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The carbon (C) and water cycles are intimately linked in terrestrial ecosystems. Thus, an understanding o f the 
processes regulating transfers o f water in terrestrial ecosystems requires an understanding o f the carbon cycle, 
and in particular, the factors constraining carbon movement in the soii-piant-atmo sphere continuum and through 
trophic levels in ecosystems. The linkages between the C and the water cycles are mediated primarily through 
biological processes, and are bidirectional in nature. For example, precipitation (and hence ecosystem water 
avaiiabiiity) strongly regulates plant growth and biogeochemicai cycling in soils. Subsequently, plant growth 
and soil biogeochemistry strongly influence evaporation and atmospheric water vapor (and hence precipitation). 
Plant growth and soil processes are also cyciicaiiy linked. Thus, plant and soil interactions can have important 
implications fo r  water cycling. However, while major climatic variables (including precipitation) may drive 
biological patterns and processes at large scales, other ecological interactions also regulate both plant and soil 
processes. An appreciation o f these ecological factors is important to understanding the relationship between C 
and water, and to predicting how global environmental change is likely to affect the interactions between the C 
and water cycles.

INTRODUCTION

From an ecological perspective, plant photosynthesis regn- 
lates the carbon balance and prodnctivity of the biosphere, 
controls linxes of C between the biosphere and the atmo
sphere, and is responsible for virtnally all of the biochemi
cal prodnction of organic matter. From an anthropomorphic 
perspective, biomass prodnced by antotrophic organisms 
via photosynthesis is the sonrce of all food, fiber, and 
fnel in the biosphere, and thns snstains all other life on 
earth, inclnding hnmans. Of all the carbon fixed by plants 
(gross primary prodnction; GPP), some is stored and some 
is respired. The fraction of C that is fixed bnt not respired 
represents net primary prodnction (NPP). Mnch of the 
biomass prodnced by plants is consnmed by individnals 
of higher trophic levels, or moves into soil where it pro
vides snbstrate for heterotrophic organisms (net ecosystem 
prodnction; NEP). Inpnts of organic matter from plants to 
soil inlinence nntrient cycling and soil water retention, and 
therefore affect farther plant prodnction. Understanding the 
ecological controls on organic matter cycling in terrestrial

ecosystems is fnndamental to onr nnderstanding of ecosys
tem water balance, both at present and in the fntnre.

PRIMARY PRODUCTION

Gross Primary Production
In 1942, Lindeman ontlined the fnndamental ecological 
concepts of energy flow in ecosystems. At any trophic 
level, from prodncer to consnmer, energy flow is medi
ated throngh the individnal organism. Energy is consnmed, 
some is lost as feces, nrine, or gas, and part is assimilated 
and respired or nsed for the prodnction and growth of new 
biomass. Dnring each transfer from a lower to a higher 
trophic level, ~10% of the consnmed biomass is directly 
converted to new biomass; the balance is respired (Smith, 
1996). Primary plant prodnction is conceptnally similar. 
Photosynthetically active radiation (PAR; radiation in the 
4 0 0-700nm wave band in the visible light spectrnm that 
is ntilizable by plants dnring photosynthesis) may be inter
cepted by a plant and nsed to drive photosynthesis. Ulti
mately, only a tiny fraction of total available light energy 
is nsed to convert inorganic carbon to organic molecnles
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within plants; the majority is lost as long-wave radiation 
and throngh sensible and latent heat linxes. However, this 
small fraction is snfficient to drive plant prodnction that 
snstains all organisms occnpying higher trophic levels. The 
total organic carbon prodnced dnring plant photosynthesis 
is known as gross primary production (GPP).

Net Primary Production

The concept of energy flow throngh ecological trophic 
levels snggests that not all C fixed by plants dnring pho
tosynthesis is allocated to growth and biomass prodnction 
(Fignre 1). Plant respiration is also necessary to maintain 
the energy demands of biomass antotrophic organisms.

Plant respiration, which involves the mitochondrial oxi
dation of carbohydrates to form ATP, the most impor
tant energetic molecnle in cells, is the necessary cost of 
maintaining nonphotosynthetic plant biomass (at all times)

and photosynthetic leaves (at night; Chapin et al., 2002); 
ronghly half of the C fixed by any given individnal plant 
dnring GPP is respired directly by plants as carbon dioxide 
(CO2 ) back into the atmosphere (Fignre 1). The difference 
between total plant C fixed (GPP) and the C lost throngh 
plant respiration represents plant net primary prodnction 
(NPP). Odnm (1971) defined NPP as “the rate of stor
age of organic matter in plant tissnes in excess of the 
respiratory ntilization by plants”. By this definition, NPP 
inclndes increases in plant biomass (e.g. growth of roots, 
shoots, and leaves), incidental losses of fixed C throngh 
roots (i.e. root exndation), transfers of fixed C to symbi
otic or associated microorganisms (e.g. mycorrhizal fnngi 
and rhizosphere bacteria), and plant prodnction and losses 
of biogenic hydrocarbons. In Lindeman’s energy transfer 
model, NPP also represents the amonnt of photosyntheti- 
cally fixed C that is available to the first heterotrophic level 
in an ecosystem (Lindeman, 1942).

E m issio n s

heterotr

Litterfall A nim als

Soil organ ic  m atter  
and  m icrob es

N P P  =  G P P - R ,

NEP = GPP-(Rp,3„,  + heterotr ^ d is tu rb  ^ le a c h

Figure 1 Overview of the major carbon fluxes in an ecosystem. Carbon enters an ecosystem as gross primary production 
(GPP) through plant photosynthesis. Roots and aboveground plant parts return roughly half of this carbon back to the 
atmosphere as plant respiration (Rpiant)- Net primary production (NPP) is the difference between GPP and Rpiant- Most of 
NPP is transferred to soil organic matter as litterfall, root death, root exudation, and root transfers to symbionts; some 
NPP is lost to higher trophic levels (e.g. animals). Most carbon entering the soil is lost through microbial respiration, 
which together with animal respiration, is called heterotrophic respiration (Rhetero)- Additional carbon is lost from soils 
through leaching and disturbance. Net ecosystem production (NEP) is the net carbon accumulated by an ecosystem; it 
equals the carbon inputs from GPP minus the various avenues of carbon loss (Reproduced from Chapin et a!., 2002 by 
permission of Springer)
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Table 1 Productivity of different ecosystems per day and per unit leaf area

Biome
Season 

length (d)

Daily NPP per 
ground area 
(g m -2 d - i )

Total LAI
(m2m-2)

Daily NPP 
per leaf area

Tropical forests 365 6.8 6.0 1.14
Temperate forests 250 6.2 6.0 1.03
Boreal forests 150 2.5 3.5 0.72
Mediterranean shrublands 200 5.0 2.0 2.50
Tropical savannas and grasslands 200 5.4 5.0 1.08
Temperate grasslands 150 5.0 3.5 1.43
Deserts 100 2.5 1.0 2.50
Arctic tundra 100 1.8 1.0 1.80
Crops 200 3.1 4.0 0.76

D ata fro m  G o w e r , 2 0 0 2 .

Global Distribution of NPP

NPP is usually measured at the scale of the ecosystem and 
is expressed in grams of biomass or C per square meter 
per year (Sala and Austin, 2000). An accurate estimate 
of NPP represents one of the most fundamentally impor
tant characteristics of an ecosystem, and as such, estimates 
of NPP both within and between ecosystems are plenti
ful (but see Clark et a l, 2001a for discussion of problems 
in estimating NPP). On the global scale, NPP is spa
tially heterogeneous, bnt growing season length is the most 
important factor explaining differences in biome-specihc 
NPP (Chapin et a l, 2002). Like most enzymatic biolog
ical processes, photosynthesis is sensitive to extremes in 
temperature and moisture, and many ecosystems experi
ence times that are too dry, too wet, too cold, or too hot 
to allow photosynthesis and plant growth to occur. How
ever, when biome-level estimates of NPP are adjusted for 
growing season length, NPP in different forested ecosys
tems are nearly identical (~5gm ^^ year^^), and NPP in 
the most productive systems (tropical rain forest ecosys
tems) is only three times NPP in the least productive 
systems (desert ecosystems; Table 1). These calculations 
suggest the importance of growing season length in con
trolling rates of NPP on a global scale (Chapin et a l, 
2002).

The Fate of NPP: Plant Allocation

What is the fate of NPP? Plant allocation of the prod
ucts of NPP varies in both space and time, and from 
species to species. For example, climatic variability over 
the range of a single plant species influences the timing of 
C allocation for leaf bud production and foliar growth, leaf 
senescence, and flowering and fruiting times, among oth
ers. Similarly, allocation patterns in deciduous tree species 
that annually grow new leaves differ from allocation pat
terns in evergreen species in an area experiencing identical 
climatic conditions (e.g. aspens in the spruce-fir ecotone). 
Thus, while generalizations about plant C allocation are

difflcnlt, in general, plants allocate carbon to minimize 
limitation by any single resource (Chapin et a l, 2002). 
The relative demand for different resources regulates the 
direction and flow of carbon throngh plants (Aber and 
Melillo, 2001). Plants allocate resources to roots, shoots, or 
leaves depending on the relative availability of aboveground 
and belowgronnd resources. When belowgronnd resources 
(e.g. water or nutrients) are most limiting to plant pro
dnction, plants may allocate a greater percentage of C to 
the prodnction and maintenance of belowgronnd biomass. 
For example, in deserts, water is often the most limit
ing resource, and light availability is high. Thns, many 
desert plants produce extensive root systems that include 
roots at the surface to capture episodic precipitation, and 
deep roots that effectively capture more consistent water 
supplies at depth (Chapin et a l, 2002). In contrast, plants 
growing in closed canopy, light limited forests may par
tition more C to aboveground tissnes to maximize their 
ability to reach the canopy and capture available light 
(Table 2).

Abiotic Controls on NPP

As discussed, growing season length explains mnch of 
the variability in NPP between different ecosystems. What 
other factors influence rates of NPP? As the driver of the 
photosynthetic process, light availability strongly regulates 
ecosystem NPP. Early work by Montieth (1977) demon
strated that the prodnctivity of well-watered and well- 
fertilized crop plants was linearly related to the amonnt of 
light they absorbed. This basic concept has mnch utility; it 
combines meteorological constraints of light impinging on 
a surface with the physiological constraints of light absorp
tion and use by a leaf (Sala and Austin, 2000). Energy 
absorbed by a leaf (absorbed PAR; APAR) integrates sea
sonal and diurnal variation in sunlight and climate, and 
also implicitly inclndes the quantity of vegetation that is 
absorbing radiation, or the leaf area index (LAI; Sala and 
Austin, 2000). A conversion efflciency factor can then be 
nsed to convert APAR to growth, or biomass prodnced.
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Table 2 Components of NPP in 12 old-growth tropical rain forest sites

Component of aboveground NPP (Mg C/ha/y)

Aboveground Estimated

Site
biomass 

(Mg C/ha)
Fine

litterfall
Losses to 

consumers
Volatile 

organic C
abovegrc

NPP

Ivory Coast: L'Anguededou Forest 151.5 9.3 1.1 0.2 14.3
Thailand: Khaochong 167.0 5.9 0.7 0.2 9.9
USA: Hawaii (Puu Kolekole) 68.5 4.4 0.5 0.2 7.6
Columbia: Magdelena slope 162.9 4.4 0.5 0.3 7.5
Brazil: Egler Reserve 203.0 3.7 0.4 0.2 6.4
Puerto Rico: Colorado Forest 84.8 3.4 0.1 0.2 5.6
Venezuela: San Carlos 118.7 2.8 0.3 0.3 5.2
Jamaica: Blue Mountain Mull Ridge 156.0 2.8 0.3 0.2 5.0
India: Kagneri 230.0 2.0 0.2 0.3 3.9
Mexico: Chamela 40.0 1.7 0.4 0.2 3.2
Puerto Rico: Pico del Este 23.8 1.6 0.1 0.2 2.9
USA: Hawaii (Site 5) 61.5 0.9 0.1 0.2 1.4

D ata fro m  Clark e t  al.,  2 0 0 1 b .

Tables Primary production 
ecosystems

and biomass estimates in global terrestrial

Ecosystem type
Area 

(10® km)
Mean NPP 

(g C/m^/year)
Mean biomass 

(KgC/m2)

Tropical rain forest 17.0 900 20
Tropical seasonal forest 7.5 675 16
Temperate evergreen forest 5.0 585 16
Temperate deciduous forest 7.0 540 13.5
Boreal forest 12.0 360 9.0
Woodland, shrubland 8.0 270 2.7
Savanna 15.0 315 1.8
Temperate grassland 9.0 225 0.7
Tundra 8.0 65 0.3
Desert scrub 18.0 32 0.3
Rock, ice, sand 24.0 1.5 0.01
Cultivated land 14.0 290 0.5
Swamp, marsh 2.0 1125 6.8
Lake, stream 2.5 225 0.01

D ata fro m  W h itta k er  a n d  L ik en s, 1973 .

Because APAR can be used to generate estimates of NPP 
on large scales, combined with the ability to obtain values 
of APAR using remote sensing, estimates of APAR mea
sured from space are routinely nsed to generate estimates 
of plant production.

Large-scale (e.g. biome- to global-scale) patterns in ter
restrial primary productivity can also be well explained by 
climatic variables, most notably average annual tempera
ture and precipitation. In general, primary production is 
high in ecosystems with warm, moist climates, and low in 
ecosystems characterized by cold, dry climates (Table 3). 
Analyses of the empirical relationships between NPP and 
climate (Schnur, 2003; Lieth, 1975) further validate this 
observation, and suggest the importance of temperature 
and precipitation in regulating NPP (Figure 2). Across a

temperature gradient ranging from <10 °C to ~30 °C, NPP 
increases linearly with increases in temperature (Schnur, 
2003). However, precipitation is also highly correlated with 
ecosystem NPP (Fignre 2). This strong positive relationship 
between ecosystem annual precipitation inpnts and NPP 
represents the hrst link between C and water cycles depicted 
in Fignre 3.

The relationship between NPP and precipitation has also 
been verihed experimentally. Sala et al. (1988) found that 
mean annual precipitation explained 90% of the variabil
ity in mean aboveground NPP in 100 major land resource 
areas across the central grassland region of North America. 
These observations illustrate the overwhelming importance 
of water availability as a control on NPP, at least in some 
ecosystems. However, while increases in precipitation in
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Figure 2 Relationships between net primary production 
and (a) mean annual precipitation and (b) mean annual 
temperature in temperate ecosystems (Reproduced from 
Schuur, 2003 by permission of Ecological Society of 
America)

many arid and semiarid ecosystems correlate with dramatic 
increases in NPP, in extremely mesic ecosystems, excessive 
precipitation inputs may actually correlate with decreases in 
NPP (Schuur, 2003). Together, these data suggest interest
ing interactions between precipitation and NPP. Namely, 
NPP increases with temperature and precipitation, but this 
effect diminishes in wet, warm ecosystems, where further 
increases in precipitation or temperature may not be bal
anced by increases in NPP (Figure 2). The fact that NPP 
decreases in ecosystems characterized by extremely high 
precipitation inputs suggests that excessive water availabil
ity either directly or indirectly affects plant growth through 
other feedback mechanisms.
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-trophic Interactions 
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Figures Schematic illustration of the coupling of the 
carbon and water cycles in terrestrial ecosystems, (a) NPP 
and evapotranspiration regulate the flow of water and C 
between plants and the atmosphere; (b) decomposition 
and evaporation control the flow of water and C between 
the soil and the atmosphere; and (c) biogeochemistry 
and soil processes regulate fluxes of C and water in 
the plant-soil continuum. However, ecological constraints 
also strongly regulate the fluxes of C and water in 
terrestrial ecosystems

Evapotranspiration: The Return of W ater to  the  
Atmosphere

The emerging linkages between C and water cycling, which 
include the strong correlation between water availability 
and NPP, suggest that the relationship may also operate in 
reverse. In other words, high NPP may also affect atmo
spheric water content. Empirical evidence suggests a strong 
relationship between NPP and ecosystem water losses, and 
these losses, in turn, complete the cycle connecting plant 
C cycling with atmospheric water content (e.g. Schimel 
et al., 1997). Respiratory losses of CO2 are not the only 
resource costs of maintaining an antotrophic lifestyle; losses 
of water via evapotranspiration link primary production 
(C cycle) with the hydrological cycle (see Chapter 42, 
Transpiration, Volume 1). Losses of water from terres
trial ecosystems to the atmosphere occur via two pathways: 
evaporation, or the direct return of water to the atmo
sphere from open water bodies and from the land surface 
(mainly from rock and soil and plant surfaces); and tran
spiration, the incidental loss of water through plant leaf 
stomatal openings (see Chapter 70, Transpiration and 
Root Water Uptake, Volume 2). During photosynthesis, 
plants obtain atmospheric CO2 for fixation in photosynthe
sis through their stomata, small pores in the leaf surface.
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The size of the stomatal opening regulates stomatal con
ductance, and high stomatal conductance equates with high 
fluxes of CO2 available for photosynthesis. However, as 
a consequence of high stomatal conductance, a decreasing 
moisture gradient from the inside of the leaf to the out
side creates a flux of water out of the leaf, thus resulting 
in plant water loss to the atmosphere. Thus, in maximizing 
CO2 uptake for photosynthesis, plants necessarily subject 
themselves to high water losses via transpiration.

Together, transpiration and evaporation are known as 
evapotranspiration, and rates of actual evapotranspiration 
(AET) are very well correlated with NPP (Figure 4). 
The high correlation between NPP and AET represents 
an important feedback loop connecting water and carbon 
cycling in ecosystems. High rates of precipitation and 
inputs of solar radiation (energy) stimulate high NPP. 
Subsequently, high rates of NPP in mesic ecosystems 
lead to high rates of water loss to the atmosphere via 
evapotranspiration, which have been shown to complete the 
feedback system by fueling precipitation into ecosystems. 
The importance of this feedback between NPP, soils, and 
precipitation is illustrated by an example from tropical 
rain forests. In Amazonia, the climate and vegetation are 
tightly coupled. High rates of evapotranspiration from 
Amazon forests provide water vapor to the atmosphere. 
Through convective processes, evaporated and transpired 
water vapor becomes cumulus clouds and precipitation

50 100

ET (m m y e a n " ')

Figure 4 The relationship between NPP and ET (r^ =  0.71) 
from an integration of the Century ecosystem model 
for the Northern Hemisphere. Points in dark grey are 
forest ecosystems, light grey indicates grasslands, and 
black indicates "mixed" ecosystems that include grasses 
and trees or shrubs (e.g. savannas) (From Schimel, 
D.S., Braswell, B.H. and Parton, W.J. (1997). Equili
bration of the terrestrial water, nitrogen and carbon 
cycles. Proceedings of the National Academy of Sci
ences, 94, 8280-8283. ©1997 National Academy of Sci
ences USA)). A color version of this image is available at 
http://www.mrw.interscience.wiley.com/ehs

(Nobre et a l,  1991). Much of the daily rainfall in the 
Amazon Basin is quickly reevaporated and transpired into 
the atmosphere, maintaining high atmospheric humidity 
and generating clouds that provide the following day’s 
rain. Without forest vegetation, most rainfall would enter 
rivers, resulting in progressive drying of the air, and 
affecting NPP.

Net Ecosystem Production

With respect to organic C balance, ecosystems can be 
aggrading (i.e. C accumulating in soils and vegetation), 
degrading (i.e. net loss of C), or in equilibrium (i.e. 
carbon inputs matched by carbon losses). The balance 
between carbon entering and leaving an ecosystem is 
net ecosystem productivity (NEP; also known as net 
ecosystem exchange [NEE]), and represents the difference 
between NPP and heterotrophic respiration by animals 
and microorganisms (Figure 1). Most carbon enters an 
ecosystem though NPP, and the majority of C that enters an 
ecosystem is eventually lost through respiration. However, 
in some ecosystems, leaching of dissolved organic carbon 
(DOC) or dissolved inorganic carbon (DIG) through soils 
and into aquatic ecosystems may be important loss vectors 
for C (Neff and Asner, 2001). This is particularly true 
in arctic terrestrial ecosystems, where roughly 20% of the 
CO2 produced in soils is lost as CO2 from lakes, streams, 
or groundwater (Chapin et a l,  2002). Fosses of fixed C 
via methane or plant produced hydrocarbon emissions are 
also significant loss pathways for C in some ecosystems. 
For example, in wetland systems, or systems where anoxic 
conditions prevent the aerobic decomposition of organic 
matter, ecosystem losses of C via methanogenesis can 
be significant. Similarly, many plants have been shown 
to produce C-rich secondary compounds that are lost as 
volatile hydrocarbons from ecosystems. Volatile organic 
carbon (VOC) emissions (e.g. terpenoid and isoprenoid 
compounds from plants) may account for C losses up to 
5% of NPP (Figure 1; Chapin et a l,  2002).

DECOMPOSITION

Soil Organic Matter Decomposition

In most ecosystems, the majority of the C fixed during 
NPP leaves the ecosystem through the activity of het
erotrophic microorganisms (Figure 1). The most important 
conversions of ecosystem organic C to CO2 (i.e. real losses) 
occur during heterotrophic respiration; microorganisms uti
lize dead plant biomass and detritus to respire and build 
biomass. Decomposition is a fundamental ecological and 
biogeochemicai process; it returns fixed C to the atmo
sphere, and also returns critical nutrients stored in organic 
matter back to the soil, thus providing the main source of

http://www.mrw.interscience.wiley.com/ehs
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annual plant nutrient availability (Paul and Clark, 1996) 
{see Chapter 96, Nutrient Cycling, Volume 3). Organic 
matter decomposition is also tightly linked to water inputs, 
and represents another important link between the C and 
the water cycles (Figure 3).

Following litterfall and litter accumulation on the soil 
surface, the hrst step in organic matter decomposition is 
leaching of soluble organic material through the litter (and 
other plant biomass) layer and into the soil. Soluble fluxes 
of organic C from throughfall (leaching from live plant 
leaves and other aboveground biomass) and through the 
fallen litter layer may be 1 -19%  of the total litterfall C flux, 
and may represent 1-5%  of NPP (References in Neff and 
Asner, 2001). The rate at which C solubilizes, leaches, and 
enters the soil is linked to precipitation driving fluxes; the 
direct movement of water through the vegetation and litter 
layers drives C fluxes. Experimental evidence suggests that 
DOC concentrations decrease through the soil horizon, and 
that the majority of C that enters the soil is biologically 
available and is utilized and respired by microorganisms 
(Cleveland et a l, 2004).

Abiotic Controls on Decomposition

The decomposition of nonieached plant material accumu
lated as soil organic matter is strongly linked to climate. 
For example, temperature affects decomposition directly 
through its effects on soil microbial activity. Over a broad 
range, increasing temperature elicits exponential increases 
in soil respiration (Figure 5). Temperature affects both the 
physicochemical characteristics of the soil environment as 
well as the physiological reaction rates of cells. Specih- 
caiiy, in a basic way, microbial decomposihon of organic

Tem p (°C)

30

25.
0) 20

c
o

Q.
cn0)OC

M oisture co n ten t (%'

Figures  Senniperspective plot of connputed soil respira
tion rate at different soil tennperature and soil nnoisture 
levels (Reprinted fronn Paul and Clark, 1996, ©1996 with 
pernnission fronn Elsevier)

matter must follow simple reachon kinetics, with reac
tion rates increasing with temperature to a maximum, and 
decreasing at excessive temperatures that degrade enzymes. 
Freeze-thaw cycles can also contribute to decomposihon, 
through the physical effects of freezing on the microor
ganisms decomposing dead plant material and soil organic 
matter.

Soil moisture also strongly regulates decomposition. Like 
plants, decomposer organisms are most produchve when 
water availability is high, provided sufhcient oxygen is 
available in the soil (Paul and Clark, 1996). Microbial 
decomposition of organic matter is dependent upon diffu
sion processes in the soil environment. Excessive drying of 
soil prevents both enzymatic processes and physicochem
ical processes from allowing decomposition and nutrient 
mineralization to occur. Evidence suggests that decompo
sihon declines at soil moisture values <30-50% , owing to 
the reduction in moisture necessary to allow rapid diffusion 
of necessary resources (Paul and Clark, 1996). Similarly, 
excess water in soils may also affect soil organic maher 
decomposition rates, but in the opposite direction. Exces
sive soil moisture can lead to soil anoxia, and decreased 
oxygen availability has been linked to decreased rates of 
decomposition (Schuur, 2003; Schuur e ta l ,  2001). The 
relationship between water availability and decomposition 
rate is another important link between the C and water 
cycles (Figure 3).

The decomposition rate of soil organic material is influ
enced by many factors. For example, soil temperature, 
soil moisture, organic maher quality, soil oxygen avail
ability, and the achvity of specihc microorganisms all 
influence the rate of conversion of organic C to CO2 . 
However, as with NPP, an analysis of decomposition at 
the global scale is useful for determining the role of cli
mate in regulating large-scale variahons in decomposition. 
Meentemeyer (1978) demonstrated that while liher qual
ity strongly correlates with decomposition rates, the slope 
of the relationship between litter quality and decomposi
tion rate decreases coincidentally with ecosystem actual 
evapotranspiration (AET; Meentemeyer, 1978). While AET 
most appropriately represents water losses from a system, 
it is also a useful proxy for the amount of water (and 
energy) entering an ecosystem (Schimel et a l, 1997). Thus, 
the observed relationship between AET and decomposi
tion integrates the effect of soil moisture and precipitation 
inputs on decomposition, and further demonstrates the link
age between precipitation and soil processes, including 
organic matter decomposition. In situ soil respiration, which 
includes plant root and soil microbial respiration, is also a 
useful proxy for heterotrophic decomposition. Like with 
NPP, at large scales, soil respiration is positively related 
to soil moisture availability (Raich and Schlesinger, 1992; 
Figure 5).
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Precipitation exerts control on soil processes (inclnd
ing C decomposition) throngh AET and soil moistnre, 
demonstrating another important linkage between the C 
cycle and water cycle. However, abnndant precipitation not 
only affects soil processes, bnt also soil moistnre avail
ability, and this constitntes another feedback mechanism 
linking soil water availability, soil C cycling, and water 
losses to the atmosphere. Specifically, evaporative losses 
of water directly from soil are necessarily higher when 
soil moistnre is higher (i.e. the difference between AET 
and potential evapotranspiration (PET) resnlts from differ
ences in soil moistnre) {see Chapter 42, Transpiration, 
Volume 1). High precipitation in mesic ecosystems con- 
tribntes to high soil moistnre, and high soil moistnre in 
ecosystems may perpetnate high precipitation throngh high 
rates of AET. Soil is a hnge reservoir for water in ter
restrial ecosystems, and evaporative processes from soil 
represent a significant portion of AET. Moreover, variable 
decomposition rates can affect the amonnt of organic mat
ter accnmnlation in ecosystems. Becanse organic matter in 
soils often increases water-holding capacity, the linkage 
between water and C cycles in the atmosphere and soil 
is completed.

PLANT-SOIL INTERACTIONS

There are important linkages between water availability 
and both plant and soil processes, and factors affecting 
these interactions may lead to important feedbacks that 
farther inlinence the linxes of water and carbon into and 
ont of ecosystems (Eignre 3). However, there are also 
important interactions that occnr between plants and soil, 
and these interactions affect and are affected by ecosystem 
C cycling and water statns, and hence linxes of water and 
C between terrestrial ecosystems and the atmosphere. Eor 
example, most inpnts of organic matter into ecosystems 
are the resnlt of primary prodnction. While the fate of 
soil organic matter is strongly dependent on climatic (e.g. 
temperatnre and moistnre) and edaphic (e.g. soil textnre, 
soil chemistry) factors, ecosystems with high rates of NPP 
will have correspondingly high organic matter inpnts to 
soil. Soil organic C decomposition, which is linked to 
the water cycle throngh its strong relationship to soil 
moistnre, is also linked to NPP and inpnts of organic 
carbon as the main sonrce of carbon and energy for 
heterotrophic microorganisms. CO2 flnx from soil is highly 
correlated with NPP, which snpplies organic molecnles to 
decomposers. Across the world’s major biomes, Raich and 
Schlesinger (1992) showed a direct relationship between 
soil respiration and NPP. Experimental manipnlations of 
C also consistently reveal increases in soil respiration 
following C inpnts (Schlesinger and Andrews, 2000). Thns, 
precipitation regnlates NPP, NPP regnlates decomposition

and soil C, soil C regnlates soil moistnre, which in tnrn, 
may regnlate precipitation via AET (Eignre 3).

The interactions between NPP and soil processes also 
operate in reverse. Precipitation exerts control on soil 
organic matter decomposition, which in tnrn represents the 
major mechanism for nntrient mineralization and nntrient 
cycling in terrestrial ecosystems. On an annnal basis, most 
of the nntrient demands by plants are met throngh the 
activity of soil microorganisms, which liberate important 
nntrients dnring soil organic matter (SOM) decomposition. 
Thns, soil moistnre can indirectly affect NPP throngh 
decomposition and nntrient mineralization. High levels of 
NPP also provide increased C snbstrate and fnel higher 
levels of soil microbial biomass. In systems where nntrients 
are extremely rare, high levels of microbial biomass can 
positively affect nntrient cycling and plant growth (Panl 
and Clark, 1996).

Some interesting data snggest complexities of the interac
tions between C and water cycles, and provide evidence for 
the feedbacks depicted in Eignre 3. Eor example, data from 
grasslands snggest fascinating interactions between NPP, 
soil processes, and water availability. Eirst, when grassland 
sites spanning a precipitation gradient are compared, aver
age NPP increases with precipitation (References in Chapin 
et a l, 2002). Moreover, in a single grassland site, NPP 
increases dnring wet years, and responds to experimental 
water addition, indicating that NPP in grasslands is water 
limited. However, the apparent water limitation is really 
nntrient limitation; increased soil moistnre increases decom
position rates and nntrient mineralization rates, and hence 
nntrient snpply (Chapin et a l, 2002). Arid grasslands are 
never as prodnctive in wet years as grasslands that regnlarly 
receive high moistnre inpnts, snggesting that arid grass
lands lack biomass, species, or soil fertility to exploit high 
moistnre years (Lanrenroth and Sala, 1992). Thns water 
controls NPP, bnt soil moistnre determines NPP in three 
ways: direct stimnlation of NPP, its effect on nntrient snp
ply, and its constraints on species composition and the 
prodnctive capacity of an ecosystem. This example illns- 
trates the complexity of the interactions between C and 
water cycles in terrestrial ecosystems.

DEVIATIONS FROM "THE MODEL": BIOTIC 
REGULATION OF C AND WATER CYCLES

Abiotic factors, inclnding climate and growing season 
length strongly regnlate linxes of water and carbon into 
and ont of ecosystems. At least on the global scale, there 
are robnst relationships between NPP, soil processes, and 
precipitation, and these processes link the C and water 
cycle in ecosystems. Water is a basic reqnirement for 
biological organisms. Thns, it is not snrprising that water 
availability regnlates biological processes snch as NPP 
and decomposition. These relationships between climatic
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variables and ecosystem processes are extremely useful, as 
they allow estimation of NPP without direct measurement 
(e.g. Schuur, 2003; Lieth, 1975). However, while climate 
drives much of the large-scale variability in C cycling, 
the variability of the data compiled to generate these 
relationships suggests that other factors iuliueuce processes 
at the plot- to ecosystem-levels (Figure 2). For example, 
precipitation inputs alone explain 56% of the variability in 
NPP at the global scale, while temperature alone explains 
only 47% (Schnur, 2003). Thns, while the relationships 
are fairly robnst, the variability of the data highlights the 
inability of climate to accurately predict NPP values at 
small scales. The inability to capture variability at smaller 
scales snggests that other factors inlinence plant and soil 
processes and their effects on C and water cycling.

ECOLOGICAL CONSTRAINTS ON 
ECOSYSTEM PROCESSES

We refer to the factors other than temperatnre, moistnre, 
and radiation that may affect plant and soil processes as 
ecological constraints. An nnderstanding of the effects of 
ecological constraints on ecosystem processes is critical for 
predicting interactions between C and water on small scales. 
The ecological constraints on plant and soil processes can 
take many forms, and their effects are often complex. 
Ecological controls on ecosystem processes can vary both 
spatially and temporally, can have positive or negative 
consequences, and can have rapid and dramatic effects on 
ecosystem C cycling. As a resnlt, ecological constraints on 
plant and soil processes can have profound implications 
for water cycling at many levels of organization, from the 
community to the ecosystem scale.

Most ecological constraints on soil and plant processes 
fall into three general categories: trophic interactions, or 
the activity of other organisms in an ecosystem that 
affect plants and soils directly or indirectly (top-down 
controls); biogeochemicai interactions, or the effects of 
soil nntrient statns and soil biogeochemistry on C cycling 
(and hence water cycling) of an ecosystem (bottom-np 
controls); and anthropogenic/environmental interactions, or 
the inlinence of the many facets of global environmental 
change (inclnding those driven by human activity) on 
ecosystem processes. Although many of the consequences 
of global change on C and water cycling are largely 
speculative (due to the rate at which the changes are 
occurring and ecosystems are responding), it is useful to 
consider some of the major changes and to discuss the state 
of the science predicting how global change may affect the 
interactions between C and water cycling.

Trophic Interactions
Herbivory is the consumption of living plant tissue (pri
mary prodncer) by an organism occnpying another tropic

level (consnmer), and may inlinence ecosystem NPP. 
By the broadest dehnition, consumers include: parasitic 
and phytophagous microorganisms (e.g. fnngi and algae); 
phytophagous invertebrates (e.g. stem and foliage feed
ing insects, root-feeding insects and nematodes and seed 
predators); and browsing and grazing vertebrates (Bar
bour e ta l ,  1999). Estimates snggest that on a global 
scale, ~10-20%  of terrestrial NPP is consnmed by her
bivores, and that the percentage varies by ecosystem. Val
ues of NPP reduction from herbivory in natural ecosys
tems range from 2-3%  in deserts and alpine tundra, 
4 -7%  for forests, 10-15%  in lightly grazed grasslands, 
and 30-60%  in heavily grazed grasslands (Barbour et a l, 
1999). However, periodic outbreaks of herbivore pests 
snch as pathogens or insects may consume up to 100% 
of NPP.

Grazing

Herbivory in managed ecosystems resnlts in signihcantly 
greater reductions in NPP, and thns the associated feed
backs between NPP and the C and water cycles may 
be impacted to a greater degree than in natural ecosys
tems {see Chapter 118, Land Use and Land Cover 
Effects on Runoff Processes: Agricultural Effects, Vol
ume 3). In particular, grazing may decrease prodnctivity 
directly, throngh a decrease in the potential photosynthetic 
plant material capable of hxing atmospheric CO2 into new 
biomass. An analysis of 276 cases of grazed-nngrazed 
comparisons over 236 sites, Milchnnas and Lanenroth 
(1993) demonstrated the signihcance of grazing in heavily 
managed ecosystems. In general, grazing had predomi
nantly negative impacts on NPP. Grazing decreased above
ground NPP (ANPP) by 44%, 55%, 51%, and 60% in 
grassland, shrubland, mountain (e.g. alpine), and forest 
ecosystems, respectively (Milchnnas and Lanenroth, 1993).

However, predicting the net effects of decreasing NPP 
from grazing on C and water cycles are complex. For 
example, the removal of vegetation by grazing can lead 
to profound changes in soil properties that can affect water 
balance. Diminished NPP due to leaf herbivory may con
tribute to decreased losses of water via transpiration. How
ever, leaf herbivory that removes canopy vegetation may 
alter the balance between light absorbed and reflected (i.e. 
changes in albedo) and increase the importance of evapora
tion from soils. Additionally, the effects of grazing and the 
associated feedbacks on the C and water cycles are not lim
ited to the effects on NPP. Soil trampling and vegetation 
removal can decrease soil organic matter and soil water- 
holding capacity. Furthermore, soil compaction can increase 
soil bulk density and break up soil aggregates, reduce water 
infiltration, soil stability, soil food-web structure, and nntri
ent cycling rates (Warren et a l, 1986; Ingham et a l, 1989). 
Finally, vegetation removal can increase the amonnt of bare 
soil, and leads to soil erosion throngh both hydrological
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and aeolian processes {see Chapter 118, Land Use and 
Land Cover Effects on Runoff Processes: Agricultural 
Effects, Volume 3; Chapter 119, Land Use and Land- 
cover Effects on Runoff Processes: Eorest Harvesting 
and Road Construction, Volume 3). All of these poten
tial interactions highlight the complexity of the relationship 
nnderpinning the linkage between C and water cycling, and 
the potential importance of trophic interactions in regnlating 
the relationship.

Insect Herbivory

There are mnltiple lines of evidence snggesting that grazing 
of arid lands can have profonnd effects on ecosystem C 
cycling which, in tnrn, conld dramatically affect water cycle 
in terrestrial ecosystems. However, grazing is not the only 
top-down regnlator of ecosystem C cycling. Herbivorons 
insects and pathogens also play a key role in regnlating 
vegetation growth and dynamics, and represent one of 
the most important and pervasive agents of distnrbance 
in ecosystems worldwide (Logan e ta l ,  2003). Insects are 
important components of most ecosystems, and can have 
both positive and negative effects on ecosystem processes. 
However, insects have the capacity for extremely high 
popnlation growth. Thns, when ontbreaks of herbivorons 
insects occnr, the effects can be profonnd. In North 
American forests, insects affect an area more than 50 times 
larger than hre on an annnal basis, and with snbstantially 
greater economic repercnssions (Dale et a l, 2001).

Insect ontbreaks can alter the interactions between C and 
water cycling in several important ways. First, signihcant 
foliage removal or tree mortality resnlting from insect 
herbivory may lead to declines in NPP. In extreme cases, 
insect defoliation can remove 100% of NPP. At the scale of 
the individnal, decreases in leaf area may lead to declines in 
plant water nptake and transpiration. At larger scales, this 
effect can lead to changes in the ways water cycles throngh 
the affected ecosystem. For example, landscape-level insect 
denndation of plant biomass may favor increased water 
losses as rnnoff and, thns, lead to decreases in soil moistnre 
across the landscape. Snch declines in soil moistnre may, 
in tnrn, lead to declines in evaporation, plant stand relative 
hnmidity and nntrient cycling. Insect ontbreaks resnlting 
in large-scale stand mortality may farther inlinence C 
and water cycling via negative effects on nesting birds, 
mycorrhizal fnngi (References in Dale e ta l ,  2001), and 
on climate (which may affect competitors and natnral 
enemies regnlating the abnndance of pests and pathogens), 
creating another potential feedback on insect distribntion 
and abnndance {see Chapter 103, Terrestrial Ecosystems, 
Volume 3; Chapter 120, Land Use and Land Cover 
Effects on Runoff Processes: Eire, Volume 3). Large- 
scale stand mortality may also accelerate stand fire regimes, 
fnrther affecting short-term C and water cycling processes.

Interactions between insect ontbreaks and water avail
ability are also complex, and are not nnidirectional. Specif
ically, evidence snggests that the potential ecological effects 
of insect herbivory not only inlinence ecosystem water 
balance, bnt there is also monnting evidence that insect 
ontbreaks in terrestrial ecosystems are related to climate 
linctnations, and in particnlar, water availability (Speer 
et a l, 2001). For example, rednctions in soil water poten
tial from low precipitation and soil moistnre (dronght) have 
been linked to declines in tree prodnction and health, and 
snch environmental stresses often predispose plant species 
to attack by insects and other parasites (Hanks et a l, 1999). 
Decreases in tree health resnlting from dronght often rednce 
tree resistance to colonization by insects. Thns, in many 
cases, dronght weakens trees, making them more vnlnerable 
to insect infestations. In contrast, nsing a tree-ring recon- 
strnction, Ryerson et a l  fonnd evidence that ontbreaks of 
sprnce bndworm, an insect affecting mixed conifer forests, 
correspond to increases in moistnre. Grassland ecosystem 
insect snsceptibility has also been demonstrated to correlate 
with changes in precipitation inpnts.

A growing body of evidence also snggests that insect 
herbivory can directly alter nntrient cycling in terrestrial 
ecosystems, with profonnd conseqnences for NPP. Tree 
damage cansed by insect herbivory leads to obvions C 
losses from trees. These C debits can, in tnrn, have negative 
effects on mycorrhizal fnngi (Chapin e ta l ,  2002). Myc
orrhizal fnngi form symbioses with nearly all plants, and 
their fnnction in the symbiosis is to absorb and translocate 
important nntrients to their plant host. Mycorrhizal fnngi 
are capable of absorbing mineral nntrients, like phospho- 
rns (P) at mnch lower concentrations than nonmycorrhizal 
plant roots. However, the advantages of mycorrhizal infec
tion are reciprocated throngh a flow of photosynthetically 
prodnced C from the host plant to the fnngns, providing the 
C snbstrates necessary for the fnngns to meet mnch of its 
energy reqnirement to grow and snstain biomass. Declines 
in C available to snstain snch symbioses as a resnlt of insect 
defoliation have clear implications for nntrient acqnisition, 
and thns may also affect ecosystem water linxes.

Plant Pathogens

Insect infestations also can affect the interactions between C 
and water cycling via interactions with other organisms. For 
example, plant disease can have a major impact on terres
trial ecosystem dynamics. Chestnnt blight in North America 
and jarrah dieback in Western Anstralia have severely 
impacted plant species popnlations, leading to a cascade of 
changes to many affected forest ecosystems (References in 
Rizzo and Garbelotto, 2003). Phytophthora cimamomi, a 
plant pathogen affecting jarrah, has eliminated most tree 
species over hnndreds and thonsands of hectares of the 
encalyptns forests of Western Anstralia, converting them 
to grassland or shrnbland (Rizzo and Garbelotto, 2003).
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The severity of such diseases is often related to insect 
outbreaks. Dutch elm disease, which decimated the popula
tion in North America, was spread through the population 
by elm beetles that carried fungal spores from individual 
to individual. The wholesale conversion of forest to grass
land has profound implications for the water cycle in these 
affected ecosystems {see Chapter 103, Terrestrial Ecosys
tems, Volume 3). The effects of such feedbacks are likely 
to increase as introduced exotic diseases spread and impact 
native plant populations (Rizzo and Garbelotto, 2003).

Biogeochemicai Constraints on Ecosystem 
Processes: NPP

The observed decreases in NPP in ecosystems with high 
precipitation (Figure 2) suggest that in mesic systems, 
either excess water inhibits NPP, or that in these ecosys
tems, other biotic or abiotic processes limit NPP. In many 
terrestrial ecosystems, nutrient availability strongly regu
lates NPP and decomposition, and thus the nutrient status 
of an ecosystem is necessary to understand ecosystem C 
and water balance. However, nutrient limitation to ecosys
tem processes is often complex and thus generalizations 
about nature of nutrient limitation in ecosystems are dif
ficult to make. A substantial amount of data from tem
perate and high latitude ecosystems suggests that nitro
gen (N) commonly limits plant growth (Aber et a l,  1991; 
Yitousek and Howarth, 1991). While nitrogen gas (N2 ) 
comprises ^80%  of the atmosphere, N2 gas must be fixed 
into reactive forms to be utilized by plants. In the absence of 
human influence, two major processes convert N2 into bio
logically available forms: lightning and biological nitrogen 
fixation (BNF) by microorganisms (both free-living and in 
symbiotic associations with plants). However, N2 fixation 
by terrestrial BNF is roughly an order of magnitude greater

than that by lightning (Galloway et a l, 1995) and is there
fore the dominant source of newly fixed N to the landscape.

The N status of ecosystems is largely dependent on the 
presence and activity of the organisms that can convert 
N2 into usable forms. In temperate ecosystems, relatively 
frequent glaciations effectively remove accumulated N by 
removing soils and vegetation. The succession of plant and 
microbial species (and hence soil N accumulation) follow
ing deglaciation is relatively slow (10^-10"^ years), and this 
phenomenon results in relatively N-poor ecosystems where 
NPP is N limited. Evidence for N limitation of NPP comes 
from a wide variety of data, including manipulations of 
nutrient availability (Figure 6). The pervasiveness of N lim
itation, and the positive effect of N fertilization on primary 
production are also clearly illustrated by the magnitude of 
N applied as fertilizer to the world’s agricultural systems. 
Thus, in temperate ecosystems, an understanding of the fac
tors regulating NPP and the associated feedbacks on water 
cycling in terrestrial ecosystems requires an understanding 
of the effects of nutrient status, particularly N status, on 
primary productivity.

In contrast to temperate and high latitude ecosystems, 
many tropical forests lie on extremely weathered soils 
(Yitousek and Sanford, 1986). Many tropical ecosystems 
have not been influenced by large-scale natural phenomena 
(e.g. glaciations), and as a result, many tropical ecosys
tems are rich with free-living N fixers and symbiotic 
N-fixing species. In these ecosystems, NPP is commonly 
limited by rock-derived elements (Yitousek and Sanford, 
1986). Over millions of years, high rates of precipita
tion result in rapid chemical and physical weathering of 
soil, and lead to losses of important, relatively “non
renewable” elements like calcium (Ca), phosphorus (P), 
magnesium (Mg), or potassium (K). Low levels of these
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nutrients may contribute to declines in NPP in tropical 
ecosystems with high precipitation. Phosphorus is gen
erally believed to be the most limiting element in the 
majority of tropical forests on older soils (Vitonsek, 1984). 
Indirect attempts to assess nntrient limitation, snch as 
foliar element ratios, strongly snggest P constraints on 
NPP in many tropical forests on snch soils {see Chap
ter 96, Nutrient Cycling, Volume 3). Long-term fertil
izations in Hawaiian rainforests have also shown that 
NPP on older soils is clearly limited by phosphorus 
(Vitonsek and Farrington, 1997), and root in-growth studies 
under different fertilizer applications suggested phospho
rus (and possibly calcium) limitation on one oxisol in 
the Venezuelan portion of Amazonia (Cuevas and Med
ina, 1988). In contrast, fertilizer additions to a younger 
soil in the mountains of western Venezuela showed N 
to be the primary limiting nntrient (Tanner e ta l ,  1998). 
Similar resnlts were fonnd on younger soils in Hawaii 
(Vitonsek and Farrington, 1997). The latter data sng
gest the complexity of nntrient controls on NPP, bnt 
clearly illustrate the potential for nntrient constraints 
of NPP.

Biogeochemicai Constraints on Ecosystem 
Processes: Decomposition

The strong relationship between organic matter decompo
sition and AET (Meentemeyer, 1978) snggests the impor
tance of ecosystem water availability on nntrient cycling 
and hence NPP. However, in some cases, microbial decom
position of plant material may also be strongly nntrient 
limited, and in snch cases, may exacerbate plant nntrient 
limitation. For example, in many nntrient poor ecosys
tems, the pool of actively cycling nntrients is insufficient to 
allow rapid microbial decomposition. Hobbie and Vitonsek 
(2000) showed that in a phosphorus limited tropical forest 
in Hawaii, decomposition was also limited by phospho
rus {see Chapter 96, Nutrient Cycling, Volume 3). While 
microbial nntrient immobilization may prevent important 
nntrient losses in the long-term, in the short-term, the supe
rior ability of soil microorganisms to compete for available 
soil nntrients may exacerbate plant nntrient limitation, thns 
impacting NPP.

C AND WATER CYCLES: THE ROLE OF 
ENVIRONMENTAL CHANGE

The carbon budget of terrestrial ecosystems is tightly cou
pled to the water cycle, and changes in C cycling in 
ecosystems can have potentially profonnd impacts on the 
water cycle. Moreover, while climate exerts strong control 
on C cycling at coarse scales, finer scale variations in C 
cycling (and hence water cycling) are greatly inlinenced by

ecological processes and interactions. Thns, an nnderstand
ing of these interactions is critical in assessing the fntnre 
water balance of terrestrial ecosystems.

Water is a fundamentally important natnral resource vital 
for ecosystem functioning and human well-being. Human 
use of fresh water, which is expected to triple in the next 
two decades, and contamination are stressing this impor
tant resource, and perturbations to the hydrologic cycle 
may have profonnd conseqnences for people and the envi
ronment (Graedel et a l, 2001). Consequently, the Natn
ral Research Council of the National Academies of the 
United States recently suggested that accurate prediction 
of “changes in fresh water resources and the environment 
cansed by floods, droughts, sedimentation, and contamina
tion in a context of growing demand on water resources” 
was one of the “Grand Challenges in Environmental Sci
ence” (Graedel et a l, 2001). Success in this endeavor 
depends on an appreciation for the tight coupling of the C 
and water cycles, and an nnderstanding of the complexity of 
these interactions in a world that is experiencing unprece
dented, rapid environmental change.

The global environment is undergoing rapid modifica
tion. As the human popnlation and the magnitude of global 
change continue to grow, an nnderstanding of the structure 
and functioning of ecosystems will not be possible without 
an nnderstanding of the strong inlinence of human activity 
(Vitonsek, 1994). Human activities, inclnding agriculture, 
industry, fishing, and international commerce have changed 
the land surface, perturbed global biogeochemicai cycles, 
and altered species dynamics in most of earth’s ecosys
tems. While some of the direct effects are well documented, 
many of the indirect effects of global change on ecosystem 
structure and functioning are mnch more tenuous. How
ever, some of these interactions will undoubtedly resnlt in 
alterations to global C and water cycles. Specifically, three 
major categories of global change will play important roles 
regnlating C and water cycling in ecosystems: land trans
formations, alterations of global biogeochemicai cycles, and 
biotic changes (Vitonsek, 1994).

Land Transformations

Hnmans have cansed dramatic changes to the earth’s 
land surface, and this trend is likely to increase well 
into the fntnre. At present, it is estimated that ~35% of 
the earth’s continental surface (55millionkm^) has been 
cleared and converted to cropland, pasture, and urban set
tlements (Fignre 7; Foley et a l, 2003). To date, the majority 
of hnman-indnced land conversion has occurred in temper
ate terrestrial ecosystems; the only three significant remain
ing areas to be exploited are tropical rain forests (in South 
America, Asia, and Africa), boreal forests (in Canada and 
Russia), and deserts (Foley et a l, 2003). These ecosys
tems face increasing development pressure as the rising 
human popnlation demands more forest and agricultural
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Figure 7 The global extent of human land use, including croplands, pastures, and urban areas across the world 
(Reproduced from Foley et al., 2003 by permission of Ecological Society of America). A color version of this image is 
available at http://www.mrw.interscience.wiley.com/ehs

products. Activities such as wood extraction, forest conver
sion to pasture, burning, irrigation, and livestock and poul
try management will all affect the biogeochemicai cycling 
of elements, inclnding C and water (see Chapter 103, Ter
restrial Ecosystems, Volume 3).

Rates of hnman-indnced land conversion are reach
ing rates unprecedented in history, and the ecological 
conseqnences of land conversion and land use change 
are numerous (see Chapter 57, Land-cover Classifica
tion and Change Detection, Volume 2). Land conversion 
leads to losses of indigenous species, introductions of 
exotic species, rerouting of hydrological flows, and indus
trial contamination of water, air, and land (Graedel et a l, 
2001). In addition, land conversion often leads to whole
sale changes in the biogeochemicai cycling of important 
elements, including C and water (Vitonsek, 1994). How
ever, the specific effects of land use change on C and 
water cycling are often ecosystem-dependent. For exam
ple, in North America, changes in C fluxes following land 
conversion are related to the fate of converted lands, or 
the proportion of irrigated to nonirrigated croplands (see 
Chapter 118, Land Use and Land Cover Effects on 
Runoff Processes: Agricultural Effects, Volume 3) or 
grazed lands (Ojima etal., 1994). These differences, in 
turn, affect regional climatic patterns, including precipita
tion inputs to the landscape (Pielke et a l, 1997).

Recent evidence suggests that land conversion and the 
accompanying ecological changes in tropical rain forests

may lead to profound feedback that alter water cycling in 
these ecosystems (see Chapter 103, Terrestrial Ecosys
tems, Volume 3). Moist tropical forests comprise one of 
the world’s largest and most diverse biomes, and exchange 
more carbon, water, and energy with the atmosphere than 
any other ecosystem. In recent decades, tropical forests have 
also become one of the world’s most threatened biomes, 
subjected to exceptionally high rates of deforestation and 
land degradation (e.g. Nepstad, 1999). The effects of land 
conversion and land use change in tropical rain forests 
have been thoroughly investigated in recent years (Refer
ences in Foley e ta l ,  2003). The climatic impacts of such 
changes are typically evaluated using linked general circu
lation and biophysical land surface models (Shukla et al., 
1990). Most of these analyses suggest that large-scale defor
estation and conversion of tropical rain forest will result in 
a signiflcant temperature increase and decreases in annual 
evapotranspiration and rainfall (Shukla e ta l ,  1990). Cli
matic changes are driven largely by shifts in surface energy, 
water, and momentum balance that accompany deforesta
tion (Figure 8). Lower surface roughness, leaf area, and 
root depth in pastures relative to forests reduce evapotran
spiration, resulting in a decrease in evaporative cooling 
and surface temperature increases (see Chapter 45, Actual 
Evaporation, Volume 1).

Modeled reductions in precipitation following large-scale 
tropical deforestation also result from changes in ecosystem 
water and energy balance. For example, reduced APAR

http://www.mrw.interscience.wiley.com/ehs
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has no means of removing the excess energy through transpiration (Reproduced from Foley et al., 2003 by permission of 
Ecological Society of America). A color version of this image is available at http://www.mrw.interscience.wiley.com/ehs

and elevated surface temperatures contribute to a decrease 
in the net radiative heating of the land, or a decrease in 
the energy available to fuel atmospheric circulation and 
convective precipitation (e.g. Wang and Eltahir, 2000a). By 
reducing AET, land conversion of forests to pastures results 
in lower atmospheric water availability, contributing to a 
decrease in rainfall, and may set into motion the feedbacks 
(Eignre 8). Eor example, water deficits in the Brazilian 
Amazon are also linked to increased fire susceptibility, 
another disturbance mechanism that can affect C and water 
cycling in these areas (Eignre 8).

The potentially profound effects of land conversion and 
land use change on C and water cycling are also observed in 
analyses of desert ecosystems. Eor example, the pronounced 
and persistent drought conditions present in the Sahel region 
of West Africa for the past three decades have drawn 
considerable attention. While there are two theories on 
the physical mechanism behind this drought, the most 
widely accepted is that intense human activity in the region 
have significantly altered land cover at the regional scale 
and caused the prolonged drought conditions (Wang and 
Eltahir, 2000b). In particular, it is suggested that ecosystem 
dynamics play an important role in regulating the climate 
of the region.

Using a coupled biosphere-atmosphere model that incor
porated ecosystem dynamics and feedback between the bio
sphere and atmosphere, Wang and Eltahir (2000b) explored

the relationship between land use change and drought 
in the Sahel. As discussed previously, vegetation plays 
a prominent role in the exchange of carbon, water, and 
energy between the land surface and the atmosphere. Veg
etation removal can modify the local carbon, water, and 
energy balance. Specifically, in the Sahel region, over- 
grazing, overcultivation of marginal land, slash-and-bum 
agricultural practices, logging, and poor irrigation tech
niques have led to widespread land degradation and deser
tification. Eollowing desertification, ET (and hence surface 
latent heat flux) significantly decreases, as does precipita
tion. In simulations, drought conditions are the result of 
feedbacks involving the response of the natural ecosys
tem to imposed changes in land cover (Wang and Eltahir, 
2000b). Eurther, when damage to an ecosystem reaches 
a threshold, climate changes significantly and leads to 
deterioration of other “healthy” natural ecosystems (Wang 
and Eltahir, 2000b; Eignre 9). Research also suggests that 
sea surface temperature (SST) is also critical in regu
lating Sahel climate, but that ecosystem dynamics may 
dampen the response of the climate system to recover fol
lowing changes in SST that would promote a return to 
wetter conditions (Wang and Eltahir, 2000b). Thus, sim
ilar to tropical rain forests, land conversion in arid and 
semiarid ecosystems may lead to changes in regional cli
mate that continue to have feedbacks on C and water 
cycling.

http://www.mrw.interscience.wiley.com/ehs
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Figures Drought initiation by desertification. Rainfall 
average over the Sahel region, in the control (dashed line) 
and desertification (solid line) experiments (Reproduced 
from Wang and Eltahir, 2000b, by permission of American 
Geophysical Union)

Alterations to  Global Biogeochemicai Cycles

Human activities are leading to profound alterations to the 
earth’s major biogeochemicai cycles. For example, fertil
izer use, legume crop production and fossil fuel combustion 
have doubled the amount of N entering ecosystems via all 
natural pathways combined (Galloway et a l,  1995). Next, it 
is estimated that humans use 10 to 55% of annual terrestrial 
NPP for food and hber or to support grazing animals (Rojs- 
taczer e ta l ,  2001). Perhaps, the most well-documented 
aspect of global environmental change is the recent increase 
in atmospheric CO2 (Schlesinger, 1997), and rising CO2 

could have profound implications for ecosystem water bal
ance. Rising CO2 has been postulated to affect plant growth, 
ecosystem structure, and ecosystem function in many ways. 
In both laboratory and held experiments, plant photosynthe
sis often increases under elevated CO2 , and this can lead to 
changes in C cycling at the ecosystem scale (References in 
Hungate et a l, 1997). Increased CO2 can lead to decreases 
in plant stomatal conductance, and corresponding decreases 
in plant transpiration and evapotranspiration. Changes in 
stomatal conductance can, in turn, have profound conse
quences for ecosystem water cycling. Studies conducted 
in both herbaceous and woody ecosystems have demon
strated reductions in evapotranspiration leading to increases

in soil water content and increased plant water-use efh- 
ciency (Figure 10). Increased CO2 effects on plant water 
use and transpiration could have feedbacks ranging from 
changes in soil processes, increased water yield in water
sheds, or to altered precipitation regimes. In systems like 
the Amazon Basin where evapotranspirahon provides mois
ture for convective storms, increased water use efhciency 
with increased CO2 may feed back to lower regional pre
cipitation (Shukla e ta l ,  1990; Nobre et a l,  1991).

Increasing CO2 concentrations in the atmosphere has two 
potential effects on climate. First, the radiahve effect of 
increased CO2 leads to tropospheric warming (the green
house effect). Next, the radiative effect of increased CO2 

warming the troposphere may also increase atmospheric 
water content {see Chapter 195, Acceleration of the 
Global Hydrologic Cycle, Volume 5) (through more evap
oration) and intensify the global water cycle. Such changes 
would be benehcial to vegetation in regions where water 
availability or low temperatures limit plant NPP. How
ever, there is also direct impact of changes in atmospheric 
CO2 concentration on vegetation through the physiological 
effects, or through decreases in evapotranspiration. In arid 
regions, where climate is often driven by vegetation dynam
ics, relatively small changes in plant physiology result
ing from increased atmospheric CO2 could have profound 
implications on climate and particularly on precipitation 
regime in these systems. Thus, changes to the overall water 
balance of an ecosystem represent the net effects of the 
biotic and abiotic responses to elevated CO2 concentrations. 
Using a coupled biosphere-atmosphere model to simulate 
the effects of increased atmospheric CO2 on climate in 
the Sahel region of Africa, Wang and Eltahir (2002) found 
that elevated CO2 did result in signihcant declines in plant 
transpiration due to increased plant water-use efhciency. 
However, the radiative effects of CO2 , which enhance 
precipitation, overshadowed the physiological effects, and 
led to more rainfall to the Sahel (Wang and Eltahir, 2002). 
Under this simulation, precipitation increased and led to 
increased NPP. In this specihc ecosystem, increased water

□  A m bient C O 2 

■  E levated  C O j

S a n d sto n e S erp en tin e

> .  p  -

CD ^

S a n d sto n e S erp en tin e

Figure 10 Soil moisture (a) and relative water-use efficiency (b) in untreated and elevated C02-treated plots. Values are 
means ±  S.E. (Reproduced from Hungate e ta l ,  1997 by permission of Springer)
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availability led to denser vegetation growth at higher CO2 

concentrations, cansing snbseqnent increases in evapotran
spiration (i.e. as a resnlt of an increase in transpiring 
leaf snrface area) and reinforced higher levels of pre
cipitation. This simnlated feedback again illnstrates the 
close interaction between C and water cycles, and provides 
clear evidence of the potential effects of a biogeochem
icai pertnrbation (increased CO2 ) on regional hydrologic 
cycles.

Biotic Changes

Hnman activity has greatly modified the earth’s biological 
resonrces, and changes to its species and genetically dis
tinct popnlations are on the rise (Vitonsek, 1994). While 
extinction is a natnral phenomenon, cnrrent rates of species 
loss are mnch higher than “backgronnd” levels, and this 
accelerated extinction rate resnlts in part from the activity 
of hnmans. However, hnman enterprise is not only affecting 
species loss rates, bnt cansing snbstantial species redistri- 
bntion by transporting “exotic” species into areas where 
they do not occnr natnrally. In some terrestrial ecosys
tems, plant invasions have led to complete shifts in species 
composition, and cansed dramatic changes in the strnctnre 
and fnnctioning of ecosystems. In freshwater ecosystems, 
accidental species introdnctions have led to widespread 
invasions, and often lead to wholesale changes in the hydro
logic cycle. In many arid regions in North America and 
Africa, exotic species have established extensively along 
waterconrses. While harsh growing conditions in arid lands 
generally limit the extent of exotic plant invasions, ripar
ian areas provide snitable habitat for some exotic species, 
and their establishment can have profonnd ecological and 
hydrological conseqnences.

For example, saltcedar (Tamarix) was first introdnced 
into the western United States, and now dominates many 
waterways thronghont the sonthwest (Sala etal., 1996). 
Saltcedar invasion has profonnd conseqnences for water 
cycling in arid ecosystems. Saltcedar traps and stabilizes 
allnvial sediments, and can greatly decrease river chan
nel width (Graf, 1978). An increase in stabilized deposits 
along stream channels can decrease the ability of the chan
nel to adjnst dnring high flow events, leading to increased 
flooding. Saltcedar invasion can also directly affect water 
cycling in invaded areas. Recent research snggests that 
saltceder nses water mnch more inefficiently than native 
vegetation, and the increased water losses as a resnlt of 
saltcedar invasion are profonnd. In riparian areas where 
water availability is high, dense saltcedar stands are char
acterized by extremely high rates of evapotranspiration, and 
AET in these areas can exceed potential evapotranspiration 
by a factor of 2 in nonriparian sites within the ecosys
tem (Sala et a l, 1996). Increased riverine water losses dne 
to saltcedar invasion conld be extremely important in arid 
regions that depend on annnal reservoir replenishment via

riverine inpnts to meet the water demand of their grow
ing popnlations. In this case, saltcedar invasion decreases 
water that wonld otherwise be available to meet the growing 
agricnltnral and nrban water demands in arid regions.
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