
dam itself also constitutes a formidable barrier to species
migration, leading to genetic isolation and potentially to
extinction (Pringle, 1997). Nutrient delivery (particularly of
silicates) is interrupted by impoundments, with detrimental

effects on marine algae and associated food webs. For
a larger-scale example, scec Humborg er al. (1997), who
reported on the impacts of a recently constructed dam on the
Danube River between Hungary and Slovakia, on ecosys-
tem structure in the Black Sca.

INVASIVE SPECIES

Through intentional introductions and through accidental
hitchhikers in our global transportation systems, humans
have dramatically redistributed the species on earth. Sorme
of these species introductions are relatively benign, but
other invasive species detrimentally affect native species
and ecosystems. Invasive species are first transported to a
new geographic area, they survive and persist in this new
arca, and eventually they thrive, reproducing successfully,
spreading in areal extent, and outcompeting native species,
not infrequently driving some native species to cxtinc-
tion. The species thal make up an ecosystem strongly
influence that ecosystem’s structure and processes, so the
changes in species composition caused by invasions can
have ccosystem-scale effects. In general, invasive species
can alter ecosysiem processes by changing trophic structure,
resource availability, or disturbance frequency or intensity
(Vitousek, 1989).

Nile perch, introduced into Africa’s Lake Victoria, seve-
rely altered the trophic structure of the lake by literally
cating the species bencath it on the food chain, leading
to the elimination of many of the lake’s 500 cndemic
species of cichlid fishes. Other invasions alter the nutrient
or water cycles, such as the nitrogen-fixing tree, Myrica
Jaya, which invaded the Hawaiian islands and caused a 90-
fold increase in nitrogen inputs. A number of tree specics
that have invaded the South African Cape Province fyn-
bos ecosystem whose high rates of water extraction have
strongly reduced, and in some cascs even eliminated, river
flow. Australian paperbark has invaded south Florida, cov-
ering nearly 200 000 acres, and promotes more intense fircs,
altering the natural disturbance cycle. Many other invasive
specics have similar effects, particularly grasses which can
cause a buildup of dead flammable material, leading to fires
that favor the cxpansion of the invading grass (D’ Antonio
and Vitousek, 1992). Given their global extent and strong
effects on ecosystems, biological invasions are a critical
component of human caused global change (Mack er al.,
2000).

See also: Biological Tnvasions, Volume 2; Plant Disper-
sal and Migration, Volumc 2.

INTEGRATION

Most global change research addresses how one particu-
lar type of global change (rising carbon dioxide, nitrogen
deposition, or invasion of a particular species) will affect
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one (or a few) characteristics of a particular ecosystem.
Yet, in reality, global changes are occurring together and
they atfect many (if not all) aspects of ecosystems, not just
thosc of a particular researcher’s specialty. It is thus criti-
cal to attempt more integrative assessments of responses to
global change. For example, warming or nitrogen deposi-
tion can favor the success of an invasive plant that alters
the fire cycle. Similarly, global warming or rising carbon
dioxide can alter the export of DOC from terrestrial to
f ecosystems, fund lly changing how these
aquatic systems respond to enhanced UV-B radiation. Land-
use changes can alter albedo and sensible heat flux, causing
changes in climate. Elevated carbon dioxide, through a
number of indirect pathways, can affect micrebial processes
in soil that produce other trace gases, including the green-
house gascs nitrous oxide and methanc and the reactive
gases nitric oxide and nitrogen dioxide. Global changes
can thus interact in surprising ways: the response of a given
ecosystem (o onc component of global change can affect its
response to another, a neighboring ccosystem’s responses,
and even the extent of other global changes. Understanding
these interactions is a formidable challenge.

CONCLUSIONS

Human activities are clearly changing Earth’s (errestrial
and freshwater ecosystems, changing both their structure
and the processes they perform. No longer can one find
pristine habitats free from human influence (Vitousek er al.,
1997): rising atmospheric carbon dioxide concentration is a
global phenomenon, and pollutants are evident cverywhere
that researchers have looked, in the high arctic and in
remote tropical islands, a clear example of humanity’s
global shadow.
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Allometric

Allometric is a term most commonly used with reference
to growth, usually of plants. Allometric growth describes
a situation in which the rate of growth of one part of an
organism is in a constant ratio with the rate of growth of
another part. It may be expressed as the allometric coef-
ficient (k), which is the ratio of relative growth rates:
k = (dInx/dt)/(dIny/dt). When k =1 the growth of the
two parts is said to be isometric; when k > 1 ork < 1 the
situations are described as positive or negative allometry,
respectively.

Allometric growth of plant organs or parts strongly
suggests that correlative effects control one or the other
part of the plant, or both. The nature of such effects
is often unclear, but is usually intcrnal (e.g., genetic or
hormonal). However, environmental effects may affect
or disrupt allometric growth, For example, under ideal
growing conditions the root/shoot ratio of some plants
is essentially constant over considerable periods of the
plant’s life. This is almost certainly an internal correla-
tive clfect that mainiains the balance between root and
shoot. Environmental factors that may disrupt this allom-
etry include excess soil humidity, which tends to slow
root growth, or reduced soil water content, which tends
to stimulate it. An understanding of allometric growth may
assist agricultural cfforts to achieve maximum yield con-
sistent with optimal growth of, for example, [ruit or root
crops.
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Angiosperm/Gymnosperm

Higher plants, called Spermatophytes (secd bearing) arc
vascular plants characterized by the production of seeds.
More primitive non-vascular plants such as fungi and
mosses and vascular plants such as ferns reproduce by
spores. Spermatophytes are divided into two classes: the
gymnosperms (bearing naked sccds) and angiosperms
(bearing enclosed seeds). The gymnosperms (Pinophyia),
the more primitive group, are woody or perennial plants
that are commonly cvergreen; that is, they retain lcaves
(frequently needles) for two to several ycars so that
the plant is leafy throughout the year. The angiosperms
(Magnoliophyta) constitute the largest and most diverse
group of plants, which has invaded and adapted to some
of the world’s most inhospitable habitats. Their habit of
growth ranges from annual to perennial; many of the woody
perennials arc deciduous, losing all their leaves in winter
or drought seasons.

Gymnosperms normally produce gametes in the axes of
nodes clustered densely on a shoot with shortened intern-
odes called a strobilus or cone. The gametes may be pro-
tected by bracts or scalcs, but the seeds (the female gametes
or ovules) are not enclosed by the structure that bears them,
nor in an ovary, and are therefore said to be naked even
though they may be protected by the bracts of a cone.
Angiosperms produce seeds that arc normally born in struc~
tures called fruits, and the ovule is enclosed in an ovary:
angiosperm seeds are therefore longer lasting after they
have been shed. This evolutionary development appears to
be largely responsible for the rapid and effective spread of
angiosperms throughout the accessible habitats in the world.
However, among woody plants, particularly trees, gym-
nosperms may better survive periods of extreme drought
and cold (the most important consequence of intense cold
is drought caused by freezing of available water) because
of modifications that control water loss from their leaves.
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