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8.06.1 INTRODUCTION root respiration (i.e., a portion of carbon lost from 
plants), rather than a component of carbon gain. 

Net primary production (NPP) is the amount of Volatile emissions are also rarely measured, but 
'arbon and energy that enters It are generally a small fraction (<5%) of NPP and 
provides the energy that drives biotic pro- thus are probably not a major source of error 
cesses, including the '0~'"' we's t'"t sustain ( ~ ~ ~ ~ t l ~ ~ ~  er al., 1995; ~ ~ ~ d ~ ~ ,  1991). F~~ some animal populations and the activity of decolnposer purposes, these errors may not be too important. A organisms that recycle the nutrients required to 
support primary production. NPP not only sets the frequent objective of measuring NPP, for 

baseline for the functioning of all ecosystem example, is to estimate the rate of biomass 

components but also is the best summary variable accumulation. Root exudates, transfers to sym- 

of ecosystem processes, being the result of bionts, losses to herbivores, and volatile emissions 

numerous interactions among elements, organ- are lost from plants and therefore do not contribute 

isms, and environment.  hi^ dud role mdces NPP directly to biomass accumulation. Consequently, 

the key integrative process in ecosystems failure to measure these components of NPP does 

( M ~ N ~ ~ ~ ~ ~ ~ ~  et al., 1989) and thus a critical not bias estimates of biomass accumulation rates. 
component in our understanding of ecosystem However, these losses of NPP from plants fuel 
responses to the many changes that are occurring other ecosystem Processes such as nitrogen 
in the global environment. ~n chapter, we fixation, herbivory, decomposition, and nutrient 
explain the mechanisms that control NPP, includ- turnover, so flley are important components of the 
ing the environmental constraints on plant growth overall carbon dynamics of ecosystems and 
and the ways in which plants adjust to and alter strongly influence the rates of and interactions 
these constraints. among element cycles. 

Some components of NPP, such as root 
production, are particularly difficult to measure 
and have sometimes been assumed to be some 

8.06.2 GENERAL CONSTRAINTS ON NPP constant ratio (e.g., 1:l) of aboveground pro- 

8.06.2.1 What is NPP? duction (Fahey et al., 1998). Fewer than 10% of 
the studies that report total ecosystein NPP 

NPP is the net carbon gain by vegetation over a actually measure components of belowground 
particular time period-v~icall~ a Year. It is the production (Clark et al., 2001). Estimates of 
balance between the carbon gained by ~ h o t o s ~ n -  aboveground NPP sometimes include only large 
thesis and the carbon released by plant respiration. plants (e.g., trees in forests) and exclude unders- 
NPP includes the new biomass produced by tory shrubs or mosses, which can account for a 
plants, the soluble organic compounds that dif ise  
or are secreted by roots into the soil (root 
exudation), the carbon transfers to microbes that Table Major components of NPP and typical 
are symbiotically associated with roots (e.g., relative magnitudesa. 
mycorrhizae and nitrogen-fixing bacteria), and 
the volatile emissions that are lost from leaves to Col~zporzents of NPP % of NPP I 

the atmosphere (Clark et al., 2001). 
"Measured" NPP is more of an index of net Ne~&$~$~e~r",ductive pms 

40-70 
10-30 

primary production than a true value. Most field (fine litterfall) 
measurements of NPP document only the new Apical stem growth 0-10 
plant biomass produced and therefore probably Secondary stem flowth 
underestimate the true NPP by at least 30% New roots 30-40 
(Table 1). There are many sources of error to this 
estimate. Some biomass above and below ground Root secretiorzs 20-40 

Root exudates 10-30 
dies or is removed by herbivores before it can be Root transfers to mycocrhizae 10-30 
measad ,  so even the new biomass measured in 
field studies is an underestimate of biomass Losses to herbivores and mortality 1-40 

production. Root exudates are rapidly taken up 0-5 

and microbes adjacent to roots and are Seldom, if ever, have all of these components been measured 
generally measured in field studies as a portion of in a single study (Chapin et al., 2002). 
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proportion of NPP in some ecosys- 
terns. Most published summaries of NPP do not 
state explicitly which components of NPP have 
been included (or sometimes even whether the 
units are grams of carbon or grams of biomass). 
For these reasons, considerable care must be used 
when comparing data on NPP or biomass among 
studies. These limitations suggest that the large 
number of NPP estimates that are available 
globally may not be a valid indication of our 
understanding of the process. 

8.06.2.2 The General Biochemistry of NPP 

NPP is the carbon gained by photosynthesis 
after taking into account the respiratory costs 
associated with growth and maintenance. Thus, 
the basic recipe for NPP is simply a function of the 
resources required for photosynthesis (light, C02, 
nutrients, water), coupled with the environmental 
factors that influence the rate at which these 
ingredients are assembled. NPP requires the 
proper balance of resources and is constrained 
by the resource in least abundance, relative to 
plant demand. Increasing the availability of the 
most limiting resource will increase NPP up to the 
point that another resource becomes limiting. 
Because NPP ultimately depends on a balance of 
resources, one of the simplest approaches to 
understanding controls over NPP is a stoichio- 
metric approach. In marine systems, it has been 
established that the cytoplasm of primary produ- 
cers has a certain ratio of elements (the Redfield 
ratio) that supports optimal metabolism (Redfield, 
1958). Similar ratios are observed in terrestrial 
vegetation, with land plants having an average 
C : N : S : P of 790 : 7.6 : 3.1 : 1 (Bolin et al., 1983). 
Departures from this ratio of plant nutrients can be 

used as an indicator of nutrient limitation 
(Koerselman and Mueleman, 1996). We will 
discuss the specific stoichiometry of terrestrial 
NPP later in this chapter, but for now, we will base 
these discussions on the premise that plants need a 
balance of these photosynthetic ingredients, and 
NPP is limited by the resources that are in lowest 
supply relative to plant demand. 

The relative importance of the resources and 
environmental conditions that limit NPP vary by 
scale and ecosystem. At the global scale, total 
NPP varies 14-fold among mature stands of the 
major terrestrial biomes (Table 2). This variation 
correlates strongly wit11 climate. In ecosystems 
where moisture is favorable, NPP increases 
exponentially with temperature. Where tempera- 
ture is favorable, NPP increases to a maximum in 
tropical rainforests with moderately high precipi- 
tation (2-3 m annual precipitation) and declines 
at extremely 1Ggh precipitation, due to anaerobic 
conditions and/or depletion of soil minerals by 
rapid weathering (Schuur, in press) (Figure 1). 
The global pattein of NPP reflects patterns of 
precipitation more strongly than patterns of 
temperature (Foley et al., 1996; Gower, 2002; 
Kucharik et al., 2000; New et al., 1999) (Figure 2) 
because most of the terrestrial surface receives an 
order of magnitude less precipitation than is 
optimal for NPP. 

Much of the variation in NPP simply reflects the 
length of the growing season. NPP that is averaged 
over the time that plants actively produce new 
biomass varies only fourfold among biomes 
(Table 2). When NPP is normalized by both 
growing-season length and the quantity of leaf 
area available to fix carbon, there is no consistent 
relationship between NPP and climate (Chapin 
et al., 2002). Biome differences in NPP per unit 
Ieaf area and time probabIy reflect uncertainty in 

Table 2 Productivitv per dav and uer unit leaf area. 

Total NPP Seasorz lengtlab Daily NPP per Total LAIC Daily NPP per 
(g m-2 yr-l)a (days) glourzd area (m2 m-') leaf area 

(g m-2 d-') (g  m-2 d-') 

Tropical forests 
Temperate forests 
Boreal forests 
Mediterranean 

slmblands 
Tropical savannas and 

grasslands 
Temperate grasslands 
Deserts 
kc t ic  tun&? 
Crops 

Range of values 

a NPP is expressed in units of dry mass (Saugier et al., 2001). Estimated. " Data from Gower (2002). 
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Figure 1 Correlation of NPP (in units of biomass) with temperature and precipitation (Schuur, 2003) (reproduced 
by permission of Springer from PI-i~zciples of Terrestrial Ecosystenz Ecology, 2002). 

the data at least as much as any underlying (Arnundson and Jenny, 1997). These state factors 
climatic influence. The climatic controls over NPP represent the overall constraints on NPP within an 
of mature stands can therefore be viewed as a ecosystem. On broad geographic scales, climate is 
combination of the climatic constraints on the the state factor that most strongly influences 
length of growing season and the capacity of ecosystem structure and functioning and deter- 
vegetation to produce and maintain leaf area. Fine mines the global patterns of NPP (Figure 2). 
root length may be just as important as leaf area in Within this broad climatic context, parent material 
governing the productive potential of vegetation influences the types of soils that develop and the 
(Craine et al., 2001), but fewer comparative data availability of some nutrients, both of which 
are available for roots. explain much of the regional variation in ecosys- 

At a global scale, water is the most limiting tem processes. Limestone, granite, and marine 
resource to NPP, and nutrient limitation becomes sands support radically different patterns of 
an important limiting factor at more local scales. biogeochernistry within a climate zone. Patterns 
Broad global patterns of nutrient limitation exist, of ecosystem development over time lead to shifts 
with phosphorus being the most commonly limit- in the relative availability of different nutrients, 
ing nutrient to NPP in wet tropical systems, and causing long-term changes in an ecosystem's 
nitrogen being limiting in most temperate sys- potential NPP. Topography influences both micro- 
tems. Beyond these broad patterns, it is necessary climate and soil development at a local scale, 
to consider environmental conditions, resource causing additional fine-scale variation in biogeo- 
availability, and their interactions to understand chemical processes. If NPP were determined by a 
the constraints on NPP at different scales. To do fixed stoichiometly of resources in all terrestrial 
this, we must first consider the overall constraints plants, these first four state factors would be 
of potential NPP within an ecosystem (state sufficient to predict overall potential patterns of 
factors), and then within these constraints, to NPP. Functional types of plants differ dramati- 
determine the interactions that occur within cally, however, in their potentials for growth 
ecosystems to determine the conditions that under different limiting conditions. Potential biota 
directly influence NPP (interactive controls). governs the types and diversity of organisms that 

Dokuchaev (1879) and Jenny (1941) proposed actually occupy a site. The resulting species 
that five independent state factors (climate, parent composition then determines the observed 
material, topography, time, and potential biota) response of NPP to other state factors because 
govern the properties of soils and ecosystems plant species differ in their stoichiometry of NPP. 

Figure 2 Global patterns of mean annual temperature and precipitation (New et al., 1999) and of modeled 
NPP (Foley et al., 1996; Kucharik et al., 2000) (reproduced by permission of Atlas of the Biospl~ere l~ttp://atlas.sage. 

wisc.edu). 
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Together these state factors set the potential changes in many factors, and similar levels of Npp 
patterns of NPP and provide a basis for predicting can be reached in multiple ways. In this chapter, 
local and global patterns of NPP and other we begin by discussing resource limitations of 
ecosystem processes. photosynthesis and the ways in which plants 

Within the constraints set by state factors, maximize NPP under different limiting conditions 
biogeochemical processes are strongly influenced at the leaf, plant, and stand levels. We then discuss 
by a web of interactions among organisms and how plants not only adjust to limiting conditions, 
the physical and chemical environment. but also modify these conditions to lninimize the 
Interactive controls are factors that both coiztrol limitations. 
and are corztrolled by ecosystem characteristics 
(Chapin et al., 1996; Field et al., 1992). These 
interactive controls include the functional types of 
organisms that occupy the ecosystem; the 8.06.3 LIMITATIONS TO LEAF-LEVEL 
resources (e.g., water, nutrients, oxygen) that are CARBON GAIN 
used by organisms to grow and reproduce; 
modulators (e.g., temperature and pH) that 8.06.3.1 The Basic Recipe for Carbon Gain 

influence the activity of organisms but are not ~ ~ ~ ~ ~ ~ ~ ~ ~ t h ~ ~ i ~  is the process by which plants 
consumed by them; disturbance regime; and use light energy to reduce carbon dioxide (C02) to 
human activities. These interactive ~0ntr0lS sugars, wllicll are subsequently converted to a 
respond dynalnically to any external change in v ~ i e t y  of organic compounds that constitute 
state factors and to any change in other interactive -95% of plant dry mass. Controls over photosyn- 
controls. The composition of a plant community, thesis are thus a key regulator of the stoichiometry 
for example, is influenced both by the global of m p .  In this section, we describe the environ- 
challlges in climate and regional biota (state mental factors that control photosynthesis and 
factors) and by nitrogen deposition, livestoclc therefore the carbon inputs to vegetation. Photo- 
density, fire suppression, and timber harvest synthesis requires a balance of CO,, H20, light, 
(interactive ~0ntr0lS). Many of the resulting and nutrients. The simplest way to describe 
changes in the ~haracteristics of a plant COmmu- limitation of photosynthesis is that, when one of 

I 

nity cause fwther changes in other interactive these factors has low availability relative to the 
controls, including the ecoSYSteln goods and ratio of required resources, this is a limiting factor. 
services that benefit society. The control of When any single factor limits photosynthesis, 
ecosystem processes by the dynamic interplay plants exhibit a variety of adjustments that extend I 

among changes in interactive controls is ~articu- the range of conditions under which photosynthesis 
impol-tant in a globally changing environ- can occur. As other factors become limiting, plants 

ment. For this reason, we emphasize the exhibit trade-offs that modify the relative require- 
irzteractions between organisms and their environ- ments for different raw materials fol- plant growth 
ment in describing the biogeochemical controls and fierefore alter the stoichiometry o f m p .  
over NPP. This principal of adjustments and trade-offs is 

To revisit our general recipe for NPP, environ- illustrated by changes in photosynthesis that occur 
mental factors influence the rate at which light, in response to variations in raw materials (light 
C02, nutrients and water are combined to foim and C02). Light is captured by cl~lorophyll and 
NPP. Any of these environmental factors or other photosynthetic pigments. C02 enters the leaf 
resources may constrain NPP, and it is ultimately through stomata, which are pores in the leaf 
a proper balance of these factors that is required surface whose aperture is regulated by the plant. 
for plant production. However, the importance of When stomatal pores are open to allow CO2 to 
interacting controls in determining ecosystem diffuse into the leaf (high stomatal conductance), 
processes demonstrates that NPP is not a simple water evaporates froin inoist cell surfaces inside 
function of the ratio of resources available and the the leaf and diffuses out through the stomata to the 
environmental conditions. This simple stoichio- atmosphere, creating a demand for additional 
metric approach would be valid only if plants water to be absorbed from the soil. Nitrogen- 
responded passively to, and had no effect on, their containing photosynthetic enzymes then use 
environment. Plants, however, play an active role chemical energy captured by photosynthetic 
in their response to, and mediation of, resources pigments to reduce C02 to sugars. Together 
and their environment. Witlun the constraints of these interacting processes dictate that photosyn- 
their environment, they actively mediate the thesis must be sensitive to the availability of at 
resource, availability and environmental con- least light, C02, water, and nitrogen. I 

ditions that constrain NPP. Ultimately, biogeo- Plants are not exposed to the resources 
chemical cycling is driven by the interactions necessary for photosynthesis in optimal propor- 
between organisms and their physical and chemi- tions, but under a wide variety of circum~tallces~ 
cal environment. NPP is therefore sensitive to plants adjust the components of ~hotosynthesis 
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so all these components are about equally limiting 
to p~l~tosyntl~esis (Farquhsu: and Sharley, 1982). 
plants make this adjustment by altering the size 
of stomata1 openings, which alters the rate of 
diffusion of C02 and water vapor, or by changing 
the concentrations of light-harvesting pigments or 
p~lotosynthetic enzymes, which alters the nitrogen 
requirement for carrying out the biochemistry of 
pll~tosyntl~esis. 

Tlze general prilzciple of colimitation of 
plz~t~syntlzesis by bioclzenzistiy and diJjcusiorz 
I."-O~)ides the basis for understanding nzost of tlze 
adjljustl~zeizt~ b~r individual leaves to ~nilzinzize the 
enl)irorznzerzt~l linzitatiorzs of plzotosyntlzesis. 

8.06.3.2 Light Limitation 

m e n  light is the only factor limiting photo- 
synthesis, net photosynthesis increases linearly 
with increasing light. The slope of this line (the 
quantum yield of photosynthesis) is a measure of 
the efficiency with which plants use absorbed light 
to produce sugars. The quantum yield is similar 
anlong all C3 plants at low light in the absence of 
eilvironmental stress. In other words, all C3 plants 
have a relatively constant photosynthetic light-use 
efficiency (-6%) of converting absorbedvisible 
light into chemical energy under low-light con- 
ditions. At high irradiance, photosynthesis 
becomes light saturated, i.e., it no longer responds 

I to changes in light supply, due to the finite 
capacity of the light-harvesting reactions to 
capture light. As a result, light energy is converted 
less efficiently into sugars at high light. As 
described later, leaves at the top of a plant canopy 
and species that characteristically occur in high- 
light habitats saturate at higher light intensities 
than do leaves and plants charactelistic of low- 
light environments. , 

In response to short-term environmental vai- 
ation, individual leaves minimize light limitation 
by adjusting stomatal conductance and photosyn- 
thetic capacity to maximize carbon gain in 
different light environments (Chazdon and Field, 
1987; Chazdon and Pearcy, 1991; Pearcy, 1988; 
Pearcy, 1990). Stolnatal conductance increases in 
high light, when C02 demand is high, and 
decreases in low light, when photosynthetic 
demand for C02 is low. These stomatal adjust- 

I lnents result in a relatively constant C02 concen- 
tration inside the leaf, as expected from the 
ll~~otllesis of coliinitation of photosynthesis by 
biochemistry and diffusion. It allows plants to 

water under low light and to maximize 
cxbon uptake at high light, thus regulating the 
kade-~ff between carbon gain and water loss. 

Over longer timescales (days to months) plants 
acclimate to variations in light availability by 
Producing leaves with different photosynthetic 

properties. Sun leaves at the top of the canopy 
have more cell layers, are thicker, and therefore 
have greater photosynthetic capacity per unit leaf 
area than do shade leaves (Terashima and 
Hiltosaka, 1995; Walters and Reich, 1999). The 
respiration rate of a tissue depends on its protein 
content, as described later, so the low photosyn- 
thetic capacity and protein content of shade leaves 
are associated with a lower respiration rate per 
unit area than in sun leaves. For this reason, shade 
leaves maintain a more positive carbon balance 
(photosynthesis minus respiration) under low light 
than do sun leaves. The changes in photosyntl~etic 
properties as a result of genetic adaptation are 
similar to patteins observed with acclimation. 
Species that are adapted to high light and are 
intolerant of shade typically have a higher 
photosynthetic capacity per unit mass or area 
and higher respiration rate tl~an do shade-tolerant 
species, even in the shade (Walters and Reich, 
1999). The net effect of acclimation or adaptation 
to variation in light availability is to extend the 
range of light availability over which vegetation 
maintains a relatively constant light-use effi- 
ciency, i.e., a relatively constant relationship 
between absorbed photosynthetically active radi- 
ation and net photosynthesis (Chapin et al., 2002). 

8.06.3.3 COz Li t a t i on  

When C02 is the only factor limiting photosyn- 
thesis, net photosynthesis increases linearly with 
increasing C02 concentration, until other factors 
liinit photosynthesis, at which point the curve 
saturates, much as described for the photosynthetic 
response to light. Most plants operate at the upper 
end of the linear portion of tile C02-response 
curve, where C02 and biochemical processes are 
about equally limiting to photosynthesis (Farquhar 
and Sharkey, 1982). 

The free atmosphere is so well mixed that its 
COz concentration varies globally by only 4%. 
Consequently, spatial variation in C02 concen- 
tration does not explain much of the global 
variation in photosynthetic rate (Field, 1991). 
Nonetheless, the continued worldwide increases 
in atmospheric C02 concentration could cause a 
general increase in carbon gain by ecosystems. A 
doubling of the C02 concentration to which leaves 
are exposed, for example, leads to a 30-50% 
increase in photosyntl~etic rate over the short teim 
(Curtis and Wang, 1998). The long-term enhance- 
ment of photosynthesis by addition of C02 is, 
however, uncertain. Herbaceous plants and decid- 
uous trees (but not conifers) sometimes acclimate 
to increased C02 concentration by reducing 
photosyntl~etic capacity and stomatal conductance 
(Ellsworth, 1999; Mooney et al., 1999). This 
reduces the nitrogen and water required to fix a 
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given amount of carbon, as expected from the their nitrogen concentration, even when growing 
l~ypothesis of colimitation of photosynthesis by in the same soils. Species adapted to productive 
biochemistry and diffusion. In other cases acclim- habitats U S U ~ ~ ~ Y  produce leaves that are short-lived 
ation has no effect on photosynthetic rate and and have high tissue nitrogen concentrations and I 

stomatal conductance (Curtis and Wang, 1998). high photosynthetic rates. Nitrogen-fixing plants 
The downregulation of C02 uptake in response to also typically have high leaf nitrogen concen- 

I 
elevated C02 causes photosynthesis to respond trations and conespondingly high p h ~ t ~ s ~ ~ ~ t l ~ ~ ~ i ~  
less strongly to elevated CO2 than we might rates. Environmental stresses that cause plants to 
expect from a simple exlrapolation of a C02- produce leaves with a low leaf nitrogen concen- 

I 

response curve of photosynthesis. tration result in low photosynthetic capacity. I~ 
Over the long teim, indirect effects of elevated summary, regardless of the cause of variation in 

C02 often have an important influence on trade- leaf nitsogen concentration, there is always a 
offs between C02 uptake and requirements for strong positive correlation between leaf nitrogen 
water and nitrogen. In dry environnlents, for concentration and photosyntl~etic capacity (Field 
example, the reduced stomatal conductance and Mooney, 1986; Reich et al., 1999, 1997). 
caused by elevated C02 leads to a decline in Thus, as with adjustment to variation in light 
transpiration, which reduces evapotranspiration availability, plants adjust to variation in nitrogen 
and increases soil moisture, wllich can affect supply by the salne physiological mechanism 
nitrogen mineralization (Curtis et al., 1996; within species (acclimation) as between species 
Diaz et al., 1993; Hungate et al., 1997). Elevated (adaptation), in this case by increasing tile 
CO2 often has a seater effect on plant growth concentration of photosynthetic enzymes and 
through changes in moisture and nutrient piglnents. 
supply than tluougfi a direct stimulation of Plants with a high pIlotosyntl~etic capacity have 
photosynthesis by elevated CO2 (Hungate et al., a high stomatal conductance, in the absence of 
1997; Owellsby et al., 1993). Given that tile environmental stress (Reich et al., 1999, 1997). 
atmospheric COP concentration has increased This enables plants with a high photosyntlletic 
30% (by 90 Parts Per million by volume; P P ~ V )  capacity to gain carbon rapidly, at the cost of higll 
since the beginning of the Industrial Revolution, rates of water loss. Conversely, species with a low 
it is important to understand and predict these photosynthetic capacity conserve water as a result 
indirect effects of elevated C02 on carbon gain of thek lower stomata1 conductance. This illus- 
by ecosystems. trates the Wade-off between water and nitrogen in 

response to variation in nitrogen supply. As 
described later, water stress induces the same 

8.06.3.4 Nitrogen Limitation trade-off. Plants acclimated and adapted to low 
water availability have a low stomatal conduc- 

Photosynthetic capacity, i.e., the photosynthetic tance to Conserve water and a low tissue nitrogen 
rate per unit leaf mass measured under favorable concentration, which reduces photosynthetic 
conditions of light, moisture, and temperature, capacity. The net effect of these trade-offs is to 
increases linearly with leaf nitrogen concentration maintain colimitation of photosynthesis by diffi- 
over almost the entire range of nitrogen concen- sive and bi~chemical Processes. 
trations found in natural ecosystems (Evans, 1989; There appears to be an unavoidable trade-off 
Field and Mooney, 1986; Pooder, 1990; Reich between traits that maximize photosynthetic rate 
et al., 1999, 1992, 1997). This relationship exists and traits that maximize leaf longevity (Reicll 
because photosynthetic enzymes account for a et al., 1999, 1997). Many plant species that grow 
large proportion of tile nitrogen in leaves. Only at in low-nutrient envisonments produce long-lived 
extremely high llitrogell concentrations or under leaves because there are insufficient nutrients to 
conditions where other factors limit photosyn- support rapid leaf tui-nover (Chapin, 1980). Shade- 
thesis is there an accumulatioll of nitrate and other tolerant species also produce longer-lived leaves 
forms of nitrogen unrelated to photosynthetic than do shade-intolerant species (Walters and 
capacity (Bloom et al., 1985). Many ecological Reich, 1999). Long-lived leaves typically have a 
factors can lead to a high leaf nitrogen concen- low leaf nitrogen concentration and a low 
tration and tllerefore a high photosyntl~etic photosynthetic capacity; they must therefore 
capacity. Plants growing in high-nitrogen soils, photosyntl~esize for a relatively long time 10 
for example, have higher tissue nitrogen concen- break even in their lifetime carbon budget (Chabot 
trations and photosynthetic rates than do the same and Hicks, 1982; Gulmon and Mooney, 1986; 
species .growing on less fertile soils. This Reich et al., 1997). To survive, long-lived leaves 
acclimation of plants to a high nitrogen supply must have sufficient structural rigidity to with- 
contsibutes to the high photosynthetic rates in stand drought andlor winter desiccation. These 
agricultural fields and other ecosystems with a structural requirements cause leaves to be dense, 
rapid nitrogen turnover. Many species differ in i.e., to have a small surface area per unit of 
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1 biomass, tesmed specific leaf area (Chapin, 1993; 
La1nbers and Poorter, 1992). Long-lived leaves 
must also be well defended against herbivores and 

I patl~ogens, if they are to persist. This requires 

I substantial allocation to lignin, tannins, and other 
colnpound~ that deter herbivores, but also con- 
tribute to tissue mass and a low specific leaf area 
(Coley et al., 1985; Gulmon and Mooney, 1986). 

I 

Many woody plants in dry environments also 
produce long-lived leaves. For the same reasons, 
these leaves typically have a low specific leaf area 
and a low photosynthetic capacity (Reich et al., 
1999). 

The broad relationship among species with 
respect to pllotosynthetic rate and leaf life span is 

in all biomes; a 10-iold decrease in leaf life 
span gives rise to about a fivefold increase in 
p~lotosynthetic capacity (Reich et al., 1999). 
Species with long-lived leaves, low photosyn- 
fietic capacity, and low stomatal conductance are 
colnmon in all low-resource environments, 
including those that are dry, infertile, or shaded. 

Plants in productive environments, in contrast, 
produce short-lived leaves with a high tissue 
llitrogen concentration and a high photosynthetic 
capacity; this allows a large carbon return per unit 
of biomass invested in leaves, if sufficient light is 
available. These leaves have a high specific leaf 
area, which maximizes the quantity of leaf area 
displayed and the light captured per unit of leaf 
mass. The resulting high rates of carbon gain 
support a high maximum relative growth rate in 
the absence of environmental stress or compe- 
tition from other plants but render plants more 
vulnerable to environmental stresses such as 
drought (Schulze and Chapin, 1987). Many early 
successional habitats, such as recently abandoned 
agricultural fields or post-fire sites, have sufficient 
light, water, and nutrients to support high growth 
rates and are characterized by species with short- 
lived leaves, high tissue nitrogen concentration, 
high specific leaf area, and high photosynthetic 
rates. Even in late succession, environments with 
high water and nutrient availability are character- 
ized by species with relatively high nitrogen 
concentrations and photosynthetic rates. Plants in 
these habitats can grow quickly to replace leaves 
relnoved by herbivores or to fill canopy gaps 
produced by death of branches or individuals. 

The changes in tissue nitrogen, and therefore in 
the C : N ratio of tissues, that occur in response to 
valiatioil in nitrogen supply constitute an import- 
ant cllange in element stoichiometsy. This occurs 
through changes in the ratio of cytoplasm to cell 
wall and changes in compounds such as tannins 
and nitrate that are stored in vacuoles. Aquatic 
phytoplankton have no cell walls and limited 

for stol-ing compounds in vacuoles and 
therefore exhibit a much smaller range of 
v"iation in C : N ratio than do terrestrial plants 
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(Elser et al., 2000). This variation in stoichiometry 
enables plants to maximize carbon gain under 
favorable conditions and maximize efficiency of 
using other resources to fix carbon, when these 
resources are limiting to plant growth. 

In summary, plants produce leaves with a 
continuum of photosynthetic characteristics, ran- 
ging from short-lived tlGn leaves with a high 
nitrogen concentration and high photosynthetic 
rate to long-lived dense leaves with a low nitrogen 
concentration and low photosynthetic rate. These 
colrelations among traits are so consistent that 
specific leaf area (leaf area per unit leaf mass) is 
often used in ecosystem comparisons as an easily 
measured index of photosynthetic capacity. 

8.06.3.5 Water Limitation 

Water limitation reduces the capacity of 
individual leaves to match C02 supply with light 
availability. Water stress is often associated with 
high light because sunny conditions correlate with 
low precipitation (low water supply) and with low 
humidity (high rate of water loss). High light also 
increases leaf temperature and water vapor 
concentration inside the leaf, leading to greater 
water loss by transpiration. The high-light con- 
ditions in which a plant would be expected to 
increase stomatal conductance to minimize COz 
limitations to photosynthesis are therefore often 
the same conditions in which the resulting 
transpirational water loss is greatest and most 
detrimental to the plant. When water supply is 
abundant, leaves typically open their stomata in 
response to high light, despite the associated high 
rate of water loss. As leaf water stress develops, 
stomatal conductance declines to reduce water 
loss. This decline in stomatal conductance reduces 
photosynthetic rate and the efficiency of using 
light to fix carbon below levels found in 
unstressed plants. 

Plants that are acclimated and adapted to dry 
conditions reduce their photosynthetic capacity 
and leaf nitrogen content toward a level that 
matches the low stomatal conductance that is 
necessary to conserve water in these environments 
(Wright et al., 2001). A high photosynthetic 
capacity provides little benefit if the plant must 
maintain a low stomatal conductance to conserve 
water. Conversely, low nitrogen availability or 
other factors that constrain leaf nitrogen concen- 
tration result in leaves with low stomatal con- 
ductance. This strong correlation between 
photosynthetic capacity and stomatal conductance 
maintains the balance between photosynthetic 
capacity and C02 supply, i.e., the colimitation of 
photosynthesis by difisional and biochemical 
processes. In addition to their low photosynthetic 
capacity and low stomatal conductance, plants in 
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dry areas minimize water stress by reducing leaf 
area (by shedding leaves or .  producing fewer 
new leaves). Some drought-adapted plants pro- 
duce leaves that minimize radiation absorption; 
their leaves reflect most incoming radiation or are 
steeply inclined toward the sun (Elileringer and 
Mooney, 1978; Forseth and Ehleringer, 1983). 
The low leaf area, the reflective nature of leaves, 
and the steep angle of leaves are the main factors 
accounting for the low absorption of radiation and 
low carbon inputs in dry environments. In other 
words, plants adjust to dry environments primarily 
by altering leaf area and radiation absol-ption 
rather than by altering photosynthetic capacity per 
unit leaf area. By altering their coarse-scale 
allocation to biomass (leaves versus roots), plants 
maintain photosynthetic capacity and associated 
variation in stomatal conductance within a range 
in which nonnal physiological regulation can 
continue to occur. 

Water-use efficiency of photosynthesis is 
defined as the carbon gain per unit of water lost. 
Water use is quite sensitive to the size of stomatal 
openings, because stomatal conductance has 
slightly different effects on the rates of C02 
entry and water loss. Water leaving the leaf 
encounters two resistances to flow: the stomata 
and the boundary layer of still air on the leaf 
surface. Resistance to C02 diffusion from the bulk 
air to the site of photosynthesis includes the same 
stomatal and boundary-layer resistances plus an 
additional internal resistance associated with 
diffusion of C02 from the cell surface into the 
chloroplast and any biochemical resistances 
associated with carboxylation. Because of this 
additional resistance to C02 movement into the 
leaf, any change in stomatal conductance has a 
proportionately greater effect on water loss than 
on carbon gain. In addition, water diffuses more 
rapidly than does C02 because of its smaller 
molecular mass and because of the steeper 
concentration gradient that drives diffusion across 
the stomata. For all these reasons, as stomata 
close, water loss declines to a greater extent than 
does C02 absorption. The low stomatal conduc- 
tance of plants in dry environments results in less 
photosynthesis per unit of time but greater carbon 
gain per unit of water loss, i.e., greater water-use 
efficiency. Plants in dry environments also 
enhance water-use efficiency by maintaining a 
somewhat higher photosynthetic capacity than 
would be expected for their stomatal conductance, 
thereby drawing down the internal C02 concen- 
tration and maximizing the diffusion gradient for 
COP entering the leaf (Wright et al., 2001). 

single environmental factor, whether it is CO,, 
light, nitrogen, or water. Photosynthesis 
initially increases linearly in response to increases 
in the limiting factor, until some point at which 
other environmental factors become limiting. 
Because photosynthetic capacity is geared to 
match the typical availability of resources that 
the leaf experiences, there is a limit to which 
photosynthesis can instantaneously respond to 
changes in availability of a single limiting factor. 
Over a longer time period, plants acclimate 
(physiological adjustment), change their distri- 
bution (changes in community comnposition), or 
adapt (genetic adjustment). In general, both 
acclimation and adaptation to low availability of 
an environmental resource occur by the same 
physiological mechanism. These adjustments 
extend the range of environmental conditions 
over which carbon gain occurs in ecosystems. 
Many of these adjustments involve changes in 
photosynthetic capacity, which entail changes in 
C :N  ratio. This variation in element stoichi- 
olnetry enables plants to maximize carbon gain 
under favorable environmental conditions. Under 
unfavorable conditions the increased C : N ratio 
associated with reduced photosynthetic capacity 
maximizes the efficiency of using other resources 
to gain carbon, primarily by prolonging leaf 
longevity and by shifting allocation to production 
of other tissues such as wood or roots that have 
lower tissue nitrogen concentrations than leaves. 

8.06.4 STAND-LEVEL CARBON GAIN 

8.06.4.1 Scaling of Carbon Gain 

Gross primsuy production (GPP) is the sum of 
the net photosynthesis by all leaves measured 
at the ecosystem scale. Modeling studies and 
field measurements suggest that most con- 
clusions derived from leaf-level measurements 
of net photosynthesis also apply to GPP. In most 
closed-canopy ecosystems, photosynthetic capa- 
city decreases exponentially through the canopy in 
parallel with the exponential decline in irradiance 
(Field, 1983; Hirose and Werger, 1987). This 
matching of photosy~~tl~etic capacity to light 
availability maintains the colimitation of photo- 
synthesis by diffusion and biochemical processes 
in each leaf. The matching of 
capacity to light availability occurs through 
the preferential transfer of nitrogen to leaves 
at the top of the canopy, as a result of at least 
thsee processes: 

(i) Sun leaves at the top of the canopy develop 
more cell lavers than shade leaves and therefore 

8.06.3.6 Summary of Leaf-level Carbon Gain contain more nitrogen per unit leaf area 
(Terashiina and Hikosaka, 1995). 

The individual leaves of plants exhibit a similar (ii) New leaves are produced primarily at 
response to photosynthetic limitation by any the top of the canopy, causing nitrogen to be 
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transported to the top of the canopy (Field, 1983; 
Hirose and Werger, 1987). 

(iii) Leaves at the bottom of the canopy 
senesce when they become shaded to the point 
hat they no longer maintain a positive carbon 
balance, i.e., they COnSUme more energy in 

than they produce in photosynthesis. 
~ ~ ~ 1 1  of the nitrogen resorbed from these 

senescing leaves is transported to the top of the 
canopy to support the production of young leaves 
wit11 high photosynthetic capacity. The accumu- 
lation of nitrogen at the top of the canopy is most 

in dense canopies, which develop 
under circumstances of high water and niwogen 
availability (Field, 1991). In environments in 

leaf area is limited by water, nitrogen, or 
tilne since disturbance, there is less advantage 
to concentrating nitrogen at the top of the 
canopy, because light is abundant throughout 
the canopy. In these canopies, light availability, 
nitrogen concentrations, and photosynthetic rates 
are inore uniformly distributed through the 
canopy. 

Canopy-scale relationships between light and 
nitrogen appear to occur even in multispecies 
communities (Hirose et al., 1995; Hikosaka and 
Hirose, 2001). In a single individ~~al, there is an 

I obvious selective advantage to optimizing 

nitrogen distribution within the canopy because 
this provides the greatest carbon return per unit of 
nitrogen invested in leaves. We know less about 
the factors governing carbon gain in multispecies 
stands. In such stands, the individuals at the top of 
the canopy account for most of the photosynthesis 
and may be able to support greater root biomass to 
acquire more nitrogen, compared to smaller 
subcanopy or understory individuals (Hikosaka 
and Hirose, 2001; Hirose and Werger, 1994). This 
specialization and competition among individuals 
probably contributes to the vertical scaling of 
nitrogen and photosynthesis that is observed in 
multispecies stands. 

Vertical gradients in other environmental vari- 
ables reinforce the maximization of carbon gain 
near the top of the canopy. In addition to 
il~adiance, the canopy modifies wind speed, 
temperature, relative humidity, and C02 concen- 
tration. The most important of these effects is the 
exponential decrease in wind speed from the free 
atmosphere to the ground surface. This vertical 
reduction in wind speed is most pronounced in 
Slnooth canopies, characteristic of crops or grass- 
lands, whereas rough canopies, characteristic of 
"any forests, create more friction and turbulence 
that increases the vertical mixing of air within the 

I WcNaughton and Jarvis, 1991). Wind 
is important because it reduces the thickness 

the boundary layer of still air around each leaf, 
Producing steeper gradients in temperature and in 

of C02 and water vapor from the 
I 

leaf surface to the atmosphere. This speeds the 
diffusion of C02 into the leaf and the loss of water 
from the leaf. The net effect of wind on 
photosynthesis is generally positive at moderate 
wind speeds and adequate moisture supply, 
enhancing photosynthesis at the top of the canopy. 
When low soil moisture or a long pathway for 
water transport from the soil to the top of the 
canopy reduces water supply to the uppermost 
leaves, as in tall forests, the uppermost leaves 
reduce their stomata1 conductance, causing the 
zone of maximum photosynthesis to shift farther 
down in the canopy (Landsberg and Gower, 
1997). Although multiple environmental gradients 
within the canopy have complex effects on 
photosynthesis, they probably enhance photosyn- 
thesis near the top of canopies in ecosystems with 
sufficient water and nutrients to develop dense 
canopies. 

Canopy properties extend the range of light 
availability over which the light-use efficiency of 
the canopy remains constant. The light-response 
curve of canopy photosynthesis, measured in 
closed canopies (total leaf area index (LA1)-the 
leaf area per unit ground area-is larger than -3), 
saturates at higher irradiance than does photosyn- 
thesis by a single leaf (Jarvis and Leverenz, 1983). 
The canopy increases the efficiency of converting 
light energy into fixed carbon for several reasons. 
The more vertical orientation of leaves at the top 
of the canopy reduces the likelihood that they 
become light-saturated and increases light pen- 
etration deeper into the canopy. The clumped 
distribution of leaves in shoots, branches, and 
crowns also increases light penetration into the 
canopy, particularly in conifer canopies in which 
needles are clumped around stems. This could 
explain why conifer forests frequently support a 
higher LA1 than deciduous forests. The light 
compensation point also decreases from the top to 
the bottom of the canopy, so lower leaves 
maintain a positive carbon balance, despite the 
relatively low light availability. In crop canopies, 
where water and nutrients are highly available, the 
linear relationship between canopy carbon 
exchange and irradiance (i.e., constant light-use 
efficiency) extends up to irradiance typical of full 
sunlight. In other words, there is no evidence of 
light saturation, and light-use efficiency remains 
constant over the full range of natural light 
intensities (Figure 3) (Ruimy et al., 1996). In 
most natural canopies, however, canopy photo- 
synthesis becomes light-saturated at high 
irradiance. 

8.06.4.2 Scaling of Controls over GPP 

As described in the previous section, band- 
level photosynthesis (GPP) responds to limiting 
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Figure 3 Effect of vegetation and irradiance on net ecosystem exchange in (a) forests and (b) crops (reproduced by 
permission of Academic Press from Adv. Ecol. Res., 1996, 26, 1-68). 

factors in a way that qualitatively matches the 
responses of individual leaves. This occurs 
because the leaves at the top of the canopy are 
exposed to the highest irradiance and have Open Closed 

canopies (70%) canopies (30%) primary access to plant nitrogen. In addition, 
these leaves experience the highest wind speed 
and therefore have a thin boundary layer, so the 
gradients in C02 concentration, water vapor 
concentration, and temperature between the leaf 
and the air are similar to patterns measured on 
individual leaves. 

The major differences between leaf-level and 8 
stand-level responses of photosynthesis to g 

much of the spatial variation in leaf area and GPP 
among ecosystem types. Analysis of satellite 
imagery shows that -70% of the ice-free terres- 
trial surface has relatively open canopies (Graetz, 
1991) (Figure 4). GPP coil-elates closely with leaf 10 30 50 70 100 250 600 1,000 

area below a total LA1 of -8 (projected LA1 of 4) Projected foliage cover (%) of tallest stratum 

(Schulze et al., 1994), suggesting that leaf area is a [log scale] 

determinant OPP On of Earth's Figure 4 Projected fofiage cover and canopy height of 
terrestrial surface. GPP saturates with increasing fie major biomes. ~ ~ ~ i ~ ~ l  values for fiat biolne and the 
LA1 in dhnse canopies, because the leaves in the percmtage of the te~~estrial surface that it occupies are 
middle and bottom of the canopy contribute shown. ~ i l e  vertical line shows 100% canopy cover 
relatively little to GPP. The availability of soil (reproduced by permission of Kluwer from Clil~zatic 
resources, especially water and nutrient supply, is Clzalzge, 1991, 18, 147- 173). 



a cljtical determinant of LA1 for two reasons: (i) 
plants in high-resource environments produce a 
large amount of leaf biomass; and (ii) leaves 
produced in these environments have a high SLA, 
i,e., a large leaf area per unit of leaf biomass. As 
discussed earlier, a high specific leaf area maxi- 
mizes light capture and therefore carbon gain per 
unit of leaf biomass (Lambers and Poorter, 1992; 
Reic1l et al., 1997). In low-resource environments, 
plants produce fewer leaves, and these leaves have 

lower specific leaf area. Ecosystems in these 
environments have a low LAI and therefore a low 
GPP. 

Soil resources and light extinction through the 
callopy determine the upper limit to the leaf area 
that an ecosystem can support. However, many 
factors regularly reduce leaf area below this 
potential LAI. Drought and freezing are climatic 
factors that cause plants to shed leaves. Other 
causes of leaf loss include physical disturbances 
(e.g., fire and wind) and biotic agents (e.g., 
herbivores and pathogens). After major disturb- 
ances the remaining plants may be too small, have 
too few meristems, or lack the productive potential 
to produce the leaf area that could potentially be 
supported by the climate and soil resources of a 
site. For this reason, LAI tends to increase with 
time after disturbance to an asymptote. 

8.06.5 RESPIRATION 

All controls on NPP that we have discussed so 
far have focused on production side, but NPP is 
also a function of carbon loss through respiration. 
The environmental controls over plant respiration 
are quite similar to the controls over GPP because 
respiration, like photosynthesis, is tightly linked to 
environmental factors that regulate plant activity. 
The mechanistic basis for this relationship can be 
understood by separating plant respiration into 
three functional components: growth respiration, 
maintenance respiration, and the respiratory cost 
of ion uptake. 

The carbon expended in plant growth consists 
of the carbon incorporated into new tissue plus the 
respiration required to produce the ATPs necess- 
ary to casq out tl6s synthesis (Penning de Vries, 
1975). This carbon cost can be calculated from the 
chemical composition of tissues and an estimate 
from biochemical pathways of the carbon required 
10 synthesize each class of chemical compound 
(Chapin, 1989; Merino et al., 1982; Penning de 
Vries, 1975; Williams et al., 1987). Although 
there is a threefold range in the carbon cost of 
synthesis apong the major classes of chemical 
compounds in plants, the carbon cost per gram of 
tissue is surprisingly similar across species, tissue 

and ecosystems (Chapin, 1989; Poorter, 
1994). All plant parts contain some expensive 

constituents. For example, metabolically active 
tissues, such as leaves, have high concentrations 
of proteins, tannins, and lipids (primarily lipophi- 
lic substances such as terpenes that defend 
protein-rich tissues from herbivores and patho- 
gens) (Bryant and Kuropat, 1980; Coley et al., 
1985), whereas structural tissue is iich in lignin. 
Similar chemical corelations are observed within 
a tissue type across species or growing conditions. 
Leaves of rapidly growing species with high 
protein concentration, for example, have ,higher 
tannin and lower lignin concentsations than leaves 
with low protein concentrations. Consequently, 
most plant tissues contain some expensive con- 
stituents, although the nature of these constituents 
differs among plant parts and species. Given that 
the carbon cost of growth is nearly constant, we 
expect that growth respiration should be a 
relatively constant fraction of NPP. Gas exchange 
and modeling studies support this hypotllesis: 
growth respiration is -25% of the carbon 
incorporated into new tissues (Waring and 
Running, 1998). In summary, the rates of growth 
and therefore of growth respiration measured at 
the ecosystem scale (g C m-2 d-') increase when 
temperature and moisture favor growth, but 
growth respiration is always a nearly constant 
fraction of NPP, regardless of environmental 
conditions. 

Ion transport across membranes may account 
for 25-50% of root respiration (Bloom, 1986; 
Lambers et al., 1996, 1998). This large require- 
ment for respirato~y energy is not well quantified 
in field studies but may correlate with NPP 
because the quantity of nutrients absorbed is 
greatest in productive environments. Several 
factors cause this cost of ion uptake to differ 
among ecosystems. The respiratory cost of nitr- 
ogen uptake and use depends on the form of 
nitrogen absorbed, because nitrate must be 
reduced to ammonium (an exceptionally expen- 
sive process) before it can be incorporated into 
proteins or other organic compounds. The cost of 
nitrate reduction is also variable among plant 
species and ecosystems, depending on whether the 
nitrate is reduced in tlle leaves, where it may be 
supported by excess reducing power from the light 
reaction, or in the roots, where it depends on 
carbohydrates transported to roots. In general, we 
expect respiration associated with ion uptake to 
correlate with the total quantity of ions absorbed 
and therefore to show a positive relationship with 
NPP. However, there are few data available to 
evaluate this hypothesis. 

All live cells, even those that are not actively 
growing, require energy to maintain ion gradients 
across cell membranes and to replace proteins, 
membranes, and other constituents. Maintenance 
respiration provides the ATP for these mainten- 
ance and repair functions. Laboratory experiments 
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suggest that -85% of maintenance respiration is 
associated with the turnover of proteins (-6% 
turnover per day), explaining why there is a strong 
correlation between protein concentration and 
whole-tissue respiration rate in nongrowing 
tissues. (Penning de Vries, 1975; Ryan and 
Waring, 1992; van der Werf et al., 1992). We 
therefore expect maintenance respiration to be 
greatest in ecosystems with high tissue nitrogen 
concentrations andlor a large plant biomass and 
thus to be greatest in productive ecosystems. Simu- 
lation models suggest that maintenance respir- 
ation may account for about half of total plant 
respiration; the other half is associated with growth 
and ion uptake (Lambers et al., 1998). These 
proportions may vary with environment and plant 
growth rate and are difficult to estimate precisely. 

Maintenance respiration depends on environ- 
ment as well as tissue chemistry. It increases with 
temperature because proteins and membrane 
lipids turn over more rapidly at high temperatures. 
Drought also imposes short-term metabolic costs 
associated with synthesis of osmotically active 
organic solutes. These effects of environmental 
stress on maintenance respiration are the major 
factors that alter the partitioning between growth 
and respiration and therefore are the major sources 
of variability in the efficiency of converting GPP 
into NPP. Maintenance respiration increases 
during times of environmental change but, 
following acclimation, maintenance respiration 
returns to values close to those predicted from 
biochemical composition (Semikhatova, 2000). 
Over the long term, therefore, maintenance 
respiration may not be strongly affected by 
environmental stress. 

Plant respiration is a relatively constant pro- 
portion of GPP, when ecosystems are compared. 
Although the respiration rate of any given plant 
increases exponentially with ambient tempera- 
ture, acclimation and adaptation counterbalance 
this direct temperature effect on respiration. 
Plants from hot environments have lower respir- 
ation rates at a given temperature than do plants 
from cold places (Billings et al., 1971; Billings 
and Mooney, 1968; Mooney and Billings, 1961). 
The net result of these counteracting temperature 
effects is that plants from different thermal 
environments have similar respiration rates, 
when measured at their mean habitat temperature 
(Sernikhatova, 2000). 

In summary, studies of the basic components of 
respiration associated with growth, ion uptale, 
and maintenance suggest that total plant respir- 
ation should be a relatively constant fraction of 
GPP. T h e ~ e  predictions are consistent with the 
results of model simulations of plant carbon bal- 
ance. These modeling studies indicate that total 
plant respiration is about half (48-60%) of GPP, 
when a wide range of ecosystems is compared 
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(Landsberg and Gower, 1997; Ryan et al., 1994). 
Variation in maintenance respiration is the most 
likely cause for variability in the efficiency of 
converting GPP into NPP. There are too few 
detailed studies of ecosystem carbon balance to 
know how variable this efficiency is among 
seasons, years, and ecosystems. 

8.06.6 PHOTOSYNTHESIS, RESPIRATION, 
AND NPP: WHO IS IN CHARGE? 

Knowing that NPP is the balance of carboll 
gained by photosynthesis and the carbon lost by 
respiration does not tell us which is the cause and 
which is the effect. Do the conditions governing 
photosynthesis dictate the amount of carbon that is 
available to support growth or do conditions 
influencing growth rate determine the potential 
for photosynthesis? On short timescales (seconds 
to days), environmental controls over photo- 
synthesis (e.g., light and water availability) 
strongly influence photosynthetic carbon gain. 
Leaf carbohydrate concentrations increase during 
the day and decline at night, allowing plants to 
maintain a relatively constant supply of carbo- 
hydrates to nonphotosynthetic organs. Similarly, 
carbohydrate concentrations increase during 
periods (hours to weeks) of sunny weather and 
decline under cloudy conditions. Over these short 
timescales, the conditions affecting photosyn- 
thesis are the primary determinants of the carbo- 
hydrates available to support growth. 

On weekly to annual timescales, however, 
plants adjust leaf area and photosynthetic 
capacity, so carbon gain matches the soil 
resources that are available to support growth. 
Plant carbohydrate concentrations are usually 
lowest when environmental conditions favor 
rapid growth (i.e., carbohydrates are drawn 
down by growth) and tend to accumulate during 
periods of drought or nutrient stress or when low 
temperature constrains NPP (Chapin, 1991b). If 
the products of photosynthesis directly controlled 
NPP, we would expect high carbohydrate concen- 
trations to coincide with rapid growth or to show 
no consistent relationship with growtll rate. 

Results of growth experiments also indicate that 
growth is not simply a consequence of the controls 
over photosynthetic carbon gain. Plants respond to 
low availability of water, nutrients, or oxygen in 
their rooting zone by producing hormones that 
reduce growth rate. The decline in growth 
subsequently leads to a decline in photosynthesis 
(Chapin, 1991b; Davies and Zhang, 1991; Gollan 
et al., 1985). The general conclusion from these 
experiments is that plants actively sense the 
resource supply in their envirollment and adjust 
their growth rate accordingly. These changes in 
growth rate then change the sink strength 
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(demand) for carbohydrates and nutrients, leading 
to changes in photosynthesis and nutrient uptake 
(Chapin, 1991b; Lambers et al., 1998). The result- 

I ing changes in growth and nutrition determine the 
LAI and photosynthetic capacity, which, as we 
have seen, largely account for ecosystem dif- 
ferences in carbon input (Gower et aZ., 1999). 

8.06.7 ALLOCATION OF NPP 

general, plants allocate production preferen- 
tially to those plant parts that are necessary to 
acquire the resources that most stroilgly limit 

Plants allocate new biomass preferentially 
to roots when water or nutrients limit growth. They 
allocate new biomass preferentially to shoots when 
light is limiting (Reynolds and Thornley, 1982). 
plants can increase acquisition of a resource by 
producing more biomass of the appropriate tissue, 
by increasing the activity of each unit of biomass, 
or by retaining the biomass for a longer time 
(Gmlier, 1991). A plant can, for example, increase 
carbon gain by increasing l e d  area or photosyn- 
fl~etic rate per unit leaf area or by retaining the 
leaves for a longer time before they are shed. 
Similarly, a plant can increase nitrogen uptake by 
altering root morphology or by increasing root 
biomass, root longevity, nitrogen uptake rate per 
unit root, or extent of mycorrhizal colonization. 
Changes in allocation and root morphology have a 
particularly strong impact on nutrient uptake. It is 
the integrated activity (mass X acquisition rate per 
unit mass x time) that must be balanced between 
shoots and roots to maximize growth and NPP 
(Gamier, 1991). These allocation rules are key 
features of all simulation models of NPP. Obser- 
vations in ecosystems are generally consistent with 
allocation theory. Tundra, grasslands, and shrub- 
lands, for example, allocate a larger proportion of 
NPP below ground than do forests (Gower et al., 
1999; Saugier et al., 2001). 

The balance between NPP and biomass loss 
determines the annual increment in plant biomass. 
Plants retain only part of the biomass that they 
produce. Some biomass loss is physiologically 
regulated by the plant-e.g., the senescence of 
leaves and .roots. Senescence occurs throughout 
the growing season in grasslands and during 
autumn or at the beginning of the dry season in 
Inany trees. Other losses occur with varying 
frequency and predictability and are less directly 
controlled by the plant, such as the losses to 
herbivores and pathogens, wind throw, and fire. 
The plant also influences these tissue loss rates 
tluough the physiological and chemical properties 
of the tissues it produces. Still other biomass 
transfers to dead organic matter result from 
mortality of individual plants. Given the substan- 
tial, although incomplete, physiological control 

over tissue loss, why do plants dispose of the 
biomass in which they have invested so much 
carbon, water, and nutrients to produce? 

Tissue loss is an important mechanism by 
which plants balance resource requirements with 
resource supply from the environment. Plants 
depend on regular large inputs of carbon, water, 
and, to a lesser extent, nutrients to maintain vital 
processes. For example, once biomass is pro- 
duced, it must have continued carbon inputs to 
support maintenance respiration. If the plant (or 
organ) cannot meet these carbon demands, the 
plant (or organ) dies. Siinilarly, if the plant cannot 
absorb sufficient water to replace the water that is 
inevitably lost during photosynthesis, it must shed 
transpiring organs (leaves) or die. The plant must 
therefore shed biomass whenever resources 
decline below some threshold needed for inain- 
tenance. Senescence is just as important as 
production in adjusting to changes in resource 
supply and is the only mechanism by which plants 
can reduce biomass when resources decline in 
abundance. 

8.06.8 NUTRIENT USE 

Given the importance of nutrients in controlling 
NPP, it is important to understand the relationship 
between nutrient supply and NPP. Plants respond 
to increased supply of a limiting nutrient in 
laboratory experiments primarily by increasing 
plant growth, giving a linear relationship between 
rate of nutrient accurpulation and plant growth 
rate (Ingestad and Agren, 1988). Plants also 
respond to increased nutrient supply in the field 
primarily through increased NPP, with proportion- 
ately less increase in tissue nutrient concentration. 
Tissue nutrient concentrations increase substan- 
tially only when other factors begin to limit plant 
growth. The sorting of species by habitat also 
contributes to the responsiveness of nutrient 
uptake and NPP to variations in nutrient supply 
observed across habitats. Species such as trees that 
use large quantities of nutrients dominate sites 
with lug11 nutrient supply rates, whereas infertile 
habitats are doininated by species with lower 
capacities for nutrient absorption and growth. 
Despite these physiological and species adjust- 
ments, tissue nutrient concentrations in the field 
generally increase with an increase in nutrient 
supply. 

Nutrient-use efIiciency is greatest where 
production is nutrient-limited. Differences 
among plants in tissue nutrient concentration 
provide insight into the quantity of biomass 
that an ecosystem can produce per unit of 
nutrient. Nutrieilt-use efficiency is the ratio of 
nutrients to biomass lost in litterfall (i.e., the 
inverse of nutrient concentration in plant litter) 
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(Vitousek, 1982). This ratio is highest in unpro- 
ductive sites, suggesting that plants are more 
efficient in producing biomass per unit of nutrient 
acquired and lost, when nutrients are in short 
supply. Several factors contribute to this pattern 
(Chapin, 1980). First, tissue nutrient concentration 
tends to decline as soil fertility declines, as des- 
cribed earlier. Individual plants that are nutrient- 
limited also produce tissues more slowly and 
retain these tissues for a longer period of time, 
resulting in an increase in average tissue age. 
Older tissues have low nutrient concentrations, 
causing a hither decline in concentration (i.e., 
increased nutrient-use efficiency). Finally, the 
dominance of infertile soils by species with 
long-lived leaves that have low nutrient concen- 
trations further contributes to the high nutrient-use 
efficiency of ecosystems on infertile soils. 

There are at least two ways in which a plant 
might maximize biomass gained per unit of nutrient 
(Berendse and Aerts, 1987): througll (i) a high 
nutrient productivity (a,), i.e., a high instantaneous 
rate of carbon uptake per unit nutrient or (ii) a long 
residence time (t,), i.e., the average time that the 
nutrient remains in the plant: 

Species characteristic of infertile soils have a 
long residence time of nutrients but a low nutrient 
productivity (Chapin, 1980; Larnbers and Poorter, 
1992), suggesting that the high nutrient-use 
efficiency in unproductive sites results primarily 
from traits that reduce nutrient loss rather than 
traits promoting a high instantaneous rate of 
biomass gain per unit of nutrient. Shading also 
reduces tissue loss more strongly than it reduces 
the rate of carbon gain (Walters and Reich, 1999). 

There is an innate physiological trade-off 
between nutrient residence time and nutrient 
productivity. This occurs because the traits that 
allow plants to retain nutrients reduce their 
capacity to grow rapidly (Chapin, 1980; Lambers 
and Poorter, 1992). Plants with a high nutrient 
productivity grow rapidly and have high photo- 
synthetic rates, which are associated with thin 
leaves, a high specific leaf area, and a ligh tissue 
nitrogen concentration. Conversely, a long nutri- 
ent residence time is achieved primarily tlxough 
slow rates of replacement of leaves and roots. 
Leaves that survive a long time have more 
structural cells to withstand unfavorable con- 
ditions and higher concentrations of lignin and 
other secondsuy metabolites that deter pathogens 
and herbivores. Together these traits result in 
dense leaves with low tissue nutrient concen- 
trations and therefore low photosynthetic rates per 
gram of biomass. The high nutrient-use efficiency 
of plants on infertile soils therefore reflects their 
capacity to retain tissues for a long time rather 

than a capacity to use nutrients more effectively in 
photosynthesis. 

The trade-off between nutrient-use efficient" 
and rate of resource capture explains the divers;; ! 1 of plant types along resource gradients. Low- 
resource environments are dominated by species 
that conserve nutrients through low rates of tissue 
turnover, high nutrient-use efliciency, and the 
physical and chemical properties necessary for I 

tissues to persist for a long time. These stress- 
tolerant plants outcompete plants that are less 
effective at nutrient retention in environments that 
are dry, infertile, or shaded (Chapin, 1980; 
Walters and Field, 1987). A high nutrient-use 
efficiency and associated traits constrain the 
capacity of plants to capture carbon and nutrients. 
In high-resource environments species with high 
rates of resource capture, rapid growth rates, rapid 
tissue turnover, and consequently low nutrient-use 
efficiency therefore outcompete plants with high 
nutrient-use efficiency. In other words, neither a 
rapid growth rate nor a high nutrient-use effi- 
ciency is universally advantageous, because there 
are inherent physiological trade-offs between 
these traits. The relative benefit to the plant of 
efficiency versus rapid growth depends on 
environment. 

8.06.9 BALANCING NUTRIENT 
LIMITATIONS 

8.06.9.1 Nutrient Requirements 4 

Thus far, we have focused on the mechanisms 
by which plants minimize the constraints on NPP 
by balancing the limitations of water, COz, light, 
and nutrients. Photosynthesis and productivity 
require a balanced proportion of these resources, 
and plants can adjust their physiology to maxi- 
mize NPP across a range of limiting factors. 
Nutrients need further explanation. Unlike light, 
COz, and water, which are relatively homogenous 
in quality, the nutrient category includes many 
chemical elements, each with different functions 
and controls. 

Because each nutrient perfoms a different I 

function in plants (Table 3), the relative amount 
of each nutrient required and plant response to 
limitation by these nutrients vary. Primary macro- 
nutrients are the nutrients needed in the largest 
amounts and are most commonly limiting to plant I 

growth. These include nitrogen, phospl~orus and 
potassium. Secondary macronutrients include 
calcium, magnesium, and sulfur. These are also 
required in large quantities but are less frequently 
limiting to growth. Micronutrients are essential i 

for plant growth but are only needed in small 
quantities. These include boron, chloiide, copper, 
iron, manganese, molybdenum, and zinc. All 
macro- and micronutrients are essential for plant 

I 
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Table 3 Nutrients required by plants and their major functions. 

Role iiz plaizts 

- 
I Macronutrientsa Required by all plants in large quantities 
I 

prii7za13' 
I 

Nitrogen (N) Component of proteins, enzymes, phospholipids, and nucleic acids 
pl~osphoNs (P) Component of proteins, coenzymes, nucleic acids, oils, 

phospholipids, sugars, starclles 

I 
Critical in energy transfer (ATP) 

potassium 6) Component of proteins 
Role in disease protection, photosynthesis, ion transport, osmotic 

regulation, enzyme catalyst 
~ecoizdal~ 

\ Calciuin (Ca) Component of cell walls 
Regulates structure and pelmeability of membranes, root growth 
Enzyme catalyst 

Magnesium (Mg) Component of cldoropl~yll 
Activates enzymes 

Sulfur (S) Component of proteins and most enzymes 
I Role in enzyme activation, cold resistance 

1 b ~icronutrients Required by all plants in small quantities 
I Boron (B) Role in sugar translocation and carbohydrate metabolism 

Chloride (C1) Role in photosyntl~etic reactions, osmotic regulation 
Copper 0) Component of some enzymes Role as a catalyst 
Iron (Fe) Role in cldorophyll synthesis, enzymes, oxygen transfer 
Manganese (Mn) Activates enzymes 

Role in chloropl~yll formation 
Molybdenum (Mo) Role in N fixation, NO3 enzymes, Fe adsorption, and translocation 
Zinc (Zn) Activates enzymes, regulates sugar consumption 

I 
Beneficial nutrientsC Required by certain plant groups, or by plants under specific 

environmental conditions 
Aluminum (Al) 
Cobalt (Co) 

I. Iodine (I) 
Nickel (Ni) 
Selenium (Se) 
Silicon (Si) 
Sodiuin (Na) 
Vanadium (V) 

--- - 

' Macronutrients: Primary-usually most limiting because used in largest amounts. Secondary-major nutrients but less often limiting. 
Micronutrients: essential for plant growth, but only needed in small quantities. Beneficial nutrients-ften aid plant gowth, but not essential. 

growth and metabolism, and other elements 
cannot substitute for their function. However, 
certain functions, such as maintenance of osmotic 
pressure, can be accomplished by various 
elements. A fourth class of mineral nutrients, 
"beneficial nutrients" can enhance plant growth, 

I are required by plants under very specific 
conditions, or are necessary for vely specific 
groups of plants (Marschner, 1995). For example, 
alulninum is required by ferns, cobalt by Fabales 

I with syinbionts, and sodium by Clzelzopodiaceae 
(Lacher, 1995). 

8.06.9.2 Limitations by Different Nutrients 

I Althouglj all of these mineral nutrients are 
necessary for plant growth, the particular nutrient 
that limits plant production may vary in space and 
time. The primary macronutrients, nitrogen, 
ph0s~horus, and potassium, are used by plants in 

I 

the greatest amounts, and tend to most frequently 
limit plant production. Nitrogen is the most 
commonly limiting nutrient to plant growth in 
terrestrial systems, particularly in the temperate 
zone (Vitousek and Howarth, 1991). Phosphorus 
generally limits plant growth in the lowland wet 
tropics (Tanner et al., 1998), on very old 
soils (Vitousek and Fanington, 1997), on some 
Mediterranean soils (Cowling, 1993; Specht and 
Rundel, 1990), and on glacial and aeolian sandy 
soils in European heathlands (Aerts and Heil, 
1993). Sites that would naturally be nitrogen- 
limited can become phosphoms-limited under 
certain conditions. Phosphorus limitation, for 
example, occurs in areas wit11 high nitrogen 
deposition (Aerts and Berendse, 1988; Aerts and 
Bobbink, 1999) and in European fens that have 
lost substantial phosphoius over time through 
long-teim mowing treatments (Verhoeven and 
Schmitz, 1991). Vegetation composition can also 
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influence whether a site is limited by nitrogen or elements constrains any further accumulation of 
phosphorus. In California grasslands, for example, carbon or other nutrients by phytoplankton. ~ h ,  
grass-dominated sites are nitrogen-limited, but carbon and nutrients in phytoplankton in turn 
these sane sites can be sulfur- and phosphorus- determine the recycling of nutrients and the N : p 
limited if legumes are present (Jones et al., 1970; in the deep sea and upwelling waters, so biotic 
Jones and Martin, 1964; Jones et al., 1983). The demand for nitrogen and phosphorus closely 
limitation of nitrogen versus phosphorus also match their availability. 
changes over successional time, with soils being In terrestrial systems, silnilarratios are observed 
nitrogen-limited early in plimary succession, then in vegetation, with a general C : N : S : P of land 
becoming phosphorus-limited with time (Chapin plants being 790 : 7.6 : 3.1 : 1 (Bolin et al., 1983). 
et al., 1994; Vitousek and Farrington, 1997; Such generalizations have been used to guide 
Walker and Syers, 1976). Calcium, magnesium, fertilizer application in agricultural systems. The 
and potassium also virtually disappear due to widespread use of "fixed fo~mulas" of nutrients, 
leaching in old soils, but are frequently not such as Hoaglands solution, in controlled environ- I 

limiting to plant growth due to atinospheric inputs ments is an indicator of the robustness of !uch a 
(Chadwick et al., 1999). There are, however, stoicl~iometric relationship (Ingestad and Agren, 
instances when these nutrients do limit NPP. 1988). Departures from such ratios have been used 
Potassium is taken up by plants in larger amounts as indicators of nutrient lilnitation in plants (Jones 
than any element except for nitrogen (Marschner, and Martin, 1964; Koerselman and Mueleman, 
1995). It tends to be limiting in ecosystems with 1996; Ulricll and fills, 1973). However, ratios of 
high precipitation and very late in soil develop- nutrients in tissues are not necessarily an indicator 
ment, particularly on sandy soils (Tisdale et al., of nutrient limitation in land plants, because 
1993), but its limitation is relatively infrequent uptake of nutrients in tel-estrial vegetation is less 
compared to nitrogen and pl~osphorus. Highly constrained by nutrient balances than in marine 
weathered tropical soils with high leaching rates pllytoplankton (Marschner, 1995). 
can also be limiting in calcium, although In order to extend simple stoichiomehic 
calcium is more frequently found in excess control implied by the Redfield ratio to terrestrial 
of plant chnand (Barber, 1984; Chapin, 1991a; systems, the element that most constrains NPP 
Marschner, 1995). Base cations such as calcium must define the quantities of all elements cycled 
and magnesium have also been found to be tluough vegetation. We have already seen, 
limiting in areas wit11 high cation leaching however, fiat the nutrient-use efficiency of plants 
associated with high nitrogen deposition (Aber differs among growing conditions and among 
et al., 1998; DliScoll et al., 2001; Schulze, 1989). species. In addition, to be truly to 

I 

Limitation by other essential nutrients is rare, but systems, the input and recycling of 
does occur (e.g.9 manganese (Goransson, 199419 nutrients in dead plant material must also 
iron (Goransson, 19931, molybdenum (Tisdale approximately equal the nutrient ratio required 
et al., 1993)). for plant growth. Observed dynamics in terrestrial 

Although certain ecosystems can be character- systems are far from this simple formula because 
ized as being limited by a particular mineral of several mechanisms that decouple nutrient and 
nutrient, changes in the environment, Such as rain cycles in tenestrial ecosystems. Let us start 
storms or pulses of litter inputs, can rapidly alter with a simple contrast to marine systems. The 
tile relative abundance of nutrients, shifting Redfield ratio is based on an optimal cytoplaslnic 
limitation from one nutrient to another at different stoichiometry of single-celled organisms. Terres- 
times during plant growth. Thus, plants must be trial plants are both multicellular and have 
flexible in taking up different nutrients. different tissue types and compounds with dra- 

matically different stoichioinetries (Bazzaz, 1997; 

8.06.9.3 Stoichiometry of NPP Lambers et al., 1998). In this chapter, we have 
already described many situations in which plants 

A proper balance of nutrients is required for shift their relative allocation among tissues ill 
plait growth. In marine systems, the stoichi- response to a change in environment. Allocation 
ometry of primary production is determined by the can also differ among species. Thus, even 
ratio of elements in the cytoplasln (Redfield ratio) assuining that plants receive an ideal ratio of 
that suppo~ls optimal metabolism of phytoplank- resources, plant species have inherently different 
ton (Redfield, 1958). The C : N: P ratio is fairly allocation strategies and even different nutrient 
constant in marine pl~ytoplankton, and this ratio ratios within the same tissues, leading to sub- 
in pyimay producers constrains the cycling of stantial variation in the stoichiometry of NPP 
all elements (Elser et al., 2000). The amount (Eviner and Chapin, in press). A more dramatic 
and proportions of nitrogen and phosphoius departwe from the simple marine stoichiolnetric 
available determine the amount of carbon fixed model occurs with the recycling of nutrients in 
by pl~ytoplankton. Limitation by either of these terrestrial ecosystems. There are many reasons 
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why ~e supply of resources does not equal 
demand, as is hypotl~esized in marine systems. 
The tight coupling of nitrogen and phosphoms 

I cycling in marine systems does not occur in ter- 
I 

restrial systems, where nitrogen and phosphorus 
differ dramatically in the controls over minerdiz- 
,tion and availability (McGill and Cole, 1981). In 
,&lition, litter inputs have a dralnatically different 

I stoicl~iometry from plant demand due to resoip- 
tion of nutrients from senescing litter (Aerts and 
Chapin, 2000). Finally, unlike the well-mixed 
ilutrient return tllrough upwelling in marine 

I 
systems, nutrient availability in the soil is 

heterogeneous (Caldwell et al., 1996). 
SO unlike marine systems, te~~estrial cycling 
involves significant storage in plants and soils 
and slow turnover of nutrients, so the stocks of 
,vailable nutrients have little relation to tlle fluxes. 

I 
I 8.06.9.4 Uncoupling Mechanisms 

NPP in terrestrial systems is not a simple 
function of the ratio of available nutrients 
because there are many ways in which carbon 
and different nutrients become uncoupled in 

terrestrial ecosystems (Eviner and Chapin, in 
press) (Figure 5). In the following sections, we 
discuss those uncoupling mecllanisms that cause 
NPP in terrestrial ecosystems to depart fsom a 
simple stoichiometric model. 

8.06.9.4.1 Litterfall aizd leaclziizg iizputs 

During the transition from live tissue to litter, 
the ratios and concentrations of nutrients undergo 
dramatic changes due to both resorption and 
leaching (Marschler, 1995) (Aerts and Chapin, 
2000) (Figure 5). Plants resorb approximately half 
of their leaf nitrogen and pl~ospllorus during 
senescence, with a larger percentage of phos- 
phorus than of nitrogen, tending to be resorbed 
(Ael-ts, 1995; Aerts and Chapin, 2000; Chapin and 
Kedrowslu, 1983). I11 contrast, only -35% of 
sulfur is resorbed (Quilchai~o et al., 2002). 
Calcium and iron cannot be resorbed because 
they are immobile in the phloem of plants (Gauch, 
1972). During resorption, there is a high 
potential for cations such as potassium, calcium, 
magnesium, and sodium to leach fsom leaves in 
plant-available forms. In fact, up to 80% of leaf 
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5 Uncoupling mecl~anisms that alter rates of cycling of different nutrients relative to the ratios initially 
present in live plants. 
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potassium, 50% of leafcalcium, but only -15% of over their cycling (McGill and Cole, 1981). prom 
leaf nitrogen and phosphorus are lost through a simple stoichiometric perspective, it is instruc- 

~ 
leaching (Chapin, 1991a). Thus, plant senescence tive to first consider which organisms are doing 
results in a significant decoupling among nutrients the recycling. Soil microbes break down organic I 

returned to the soil in soluble and particulate matter to meet their energy (C) and nutrient 
fonns. This causes the stoichiometry of these requirements for growth. Because carbon is often 
element inputs from the plants to soil to be limiting to the microbial community and is a 
extremely different than the ratio required for common cuirency for growth and biomass in both 
plant growth. This is very different from the plants and microbes, we will express the stoichio- I 

scenario with marine phytoplankton, in which the metric relationships per unit of C. The average 
ratios of nutrients absorbed and lost are similar to plant has a C : N : S : P of 1,000 : 9.6 : 3.9 : 1.3 
the ratios found in plankton (Elser et al., 2000). (Bolin et al., 1983). Assuming that roughly half 

Plant species differ in the magnitude of of nitrogen and pl~osphoms (Aerts and Chapill, 
I decoupling among nutrients because of differ- 2000), and 35% of sulfur (Quilcl~ano et al., 2002) 

ences in allocation to, and turnover of, tissues with is resorbed from aboveground litter, this would 
different element ratios (Eviner and Chapin, in imply an average plant litter ratio of 
press). Roots, for example, have low-nutrient-to- 1,000 : 4.8 : 2.5 : 0.65. Soil bacterial biomass has 
carbon ratios, as does wood, which also has a very a ratio of 1,000 : 100 : 4.7 : 23.3, whereas fungi 
lug11 concentration of calcium. Roots and leaves, have a ratio of 1,000 : 62 : 4.3 : 5.3 (Bolin et al., 
with their high enzyme concentrations, have 1983). Both goups require -40% more carbon 
higher N : P ratios than does wood. The types of than the stoiclcometric ratios in their biomass 
nutrient-containing compounds also differ among would suggest because of the carbon expended in 
tissue types (Chapin and Kedrowski, 1983) and respiration. They also require additional nitrogel, 
can substantially affect recycling rates. The t w -  for the production of exoenzymes. If the growth 
over rates of these different tissues differ due to efficiency of bactelia and fungi is similar (i.e., the 
both environmental conditions and plant species same respiratory carbon requirement for growth), 
identity (Poorter and Villar, 1997). These tissues and the nitrogen requirement for exoenzyme 
also differ in their effectiveness in resorption. production is similar, these stoichiometic ratios I 
Leaves resorb about half of their nitrogen and suggest that bacteria require nearly twice as much 
phosphorus; stems have much lower resorption nitrogen and more than four times more ~110s- 
(Aeas and Chapin, 2000), whereas there is no phorus per unit of growth than do fungi, i.e., 
evidence for nutrient resorption from roots bacteria have a highes phospholvs requirement I 
(Gordon and Jackson, 2000; Nambiar, 1987). than do fungi. 

Disturbances such as 11unicanes can result in Because the nutrient demands of soil microbes 
large inputs of ~n~fnesced  plant tissue that differ from the ratios of elements available in litter 
contains nutrients in roughly the ratios required inputs, the decomposition and mineralization 
to produce living material. However, these inputs P S O C ~ S S ~ S  decouple the cycling of these nutrients 
occur infrequently and do not govern recycling of from one another, and the nature of this 
nutrients most of the time. Herbivores also hasvest decoupling depends, in part, on the identity of 
plant matter before plant tissues senesce; this is the decomposing organisms (Paul and Clxk, 
often viewed as a "short circuit" in nutrient 1996). forests, for example, which are domi- 
recycling. However, because the stoicliometr~ nated by fungal activity, nitrogen tends to be 
of herbivores differs from that of plants (Elser and immobilized by microbes, whereas phospllorus 
Urabe, 1999), herbivores incolporate nutrients and may be more readily mineralized. In bactelially 
carbon in different ratios than the plants supply dominated grasslands and agricultural systems, in 
and therefore excrete tfie nutrients in a ratio that contrast, there may be greater tendency to 
differs fsoin the ideal plant demand. 'l%e supply of immobilize p~losp~lorus and to lnineralize or 
nutrients recycled by herbivores is also spatially irmnobilize nitrogen. 
and temporally variable. So unlike marine sys- ~ h ,  of cllemical bonds, bind 
terns, where phytoplankton sillk to the deep Ocean, to dead organic matter, also influences 
and nutrients are then supplied in upwelling zones the pattelns of elelnent decoupling that occur 

I I 
in the same nutrient ratio, the inputs of terrestrial dUlillg ~ecolnposition~ ~i~~~~~~ and some of the 
litter have their nutrient stoichioinetry decoupled sulfur are bonded directly to he carbon skeleton 
from that of live leaves. 1 

of organic matter, so nitrogen and sometilnes I 

sulfur can be mineralized to ~lant-available forms 
as "waste products" of the breakdown of orgallic 8.06.9.q.2 Nutrient nziizeralization 
compounds during oxidation of carbon for 

The release of nutrients from litter is further energy (McGill and Cole, 1981; Paul and Clark, 
decoupled through decomposition and mineraliza- 1996). This accounts for the strong relationship 
tion processes, because elements differ in colltsols between litter C : N and rates of decomposition 



(Mafongoya et al., 2000; Mueller et al., 1998) 
alld net nitrogen ~nineralization (Maithani et al., 
199 1; Steltzer and Bowman, 1998). Alternatively, 
if microbes are nitrogen-limited, decomposition 
may lead to immobilization of nitrogen and 
m~l~eralization of sulfur. The foim of inorganic 

in the soil is governed by a series of 
redox reactions, which are influenced by soil 

availability, oxygen, pH, and several other 
factors. 

In contrast to nitrogen, phosphoius is miner- 
alized from dead organic matter by extracellular 
pll~spl~atases at a rate that is controlled by 
microbial and plant ph~spho~us demand, rather 
than by microbial demand for energy. This occurs 
because phosphorus is bound to organic matter 
tluough ester bonds, which can be broken without 
disruptillg the carbon skeleton. Phosphoius tends 
to accumulate in microbial biomass, which 
accounts for 30% of organic phospho~~s in the 
soil (versus 2% of C, 4% of N, and 3% of S )  
(Jonasson et al., 1999; Paul and Clark, 1996). 
The size and turnover of this large microbial 
pllosphorus pool is therefore the main biotic 
colltrol of phosphorus availability to plants. 
phosphorus availability to plants is further 
influenced by its chemical reactions with soil 
minerals, as discussed in the next section. Unlike 
nitrogen, phosphorus is not an energy source to 
~icrobes and is not involved in redox reactions in 
the soil. 

The control of sulfus release is intermediate 
between that of nitrogen and phosphoms, because 
sulfur occurs in organic matter in both carbon- 
bonded and ester-bonded fosms. The mineraliza- 
tion of organic sulfur is therefore responsive to 
microbial demands for both sulfur and energy. 
The ester-bonded fosms are sulfur-storage com- 
pounds produced under conditions of high-sulfur 
availability. Under sulfur-limiting conditions, 
plants produce primarily carbon-bonded forms of 
sulfur, so its mineralization is determined mainly 
by the carbon demand of microbes (McGill and 
Cole, 1981). Because ester-bonded sulfur can be 
lnineralized based on microbial sulfur demand, it 
temlds to be a more important source for plant 
needs under high-sulfur conditions. In summary, 
controls over sulfur cycling are similas to those of 
~ ~ ~ o ~ p h o s u s  cycling under high-sulfur conditions 
and similar to those of nitrogen cycling under low- 
Sulfur conditions. 

Less work has focused on the controls of 
recycling of other nutrients. Decomposition 
d~llainics are a critical determinant of calcium 
availability, because calcium is part of cell walls 
that are difficult to decompose. In contrast, 
Potassiu~n occurs mostly in the cell cytoplasm 
and is largely lost through leaching, so decompo- 
sition dynamics are less important than controls 
Over soil availability in determining plant supply. 
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The importance of decomposition to magnesium 
and manganese availability is intermediate 
between calcium and potassium (Chapin et al., 
2002). 

Although similar environmental factors can 
limit both NPP and decomposition, these two 
processes are differentially affected by these 
constsaints, so it is unlilcely that the timing and 
amount of nutrient supply will coincide with plant 
demand. For example, in some ecosystems, a 
substantial amount of nutrient mineralization 
occurs underneath the snow pack and is released 
in spiing thaw before plants actively take up 
nutrients (Bilbrough et al., 2000; Hobbie and 
Chapin, 1996). Nutrients are often released from 
organic matter in pulses associated with the initial 
stages of decomposition or wit11 wet-&y or 
freeze-thaw events (Haynes, 1986; Schimel and 
Clein, 1996; Ventelink et al., 2002). Timing of 
element release also differs among elements. 
Soluble elements like potassium are immediately 
available when they enter the soil, whereas the 
release of nitrogen and calcium depend on 
microbial demands for energy, and the release of 
pl~osphorus depends on microbial phosphoius 
demands and factors governing microbial 
turnover. 

8.06.9.4.3 Nutrient availability 

The ratios at wllich nutrients are released in 
their mineral f o ~ m  through decomposition and 
mineralization does not directly deteimine the 
ratio of their availability. Nutrient availability is a 
function of the presence of nutrients in soil 
solution, their diffusion rates tlvough soil, and 
their chemical interactions with soil minerals. 
Mobile nutrients can be lost from the system 
though leaching, whereas nitrogen can also be 
lost though gaseous pathways. Less mobile 
nutrients, such as phosphorus, can be lost in 
erosion. Retention mechanisms include lnicrobial 
immobilization and bonds of vaying strength 
with soil particles and soil organic matter. These 
retention inechanisms can enhance nutrient avail- 
ability by minimizing nutrient loss, but also 
decrease plant access to these nutrients. 

As with mineralization dynanics, the factors 
governing availability of mineralized nutrients 
differ among nutrients. The two inorganic foims 
of nitrogen in soil solution behave quite differ- 
ently. NH4 diffuses slowly through the soil 
because its positive charge interacts with the 
negatively charged soil particles. NO3 diffuses 
rapidly, but is also prone to leaching or gaseous 
loss. Organic nitrogen exhibits a variety of 
retention mechanisms (Neff et al., 2003). Micro- 
bial imnobilization of nitrogen can compete with 
plant nitrogen uptalce but can also be impol-tailt in 
retaining pulses of nitrogen release, particularly 
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when the pulses do not coincide with periods of anion uptake and vice versa. However, at low 
plant growth. external concentrations of nutrients, sucll as 

Phosphorus availability is determined largely commonly occur in ecosystems, anion and cation 
by chemical interactions with soil. Complexes uptake are not necessarily coupled. The relative 
with other elements can remove PO4 from uptake of cations and anions also shifts with p ~ .  
soil solution. PO4 precipitates with calcium, In general, cation uptake decreases at low p ~ ,  
aluminum, iron, or manganese, forming insoluble when H+ concentrations are high relative to 
compounds. Charged organic compounds can mineral cation concentrations, although l1igIl 

i 
compete with PO4 on the binding surface and concentrations of calcium can mitigate this eflect ! 
decrease chelation with metals, increasing PO4 for potassium. In contrast, low pH stimulates or 
availability to plants. The microbial phosphorus has no effect on anion uptake because of low OH- 
pool may be the main reservoir of plant-available concentrations in the soil solution. At high 
phosphorus in the soil because it protects external concentrations, there is nonspecific 
phosphorus from chemical reactions with soil competition between ions of the same charge. I 

minerals (Paul and Clark, 1996). Soil pH can For example potassium can inhibit calcium and 
greatly influence phosphorus availability, as magnesium uptake because they have lower i 
well as the availability of manganese, copper, transport rates through the plasma membrane. 
magnesium, and iron. Water-logged soils can limit This interference in uptake of certain elements is 
manganese and zinc availability, and iron availa- particularly pronounced when tlley are supplied in 
bility can decrease with enhanced concentrations ratios that are unbalanced with respect to plant 
of phosphorus, manganese, zinc, or copper demand. Plant uptake of nutrients is selective 
(Marschner, 1995). based on the physicochemical characteristics of 

the elements, and there can be competition for I 
binding sites at t l~e plasma membrane between 

8.06.9.4.4 Element i~zteractioizs elements with similar properties. Excess ratios of 
certain nutrients can inhibit the uptake of others. 

As discussed above, there are not only different w o n i u m ,  for example, decreases uptake of I 

controls on the recycling of these different potassium, calcium, and magnesium; and high I 

nutrients, but these elements can also interact to so4 decreases molybdenum uptake. ~ i ~ h  con- 
influence one another's dynamics. Nitrogen centrations of magnesium or potassium can inhibit 
cycling, for example, is very sensitive to avail- calcium uptake, whereas high calcium levels 
ability of phosphorus and sulfur. Phos~horus and inhibit potassium uptake. NO3 and chlorine can 
sulfur limit nitrogen fixation (Bromfield, 1975; inhibit one another, and potassium and calcium 

I 

Jones et al., 1970). Phosphorus also stimulates can strongly inhibit magnesium uptake. fact, 
nitrification and net nitrogen mineralization (Cole high fertilization of either of these leads to 
and 1981). PhoSpho~s availability, in turn, magnesium deficiency in soils. There are many 
is enhanced because can other negative interactions between elements 
acidify rock phosphorus, and So4 leaching during uptake. For example, boron is limited by 
enhances leaching of cations that precipitate high calcium; iron is limited by high phosphorus, 
with phosphorus. Sulh-releasing enzymes can copper, and manganese; and calcium requirement 
be inhibited by PO4 and stimulated or inhibited by increases with high extenlal concentrations of 
nitrogen availability (McGill and Christie, 1983). heavy metals, aluminum, N ~ C ~  and at low p ~ .  
Inorganic nitrogen additions Can ~IlCrease miner- ~0~ is also inhibited by tlle presence 
alization of sulfur (Ghani et al., 1992). All of these of N H ~ .  
element interactions modify the ratios of nitrogen, Relatively high concentrations of certain nutri- 
phosphorus, and sulfur availability, causing the ents can also increase the uptake of other 
degree of coupling of these nutrients to be elements. For example, NH4 and sodium enhance 
sensitive to environment. potassium uptake; magnesium and manganese 

enhance uptake of one another; calcium enhances 
potassium uptake; and zinc enhances uptake of 

8.06.9.4.5 Plant uptake both magnesium and manganese (Larcher, 1995). 

Clearly, tile ratio of nutrients available to It is clear that the stoichiometry of elements 

plants does not necessarily correlate with plant available in soil solution can substantially 

needs. For example, soil solutions usually decouple the stoiclGometry of plant uptake from 

contain lower concentrations of potassium and 
PO4 than plants need, and excess calcium 
and magnesium (reviewed in Larcher, 1995 and 8.06.9.5 Recoupling ~ ~ ~ h ~ ~ i ~ ~ ~  
Marschner, 1995). This imbalance in nutrient 
supply can interfere with uptake of limiting In the previous sections, we showed that many 
nutrients. In general, uptake of cations stimulate mechanisms can uncouple the stoichiometry of 
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from their ratios in live plants, so the 
stoiclliometry of available nutrients is very 
different from demand. If plant growth were 
dependent on the relative availability of these 
nutrients at any one time, NPP would be 
constrained by a shifting balance of nutrients. 
conversely, if plants simply took up nutrients in 
proportion to their availability, the nutrient 
ilnbalance within the plant could interfere with 
its metabolic function, for example through 
toxicity effects (Marscl~ner, 1995). Over time and 
space, plants can "recouple" nutrients in ratios 
lleeded for growtll. 

In general, we have seen that plants respond to 
nutrient limitation by increasing their root : shoot 
ratio, increasing their nutrient-use efficiency, and 
by allocating to protective compounds that 
increase life span. Plants also adjust their physio- 
logy to respond to limitations of specific nutrients. 
~us t  as water, COz, light, and nutrients need to be 
balanced, plants must also balance the acquisition 
of different nutrients to grow. Nutrient limitation 
is strongly determined by the balance of nutrients 
and cannot necessarily be predicted from t l~e 
concentration of a single limiting nutrient 
(Koerselman and Mueleman, 1996; Larcher, 
1995). Any nutrient not in balance can limit 
plant growth as well as plant investment in 
absorption of these nutrients. There are different 
controls over the availability of, and plant access 
to, these different nutrients. For example, enllan- 
cing root length is a common response to nutlient 
limitation, but it does not equally relieve lirni- 
tation of all nutrients. NO3 difises rapidly in the 
soil and its uptake will substantially increase with 
a given increase in root length. In contrast, it talces 
6- 10 times the root length increase to produce an 
equivalent increase in PO4 or NH4 uptake because 
the diffusion zones around the roots are much 
smaller for these nutrients (Marsclmer, 1995). 
Mass flow is usually sufficient to supply micro- 
nutrients to plants, but macronutrients require 
additional nutrient movement to the root by 
diffusion in order to attain the proper balance of 
these nutrients. Even among the macronutrients, 
UP to 80% of nitrogen can be supplied to crops by 
inass flow, while only 5% of phosphorus is 
supplied this way due to lower mobility in the 
soil (Barber, 1984; Chapin, 1991a; Lambers et al., 
1998). 

Balailcing the supply of these multiple nutrients 
requires many different strategies. On an individ- 
ual plant level, plants adjust their relative uptake 
of these different nutrients through changes in 
ion transporters in the roots, shifts in enzyme 
allocation,. and by forming associations with 
lnyconhizal fungi. Active transport is a major 
lnechanism by which plants absorb potentially 
limiting nutrients. Plants are able to greatly 
enhance nutrient absorption of a limiting 

in elements is I 
i 

ue  supplied in 
spect to plant 
s is selective 
racteristics of 
)mpetition for 
aane between 

I vcess ratios of 
ake of others. i 
;es uptake of 
im; and high 
.e. High con- 
um can inhibit 
ilcium levels 

chlorine can 1 
and calcium I 

)take. In fact, 
~ese leads to 
ere are many 
:en elements 
is limited by 

h phosphorus, 
n requirement 
:entrations of 
d at low pH. 
the presence 

element (Chapin, 1991a; Lee, 1982; Lee and 
Rudge, 1986, 1987) by increasing the transport 
proteins specific to that nutrient, while decreasing 
uptake capacity of other nutrients that do not limit 
growth (Chapin, 1980; Lambers et al., 1998). 
This is particularly important for the nutrients 
that most frequently limit plant growth because 
NH4, NO3, potassium, and SO4 are transported by 
different membrane proteins that are individually 
regulated (Clarkson, 1985). This preferential 
uptake by increasing specific caniers is seen 
even among the different forms of nitrogen. NH4, 
NO3 and amino acids are all absorbed by different 
carriers, and tile relative availability of these 
fonns of nitrogen in the soil solution influences 
the capacity of a plant to absorb these different 
nitrogen fosms. 

Plants can also balance their uptake of different 
nutrients through their production of enzymes and 
other compounds that help to make specific 
nutrients more available. Nitrate reductase is 
required to assimilate NO3 into plant biomass, 
and its production is triggered by the presence of 
NO3 in soil solution. Phosphorus limitation 
induces production of root phosphatase enzymes 
that cleave organically bound PO4, or side- 
rophores, which solubilize mineral phosphorus 
by chelating with other minerals that bind to PO4, 
such as iron. 

Associations with soil microbes such as mycor- 
rhizal fungi can relieve limitation by certain 
nutrients. Since these fungi dramatically increase 
the effective surface area of absorption of 
nutrients, they particularly enhance uptake of 
nutrients that dif ise  slowly in soil, so they greatly 
enhance uptake of PO4, and of NH4-N in soils 
with low nitrifying potential. Arbuscular mycor- 
rhizae can help to relieve phosphorus limitation, 
whereas ectomycorrhizae enhance both phos- 
phorus and nitrogen uptake. In fact the presence 
of arbuscular myconllizae can relieve phospho- 
 us limitation, to the extent that ecosystems 
become nitrogen-limited (Grogan and Chapin, 
2000). Associations with plant-g-owth-promoting 
rhizobacteria often stimulate growth more under 
low-nutrient conditions (Belimov et al., 2002). 

Although plants have several mechanisms by 
which they can balance uptake of these multiple 
nutrients, the supply of these nutrients is rarely in 
balance, and many of these nutrients are available 
in s1101-t pulses, or mostly at certain times of the 
year. Plants can balance nutrient availability over 
rime by accumulating each nutrient at times of 
high availability and storing it to support growth at 
another time (Chapin et al., 1990). In fact, in many 
cases, much of the nutrient uptake occurs before 
plant growth begins (Aerts and Chapin, 2000; 
Larcher, 1995). Stored nutrients can then be 
transported to sites of growth to achikve 
balanced nutrient ratios in growing tissues 
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(Chapin et al., 1990). Nutrient storage is parti- introduction of deep-rooted phreatopl~yte~ in 
cularly important for nitrogen, phosphorus, deserts increases the productivity in watercourses 
potassium, sulfur, copper, and zinc, but cannot (Bemy, 1970). Deep-rooted species can also tap I 

occur for calcium, which is not mobile in the nutrients that are available only at depth. A deep- 
phloem (Nambiar, 1987). rooted tundra sedge, for example, is the only 

In suinmsuy, the many mechanisms by which species in arctic tussock tundra that accesses 
plants adjust to unbalanced supplies of C02, H20, nutrients in the groundwater that flows over 
nutrients, and light enable plants to maximize NPP permafrost. By tapping nutrients at depth, the 
in situations where the ratio of supply of essential productivity of this sedge increases 10-fold in sites I 

nutrients is far from balanced. with abundant groundwater flow, whereas pro- 
ductivity of other species is unaffected by deep 
resources (Chapin et al., 1988). In the absence of 

8.06.10 COMMUNITY-LEVEL this species, NPP would be greatly reduced. 
ADJUSTMENTS Species with deep roots, and particularly wit11 

In the previous sections, we showed that plants high fine root biomass in the lower soil profiles, can 

can adjust on a leaf and whole-plant level to Pump to the surface layers and 

maintain NPP under limiting conditions. We enhance overall calcium availability in the system 

also seen that these responses can often be scaled (Andersson, 1991; Dijkstra and Smits, 2002). 

to the stand or community level. For example, Phenological specialization could increase 

allocation of nitrogen to leaves at the top of ule resource capture by increasing the total time 
I 

canopy occurs both within a plant and witllin a available for plants to acquire resources from 
I 

stand. Changes in community composition their environment. This is most evident when 

are another important mechanism by which coexisting species differ in the timing of their 

vegetation can maximize NPP under limiting maximal activity. In mixed grasslands, for 

conditions. Plants differ in dleir tolerances of C4 are generally active in the 

resource and limitations, and he W-er, dier  part of the growing season than are I 
flexibility provided by a diversity of plant species C3 species. Consequently C3 species account for I 

with different   tors the flexibility of traits most early-season, and C4 species account for most 

within an individual plant in its response to late-season production. Similarly, in the Sonoran 

limiting conditions. There are many parallels desert, there is a different suite of annuals that 

between acclimation of an individual plant and becomes active following winter versus summer 

shifts in plant community composition along rains, and in California grasslands a mixture of 

resource gradients. early season annuals and late season perennials 

A balance of nutrients is clitical to suppolt enhance productivity (Eviner and Chapin, 2001). 

growdl of any plant, but he specific proportions of In all these cases, pllenological specializatioll 

nutrients required can differ among species. For probably enl~ances NPP and nitrogen cycling. In 

example, species can differ dramatically in the mixed-cropping agricultural ecosystems, phenolo- 

amount of phosphorus they requke (Lacher, gical specialization is more effective in enhancing 

1995); dicots contain twice as much calcium as production than are species differences in rooting 

do monocots, and forbs contain more magnesium depth (Steiner, 1982). The ecosystem conse- 

than do grasses ( L ~ ~ ~ ~ ~ ~  et al., 1998). Due to quences of phenological specialization to exploit 

species differences in nutrient requirements, the extremes of the growing season are less clear. 

different can limit pro- Evergreen forests, for example, have a longer 

duction, and shifts in composition can photosynthetic season than deciduous forests, but 

alter the NPP attained at a given llutrient supply. most carbon gain occurs in midseason in both 

For example, productivity of California grasslands forest types, when conditions are most favorable 

can be enhanced by nitrogen additions, or (Schulze et al., 1977). Phenological specializatioll 

alternatively, pllosphol-us and sulfur additions is an area 'pecies effects On ecosystem 
can legume growth and enhance overall processes could be impostant but these effects have 
ecosystem psoductivi~y beyond the stimulation by been primarily in ag~cultural 

nitrogen fertilizer (Jones and Winans, 1967). ecosystems. 

Deep-rooted species tap a larger volume of soil 
than do shallow-rooted species and therefore 8.06.11 SPECIES EFFECTS ON 
access more water and nutiients to support pro- 
duction. In California, the deep-rooted Eucalyptus 

INTERACTIVE CONTROLS 

trees apess a deeper soil profile than do annual Plants do much more than simply adjust to the 
grasses, so the forest absorbs more water and limitations imposed by state factors, they also 
nutrients. In d y ,  nutrient-limited ecosystems, this actively mediate most of the resource and environ- 
substantially enhances NPP and nutrient cycling mental conditions that constrain growth. Some of 
(Robles and Chapin, 1995). Similarly, the the most important effects of plant characteristics 
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on ~ p p  operate indirectly through the effects of 
plants on interactive controls, which are the factors 
that directly regulate ecosystem processes. 

i 8.06.11.1 Vegetation Effects on Resources 
plallt traits that influence the supply of limiting 

resources (e.g., light, water, and nutrients) have 
,e0ng feedback effects on NPP. The introduction 
of a strong nitrogen-fixer into a community that 
lacks such species can substantially enhance 

I 

1 llitrogen availability and cycling. Invasion by the 
exotic nitrogen-fixing tree, Myrica faya, in 
Hawaii, for exalnple, increased nitrogen inputs, 
litter nitrogen concentration, and nitrogen avail- 
ability (Vitousek et al., 1987). A nitrogen-fixing 
invader is most likely to be successful in 
ecosystems that are nitrogen-limited, have no 
strong nitrogen fixers, and have adequate 
phospho~us, inicronutrients, and light (Vitousek 
and Howarth, 1991). 

8.06.11.1.1 Deconzpositioiz aizd nitrogen 
nziizeralization 

Traits that govern plant growth Sate and NPP 
also determine the microbial processing of carbon 
and llitrogen in soils. When plant leaves senesce, 
they resorb approximately half of their nitrogen 
and phosphorus pool and very little of the initial 
carbon pool, regardless of the environlnent in 
wllich they grow (Aerts and Chapin, 2000; Chapin 
and Kedrowski, 1983). The quality of leaf litter, as 
measured by litter C : N ratio and carbon quality, 
therefore corselates with corresponding para- 
meters in live leaves. Chemical properties that 
promote high physiological activity and growth in 
plants (e.g., high tissue nitrogen concentration) and 
low lignin content (reflecting less sclerified leaves 
with a high ratio of cytoplasm to cell wall) also 
proinote rapid decomposition (Hobbie, 1992; 
Melillo et al., 1982). Litter from species typical 
of productive environments (e.g., herbs and 
deciduous species) typically decomposes more 
rapidly than those from less productive environ- 
ments (e.g., evergreens) (Cornelissen, 1996; 
Perez-Harguindeguy et al., 2000). 

The quantity of litter input provides the second 
critical link between NPP and decomposition 
because NPP governs the quantity of organic 
matter inputs to decomposers. When biomes are 
compared at steady state, heterotrophic respiration 

h e  carbon released by processing of dead 
plant material by decomposer organisms and 
animals) is approximately equal to NPP. In other 

net ecosystem production (NEP), the rate 
of net carbon sequestration, is approximately zero 
at steady state, regardless of climate or ecosystem 

This indicates that the quantity and quality of 
Organic matter inputs to soils, as determined by 

plant traits, are the major determinants of 
decomposition, when ecosystems are compared. 
Environment exerts important additional controls 
on decomposition through effects on both NPP 
(quantity and quality of litter inputs) and the 
activity of decomposer organisms. Other factors 
that influence decomposition rate include pH and 
the composition of the inicrobial community. Any 
plant effects on these factors will also influence 
decomposition. 

Litter properties that promote NPP and 
decomposition also facilitate net nitrogen miner- 
alization. The activity of decomposer organisms, 
which depends strongly on the carbon quality of 
substrates and the nitrogen status of microbes 
(a function of litter nitrogen concentration) are the 
major effects of plant litter quality on net nitrogen 
mineralization (Paul and Clark, 1996). Microbes 
mineralize nitrogen more slowly from litter with 
high concentrations of lignin or other recalcitrant 
compounds than from litter with more labile carbon 
compounds. High-nitrogen litter shows greater net 
mineralization of nitrogen than does low-nitrogen 
litter because microbes are seldom nitrogen- 
limited below a C : N ratio of 25 : 1; the nitrogen 
in excess of microbial demands for growth is 
released into the soil, where it becomes available to 
plants. As with decomposition, traits governing 
NPP strongly influence the annual net nitrogen 
mineralization, because productive ecosystems 
produce large quantities of high-quality litter. 

Species differences in litter quality magnify site 
differences in soil fertility. Differences among 
plant species in tissue quality strongly influence 
litter decomposition rates. Litter from low-nutri- 
ent-adapted species decomposes slowly because of 
the negative effects on soil microbes of low 
concentrations of nitrogen and phosphorus and 
high concentrations of lignin, tannins, waxes, and 
other recalcitrant or toxic compounds. This slow 
decomposition of litter from species characteristic 
of nutrient-poor sites reinforces the low nutrient 
availability of these sites (Hobbie, 1992; Wilson 
and Agnew, 1992). Species from high-resource 
sites, in contrast, produce rapidly decomposing 
litter due to its higher nitrogen and phosphorus 
content and fewer recalcitrant compounds, enhan- 
cing rates of nutrient turnover in nukient-rich sites. 

Species differences in labile C inputs from root 
exudation also influence rates of decomposition 
and nutrient cycling. Plant carbon inputs to the 
rhizosphere can increase the size and activity of 
inicrobial biomass (Newman, 1985) and have 
large effects on nitrogen cycling (Flanagan and 
Van Cleve, 1983; Schimel et al., 1992). More than 
70% of the total soil biomass of microbes and 
grazing fauna are found in the rhizosphere 
(Ingham et al., 1985). Plant species differ in 
their effects on the labile carbon pool (Vinton' and 
Burke, 1995). This is one of the key regulators 
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of plant species effects on nitrogen cycling processes are particularly sensitive to climate in 
(Wedin and Pastor, 1993), because, beyond the extreme environments (Hobbie, 1995; Wilson and 
initial flush of labile compounds from litter, litter Agnew, 1992). Boreal mosses, for example, fornl 
is unlikely to be the major source of labile carbon. thick mats that insulate the soil from warln 
Even though labile carbon is a relatively small summer air temperatures. The resulting low soil 
component o i  the total soil carbon pool, species temperature retards decomposition, contributing 
effects on labile carbon are responsible for up to to the slow rates of nutrient cycling that 
10-fold differences in nitrogen cycling, with this characterize these ecosystems (Van Cleve et al., 
effect disappearing relatively quickly once plants 1991). Some mosses such as Splzagrzui~z effec- 
are removed from the soil (Wedin and Pastor, tively retain water, as well as insulating the soil, 
1993). Labile carbon inputs provided by growing leading to cold anaerobic soils that reduce 
plants can also accelerate decompositioil rates of decomposition rate and favor peat ac~uinulatio~. 
both recalcitrant litter and soil organic matter The sequestration of ilitrogeil and phosphorus in 
(Bottner et al., 1999; Mueller et al., 1998; Sallih undecomposed peat reduces growth of vascular 
and Bottner, 1988). plants. The shading of soil by plants is an 

important factor governing soil microclimate in 
hot environments. Establishment of many dese1-t 

8.06.11.1.2 Waterdyrzanzics cactuses, for example, occurs primarily beneath 
Pla~lt species can also dramatically influence the shade of "nurse plants" (Turner et al., 1966) 

the distribution of available water through space (Nobel, 1984). 
and time. Although there are many examples Large-scale shifts in vegetation can even 
indicating that the amount of water used by influence regional Or global patterns of climate. 
different plants can profoundly influence soil Conversion of the Amazonian rain forest to 
water availability (Gordon and Rice, 1993; pasture, for exalnple, is predicted to result ill dra- 
Gordon et al., 1989; van Vuuren et al., 1992), matic reductions in regional precipitation, which 
there are also examples in which particular species could be in-eversible since the re-establishment of 
can profoundly alter overall ecosystem dynamics a tropical forest would be impossible under these 
and productivity tlwough their unique capacity to drier conditions (Shukla et al., 1990). Similarly, 
capture water sources that are unavailable to most deforestation of the boreal forest can lead to 
vegetation. Two such examples are hydraulic lift summer cooling and Prevent regrowth of trees, 
and collection offog by vegetation. In some deep- whereas spread of the boreal forest due to climatic 
rooted species, soil water is taken up from deep wamLing can significantly enhance both regional 
layers of soil, and then is passively released into and global warming (Bonan et al., 1995; Bonan 

I 

sulfate soils at night, when transpisation ceases. et al.9 1992). 
These plants supply an appreciable amount of 
moisture to the surface soil that can enhance the 
overall productivity of the plant co~nmunity 8.06.11.3 Species Effects on Disturbance 

(Caldwell et al., 1998; Horton and Hart, 1998). Regime 1 
Aboveground plant structure may also play a Plants that alter disturbance regimes change the 
critical role in supplying water to the entire balance betweell equilibrium and nonequilibriu~n 
ecosystem. Species with canopies that are tall processes. Following disturbance, there are sub- 
and have high surface area collect water from stantial changes in most ecological processes, 
fog in many coastal and montane ecosystems including increased opportunities for colonization 
(Weathers, 1999). This fog can dramatically by new individuals and often an imbalance 
enhance water availability for the species respon- between inputs to, and outputs from, ecosystems. 
sible for fog collection, but also for the entire Plants that colonize following disturbance, in tulll, 
ecosystem. Redwood trees ia Califoillia provide affect the capacity ofthe ecosysteln to gain carbon 
34% of the allnual Water input to these Systems, and retain nutrients. 
primarily at a time of minimal precipitation. This ~ o s t  disturbances produce a pulse of nutrient 
fog Water Can acCOUnt for Up to 66% of the Water availability because distwbance-induced changes 
use by u~lderstory plants and between 13-45s of ill environment and litter inputs increase mineral- 
water use by redwood trees themsel~e~,  thus izatioll of dead organic matter and reduce plant 
dramatically eldlancing the production of biomass and nutrient uptake. ~ ~ t l ~ ~ ~ ~ ~ g e n i ~  
water-limited system (Dawson, 1998). disturbances create a wide range of initial 

nutsient availabilities. Some disturbances, such as 

8.06.11:~ Vegetation Effects on Climate mining, can produce an initial environment that is 
even less favorable than most primary succes- 

Species effects on microclimate influence sional habitats for initiation of succession. Solne 
ecosystem processes most strongly in extreme agricultural lands are abandoned to seconda1Y 
environments. This occurs because ecosystem succession after erosion or (in the tropics) 



formatio1l of laterite soils, reducing the nutrient- 
supplying power of soils: Soils from some 
degraded lands have concelltrations of aluminum 
and other elements that are toxic to many plants. 

When initial nutrient availability is high after 
disturbance, early successional species typically 
have high relative growth rates, suppoi-ted by high 
rates of pl~otosynthesis and nutrient uptalce. These 
species reproduce at an early age and allocate a 
large proportion of NPP to reproduction. Their 
strategy is to grow quicldy under conditions of high 
resource supply, and then disperse to new disturbed 
sites. These early successional species include 
many weeds that colonize sites disturbed by 
people. As succession proceeds, there is a gradual 

in dominance to species that have lower 
resource requirements and grow more slowly. In 
ecosystems with low initial availability of soil 
resources, succession proceeds more slowly and 
follows patterns similar to those in primary 
succession, with initial colonization by light- 
seeded species that colonize from outside the 
disturbed area. 

8.06.12 SPECIES INTERACTIONS 
AND ECOSYSTEM PROCESSES 

Plant traits that influence the interactions 
among species in an ecosystem are among the 
most profoundly important ways in which plants 
influence the resources and environmental con- 
ditions that control NPP. Interactions such as 
competition, mutualism, and predation govern the 
abundance of species in an ecosystem, and 
therefore the extent to which the traits of a species 
are represented in the ecosystem. These combi- 
nations of species can provide unique functions to 
ecosystems or increase the efficiency of resource 
use through niche separation that leads to 
coinpleinentarity of resource use. The effects of 
species interactions are ubiquitous, but often 
highly situation-specific and idiosyncratic, so it 
is difficult to predict a yriori the full range of 
ecosystem changes caused by the introductibn or 
loss of a species (Carpenter and Kitchell, 1993). 
Development of a framework for predicting the 
effects of species interactions is an emerging 
challenge,that will improve our capacity to predict 
and mitigate the effects of global changes in 
species composition and biodiversity (Chapin 
et al., 2000). 

Mutualistic species interactions contribute 
directly to many essential ecosystem processes, 
such as nutrient inputs through nitrogen fixation 
and mycorrhizal associations that govern phos- 
phoius and organic nitrogen uptake by plants 
(Read, 1991). Other inutualisms, such as pollina- 
tion and seed dispersal, have indirect effects, 
illfluencing the presence or absence of species that 
may have strong ecosystem effects. 

Plant traits that influence herbivory affect 
virtually all ecosystem processes. In general, 
plants that characterize low-fertility soils produce 
chemical defenses that reduce the frequency of 
herbivo~y in these habitats; these compoundsalso 
retard decomposition, nutrient cycling, and there- 
fore subsequent NPP. I11 contrast, plants charac- 
teristic of high-fertility soils tend to invest 
preferentially in growth rather than chemical 
defense (Bryant et al., 1983), and herbivores are 
an important avenue of carbon and nutrient 
transfer from plants to soils. In this way, 
herbivores magnify inherent differences in 
soil fertility among ecosystems (Chapin, 1993). 
Herbivosy has a major impact on ecosystem 
processes for several reasons. Herbivores transfer 
plant tissue to soils before nutrient resorption can 
occur, so approximately twice as much nitrogen 
and phosphorus is transfessed per unit of plant 
biomass than would occur through litterfall. 
Secondly, herbivores preferentially select nutri- 
ent-iich tissues, fui-ther enhancing nutrient trans- 
fer to soils. Finally, animal digestion, especially in 
hoineotheims, uses much of the energy from 
ingested plant matter to support animal meta- 
bolism, resulting in the excretion of nutrients in 
readily available forms. In these ways, herbivosy 
short-circuits the decomposition process and 
speeds rates of nutrient cycling (Gelland and 
Biyant, 1998). 

Competitive interactions among plant species 
obviously influence the relative abundance of 
species in an ecosystem and therefore the traits 
that are expressed at an ecosystem scale. The 
importance of plant combinations is not only 
through competitive interactions, but also in their 
ability to coexist. Species with different traits can 
differ in their resource utilization (in space, time, or 
the specific form of the resource), leading to an 
increased use of resources, and thus enhanced NPP 
(Tilman et al., 1996). However, this can be 
idiosyncratic, depending on the specific species 
in the combinations (Hooper, 1998). 

8.06.13 SUMMARY 

NPP is not a simple function of the resources 
available at one moment. Although plant growth 
depends on a balance of resources, these resources 
are rarely available in the ratios required for 
growth. Plants, as individuals and communities, 
can maintain production under limiting con- 
ditions. They make many adjustments to maintain 
the balance of limiting resources imposed by state 
factors through shifts in physiological traits, or 
by plant mixtures that enhance access to 
resources. These adjustments extend the range of 
environmental conditions over which carbon gain 
occurs in ecosystems. Many of these adjustments 
involve changes in photosynthetic capacity, which 
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entail changes in C :  N ratio. This variation in 
element stoichiometry enables plants to maximize 
carbon gain under favorable environmental con- 
ditions. Under unfavorable conditions the 
increased C : N ratio associated with reduced 
photosynthetic capacity maximizes the efficiency 
of using other resources to gain carbon, primarily 
by prolonging leaf longevity and by slGfting 
allocation to production of other tissues such as 
wood or roots that have lower tissue nitrogen 
concentrations than leaves. 

Alternatively, plants can enhance the avail- 
ability of limiting factors through t11ek effects on 
interactive controls. This can extend the range of 
habitats that provide adequate resources for plant 
growth. These multiple processes maximize the 
NPP that is possible in sites with strongly limiting 
conditions. There are therefore many ways to 
achieve a similar level of NPP within any 
environment. 

Clearly, NPP is the product of numerous 
biogeochemical interactions, environmental con- 
ditions, and organisms, making NPP a key 
summnary variable that depends on many ecosys- 
tem processes. Because NPP is the basis for 
sustaining all life on earth, it is ciitical to under- 
stand the mechanisms that dete~mine it. This is 
pariicularly true because the biotic and environ- 
mental conditions that deteimine NPP are subject 
to dramatic changes due to human impacts on 
ecosystems. 

Substantial decreases in NPP are occuning in 
many ecosystems. Forest decline and dieback are 
observed in many areas (Huettl, 1993), with 
particularly large decreases in the northeastern 
United States, and in 20-25% of European 
forests (Schulze, 1989). These declines could be 
due to many interacting factors, including soil 
acidification, sulfur and nitrogen deposition, 
ozone pollution, and disease, but the end result 
of these multiple factors is a decline in NPP. 
Many arid lands are experiencing desestification, 
or a permanent loss in productive capacity, due to 
climate changes and land use practices. With a 
doubling of atmospheric COz, we can expect a 
further 17% increase in the world area of desert 
(Schlesinger et al., 1996). The degradation of the 
productive capacity of terrestrial ecosystems is 
also widespread through loss of topsoil. Soil 
erosion is one of the world's most pressing 
environmental problems, occusring in agricultural 
lands, managed forests, and natural systems 
(Pimentel and Kounang, 1998). Each year, six 
million hectares of land worldwide is lost to 
production through erosion or salinization 
(Pimentel ~ e t  al., 1993). This is a particularly 
strong trend in agricultural land. In the last forty 
years, almost one-third of the world's arable land 
has been lost to production and abandoned as 
fannland (Pimentel et al., 1995). Eighty percent 

of the world's agricultural land is undergoing 
moderate to severe erosion due to both cropping 
and grazing practices (Pimnentel and Kounang, 
1998). This has lead to a 15-30% decrease in the 
productivity of rain-fed agriculture land in the 
last 25 years, with 8-100% decrease in pro- 
duction at any given site. In the mean time, 
deforestation is occursing to re1)lace ag~icultural 
land at a very large scale. This land is often 
abandoned once it has lost its productive 
potential (Pimentel et al., 1995). The  world'^ 
productive potential is also declining due to the 
collversion of fertile agricultural lands to sub- 
urban and urban land uses. We know from yearly 
fluctuations in climate that climatic warming can 
have dramatic effects on NPP (Knapp and Smith, 
2001). These projected shifts in climate will 
impact NPP, but the direction of these changes 
will likely vary regionally (Watson et al., 1996). 

NPP is the basis of life on esu-t11, and such large 
changes at a global scale not only indicate the 
presence of significant changes in the earth's 
biogeochemistry, but also will likely affect many 
species, and ultimately, human society. 

ACKNOWLEDGMENTS I 
We thank Bill Schlesinger, Pamela Matson, and 

Hal Mooney for helpful suggestions and feedback. 
Ideas developed in this review evolved froin 
research hnded by the Bonanza Creek Long- 
Tenn Ecological Research program (USES grant 
number PNW01-JV11261952-231 and NSF grant 
number DEB-0080609) to FSC and by a National 
Science Foundation dissertation improvement 
grant and predoctoral fellowship, a NASA Earth 
System Science Fellowship, and a grant from 
California's Sustainable Agriculture Research and 
Education Program to VTE. This is a contsibution 
to the program of the Institute of Ecosystem 
Studies and the institute of Arctic Biology. 

REFERENCES 

Aber J., McDowell W., Nadelhoffer K., Magill A., Bernstson 
G., Kamakea M., McNulty S., Currie W., Rustad L., alld 
Femandez I. (1998) Nitrogen saturation in temperate forest 
ecosystems. Bioscierzce 48, 921-934. 

Aerts R. (1995) Nutrient resorption from senescing leaves of 
perennials: are here general patterns? J. Ecol. 84,597-608. 

Aerts R. and Berendse F. (1988) The effect of increased 
nutrient availability on vegetation dynamics in wet heath- 
lands. Vegetatio 76, 63-69. 

Aerts R. and Bobbidc R. (1999) Tlie impact of aunospl~eric 
nitrogen deposition on vegetation processes in terrestrial 
non-forest ecosystems. In Tlze Irnpact of Nitrogerz Depositioll 
orz Natural arzd Senzi-natural Ecos)~stems (ed. S.  Langan). 
Kluwer, Dordrecht, pp. 85-122. 

Aerts R. and Chapin F. S., III (2000) The mineral nutrition of 
wild plants revisited: a re-evaluation of processes and 
patterns. Adv. Ecol. Res. 30, 1-67. 



Refe 

Aeris R, and Heil G. E. (1993) Heatlzlalds, Patterns and 
placesses 111 a Cliniigiiig E~zviromnent. Kluwer, Dordrecht. 

hnundson R. and Jenny H. (1997) On a State factor inodel of 
ecosystems. Bioscience 47, 536-543. 

*dersson T. (1991) Influence of stemflow and throughfall 
froln oak (Quercus robur) on soil chemistry and 
vegetation patterns Can. J. Forest Res. 21, 917-924. 

S. A. (1984) Soil Nutrient Bioal~ailabili~r. Wiley, -- 
New York. 

Bazzaz F. (1997) Allocation and resources in plants: state of 
dIe science and critical questions. In Plaizt Resource 
A//ocntiO~i (eds. F. Bazzaz and J. E. Grace). Academic 
Press, San Diego, CA, Pp. 1-37. 

~ ~ l i ~ o v  A. A,, Saf~onova V. I., and Mimura T. (2002) 
Response of spring rape (Bmssica iia1lus var. oleifera L.) to 
illoculatio~l will1 plant growth prolnoting rhizobacteria 
containing 1-a~nino~y~l~pr~pane-1-carboxylate dearninase 
depends on nutrient status of the plant. Can. J. Miclabiol. 48, 
185-199. 

Berendse F. and Aeris R. (1987) Nitrogen-use efficiency: a 
biologically ineaningful definition? Funct. Ecol. 1, 
293-296. 

W, L, (1970) Characteristics of salts secreted by Tanzarix. 
ap~~l i /~a .  A111. J. Bot. 57, 1226-1230. 

~ i l b ~ ~ ~ g l l  C. J., Welker J. M., and Bowman W. D. (2000) Early 
niaogen uptake by snow-covered plants: a compari- 

son of arctic and alpine plant function under the snowpack. 
~ r c t .  Antarct. Alp. Res. 32,404-41 1. 

Billillgs W. D. and Mooney H. A. (1968) The ecology of arctic 
and alpine plants. Biol. Rev. 43,481-529. 

Billings W. D., Godfrey P. J., Chabot B. F., and Bourque D. P. 
(1971) Metabolic acclimation to temperature in arctic and 
alpine ecotypes of Oayiia digy~ia. Arct. Alp. Res. 3, 
277-289. 

Bloom A. J. (1986) Plant economics. Trends Ecol. Evol. 1, 
98-100. 

Bloom A. J., Chapin F. S., III, and Mooney H. A. (1985) 
Resource limitation in plants-an economic analogy. An~z. 
Rev. Ecol. Syst. 16, 363-392. 

Bohn B., Cmtzen P., Vitousek P., Woodmansee R., Goldberg 
E., and Cook R. (1983) Interactions of biogeochemical 
cycles. In Tlie Major Biogeoclzei7zical Cycles arid tlzeir 
Intelactio~zs (eds. B. Bolin and R. Cook). Wiley, New York, 
pp. 1-39. 

Bonan G. B., Pollard D., and Thompson S. L. (1992) Effects of 
boreal forest vegetation on global climate. Natuie 359, 
716-718. 

Bonan G. B., Chapin F. S., III, and Thompson S. L. (1995) 
Boreal forest and tundra ecosystems as components of the 
clilnate system. Cliiizat. Clzarzge 29, 145-167. 

Bo~ner P., Pansu M., and Sallill Z. (1999) Modelling the effect 
of active roots on soil organic matter turnover. Plant Soil 
216, 15-25. 

Bromfield A. (1975) Effect of ground rock phosphate-sulphur 
lnixture on yield and nutrient uptake of ground nuts (Araclzis 
{?\7~osflea) in northern Nigeria. Exp. Agri. 11, 265-272. 

Blyant J. P. and Kuropat P. J. (1980) Selection of winter forage 
by subarctic browsing vertebrates: the role of plant 
cl lel ish~. Amz. Rev. Ecol. Syst. 11, 261-285. 

J. p., Chapin F. S., 111, and Klein D. R. (1983) Carbon1 
nutrient balance of boreal plants in relation to vertebrate 
l1erbivory. Oikos 40, 357-368. 

Caldwell M. M., Manwaring J. H., and Durham S. L. (1996) 
Species interactions at the level of tine roots in the field: 
lnnuellce of soil nulrient heterogeneity and plant size. 
Oecologia 106, 440-447. 

Caldwell M. M., Dawson T. E., and Richards J. (1998) 
Hydraulic lift: consequences of water efflux from the roots of 
plants. Oecologia 113, 151-161. 

Cafpenter S. R. and Kitchell J. F. (1993) Tlie Troplzic Cascade 
Lakes. Cambridge University Press, Cambridge, 3 8 4 ~ ~ .  

Chabot B. F. and Hicks D. J. (1982) The ecology of leaf life 
Spans. An11. Rev. Ecol. S~lst. 13, 229-259. 

Chadwick 0. A., Derry L. A., Vitousek P. M., Huebert B. J., 
and Hedin L. 0. (1999) Changing sources of nutrients during 
4 million years of soil and ecosystem development. Nature 
397,491 -497. 

Chapin F. S., 111 (1980) The mineral nutrition of wild plants. 
Aizlz. Rev. Ecol. Syst. 11, 233-260. 

Chapin F. S., III (1989) The cost of tundra plant structures: 
evaluation of concepts and currencies. Anz. Nut. 133, 
1-19. 

Chapin F. S., III (1991a) Effects of multiple environmental 
stresses on nutrient availability and use. In Respoizse of 
Plants to Multiple Stresses (eds. H. A. Mooney, W. E. 
Winner, and E. J. Pell). Academic Press, San Diego, CA, 
pp. 67-88. 

Chapin F. S., 111 (1991b) Integrated responses of plants to 
stress. Bioscieizce 41, 29-36. 

Chapin F. S., III (1993) Functional role of growth forms in 
ecosystem and global processes. In Scaliizg Plzysiological 
Processes: Leaf to Globe (eds. J. R. Ehleringer and C. B. 
Field). Academic Press, San Diego, CA, pp. 287-312. 

Chapin F. S., Ill and Kedrowski R. A. (1983) Seasonal changes 
in nitrogen and phosphorus fractions and autumn retranslo- 
cation in evergreen and deciduous taiga trees. Ecolog)~ 64, 
376-391. 

Chapin F. S., III, Fetcher N., Kielland K., Everett K. R., and 
Linkins A. E. (1988) Productivity and nutrient cycling of 
Alaskan tundra: enhancement by flowing soil water. Ecology 
69, 693-702. 

Chapin F. S., Ill, Schulze E.-D., and Mooney H. A. (1990) The 
ecology and econoinics of storage in plants. Amz. Rev. Ecol. 
Syst. 21, 423-448. 

Chapin F. S., III, Walker L. R., Fastie C. L., and Sharman L. C. 
(1994) Mechanisms of primary succession following 
deglaciation at Glacier Bay, Alaska. Ecol. Moizogr. 64, 
149-175. 

Chapin F. S., III, Tom M. S., and Tateno M. (1996) Principles 
of ecosystem sustainability. Anz. Nut. 148, 1016-1037. 

Chapin F. S., Ill, Zaveleta E. S., Eviner V. T., Naylor R. L., 
Vitousek P. M., Lavorel S., Reynolds H. L., Hooper D. U., 
Sala 0. E., Hobbie S. E., Mack M. C., and Diaz S. (2000) 
Consequences of changing biotic diversity. Nature 405, 
234-242. 

Chapin F. S., III, Matson P. A,, and Mooney H. A. (2002) 
Principles of Terrestrial Ecosystenz Ecology. Springer, 
New York. 

Chazdon R. L. and Field C. B. (1987) Determinants of 
photosynthetic capacity in six rainforest Piper species. 
Oecologia 73,222-230. 

Chazdon R. L. and Pearcy R. W. (1991) The importance of 
sunflecks for forest understory plants. Bioscieizce 41, 
760-766. 

Clark D. A., Brown S., Kicklighter D. W., Chambers J. Q., 
Tl~omlinson J. R., and Ni J. (2001) Measuring net primary 
production in forests: concepts and field methods. Ecol. 
Appl. 11, 356-370. 

Clarkson D. T. (1985) Factors affecting mineral nutrient 
acquisition by plants. Am?. Re],. Plaizt Plzysiol. 36,77-115. 

Cole C. V. and Heil R. (1981) Phosphorus effects on terrestrial 
nitrogen cycling. In Terrestrial Nitrogen Cycles (eds. 
F. Clark and T. Rosswall). Ecological Bulletins, Stockholm. 

Coley P. D., Bryant J. P., and Chapin F. S., III (1985) Resource 
availability and plant anti-herbivore defense. Science 230, 
895-899. 

Cornelissen J. H. C. (1996) An experimental comparison of 
leaf decomposition rates in a wide range of temperate plant 
species and types. J. Ecol. 84, 573-582. 

Cowling R. (1993) The Ecology of Fy~zbos, Nutrients, Fire aitd 
Diversity. Oxford University Press, Oxford. 

Craine J. M., Froehle J., Tilman D. G., Wedin D. A., 
and Chapin F. S., III (2001) The relationships among 
root and leaf traits of 76 grassland species and relative 
abundance along fertility and disturbance gradients. Oikos 
93,274-285. 



244 Biogeoclzeiizist~y of Terresti 

Curtis P. S. and Wang X. (1998) A meta-analysis of elevated 
C02 effects on woody plant mass, fonn, and pl~ysiology. 
Oecologia 113, 299-3 13. 

Curtis P. S., Zak D. R., Pregitzer K. S., Lussenhop J., and Teen 
J. A. (1996) Linlcing above- and belowground responses to 
rising COz in noizhern deciduous forest species. In Carbori 
Dioxide arid Terrestrial Ecoz)wtenis (eds. G. W. Koch and 
H. A. Mooney). Academic Press, San Diego, CA, pp. 41 -51. 

Davies W. J. and Zllang J. (1991) Root signals and the 
regulation of growlh and development of plants in drying 
soil. Arirz. Rev. Plarit Plzysiol. Plarit Mol. Biol. 42, 55-76. 

Dawson T .  E. (1998) Fog in the California redwood forest: 
ecosystem inputs and use by plants. Oecologia 117, 
476-485. 

Diaz S., Grime J. P., Harris J., and McPherson E. (1993) 
Evidence of a feedback mechanism limiting plant response 
to elevated carbon dioxide. Nature 364, 616-617. 

Dijlcstra F. A. and Smits M. M. (2002) Tree species effects on 
calcium cycling: the role of calcium uptake in deep soils. 
Ecos)etenzs 5, 385-398. 

Dokuchaev V. V. (1879) Abridged historical account and 
critical examination of the principal soil classifications 
existing. Tra~is. Petersburg Soc. Nut. 1, 64-67. 

Driscoll C. T., Lawrence G. B., Bulger A. J., Butler T. J., 
Cronan C. S., Eagar C., Lambert K. F., Likens G. E., 
Stoddard J. L., and Weathers K. C. (2001) Acidic deposition 
in the northeastern United States: sources and inputs, 
ecosystem effects and management strategies. Bioscience 
51,180-198. 

Ehleringer J. R. and Mooney H. A. (1978) Leaf hairs: effects on 
physiological activity and adaptive value to a desert sluub. 
Oecologia 37, 183-200. 

Ellsworth D. S. (1999) C02 enrichment in a maturing pine 
forest: Are C02 exchange and water status in the canopy 
affected? Pla~zt Cell Eriviro~i. 22, 461-472. 

Elser J. J. and Urabe J. (1999) The stoichiometry of consumer- 
driven nutrient recycling: theory, observations, and con- 
sequences. Ecolog)l80, 735-75 1. 

Elser J. J., Fagan W. F., Denno R. F., Dobberfuhl D. R., Folarin 
A., Huberty A., Interlandl S., Kilham S. S., McCauley E., 
Schulz K. L., Siemann E. H., and Sterner R. W. (2000) 
Nutritional constraints in terrestrial and freshwater food 
webs. Nature 408, 578-580. 

Evans J. R. (1989) Photosynthesis and nitrogen relationships in 
leaves of Cg plants. Oecologia 78(1), 9-19. 

Eviner V. T. and Chapin F. S., III (2001) Plant species provide 
vital ecosystem functions for sustainable a-giculture, range- 
land management and restoration. Calif: Agri. 55(6), 54-59. 

Eviner V. T. and Chapin F. S., ID Biogeocl~einical interactions 
and biodiversity. In Eleaie~zt Iizteractions: Rapid Assessn7ertt 
Project of SCOPE (eds. J. M. Melillo, C. B. Field, and 
M. Moldan). Island Press (in press). 

Fahey T., Bledsoe C., Day R., Ruess R., and Smucker A. (1998) 
Fine Root Production and Denzograplzy. CRC Press, Boca 
Raton, FL. 

Farqullar G. D. and Sharlcey T. D. (1982) Stomata1 conductance 
and photosynthesis. Ann. Rev. Plant Plzysiol. 33, 
317-345. 

Field C. (1983) Allocating leaf nitrogen for the maximization 
of carbon gain: l e d  age as a control on the allocation 
program. Oecologia 56, 341-347. 

Field C. and Mooney H. A. (1986) The pl~otosynthesis-nitrogen 
relationship in wild plants. In 0 1 1  tlze Econoniy of Plarzt For711 
and Functioli (ed. T. J. Givnish). Cambridge University 
Press, Cambridge, pp. 25-55. 

Field C., Chapin F. S., 111, Matson P. A., and Mooney H. A. 
(1992) Responses of tei~estrial ecosystems to the changing 
atmosphere: a resource-based approach. Ali~z. Rev. Ecol. 
Syst. 23, 201 -235. 

Field C. B. (1991) Ecological scaling of carbon gain to stress 
and resource availability. In Integrated Responses of Plarits 
to Stress (eds. H. A. Mooney, W. E. Winner, and E. J. Pell). 
Academic Press, pp. 35-65. 

rial Net Pririzauy Pi-oductioiz 

Flanagan P. W. and Van Cleve K. (1983) Nutrient cycling in 
relation to decoinpositioil and organic matter quality in taiga 
ecosystems. Can. J. Forest Res. 13, 795-817. 

Foley J. A., Prentice I. C., Ramankutty N., Levis S., Pollard D., 
Sitch S., and Haxeltine A. (1996) An integrated biosphere 
model of land surface processes, terrestrial carbon balance, 
and vegetation dynamics. Global Biogeoclie17z. Cycles 10, 
603-628. 

Wrseth I. N. and Ehleringer J. R. (1983) Ecophysiology of two 
solar tracking desert winter annuals: IV. Effects of leaf 
orientation on calculated daily carbon gain and water use 
efficiency. Oecologia 58, 10-18. 

Gamier E. (1991) Resource capture, biomass allocation and 
growth in herbaceous plants. Trends Ecol. Evol. 6(4), 
126-131. 

Gauch H. G. (1972) biorgariic Plant Nutrition. Dowden, 
Hutchinson, and Ross, Stroudsburg, PA. 

Ghani A., McLaren R. G., and Swift R. S. (1992) Sulfur 
mineralization and transformations m soils as influenced by 
additions of carbon, nitrogen, and sulfur. Soil Biol. Bioclzeni. 
24,331-341. 

Gollan T., Turner N. C., and Sclluulze E. D. (1985) The 
responses of stomata and leaf gas exchange to vapor pressure 
deficits and soil water content: III. In the scleropl~yllous 
woody species Neriuni olea~zdel: Oecologia 65, 356-362. 

Goransson A. (1993) Growth and nutrition of small Betula- 
peizdula plants at different relative addition rates of iron. 
Trees-Struct. Funct. 8, 3 1-38. 

Goransson A. (1994) Growth and nutrition of small Betula- 
pelidula plants at different relative addition rates of 
manganese. Tree Plzysiol. 14, 375-388. 

Gordon D. and Rice K. (1993) Competitive effects of grassland 
annuals on soil water and blue oak (Quercus douglasii) 
seedlings. Ecolog): 74,  68-82. 

Gordon D., Wellcer J. M., Menke J., and Rice K. (1989) 
Competition for soil water between annual plants and blue 
oak (Quercus douglasii) seedlings. Oecologia 79,533-541. 

Gordon W. S. and Jackson R. B. (2000) Nutrient concentrations 
in fine roots. Ecolog)~ 81, 275-280. 

Gower S. T. (2002) Productivity of terrestrial ecosystems. In 
Ericyclopedia of Global Clia~ige (eds. H. A. Mooney and J. 
Canadell). Blackwell, Oxford, vol. 2, pp. 516-521. 

Gower S. T., Kucharik C. J., and Norman J. M. (1999) Direct 
and indirect estimation of leaf area index, FAPAR, and net 
primary production of terrestrial ecosystems. Reniote Sens. 
E~zviro~i. 70, 29-5 1. 

Graetz R. D. (1991) The nature and significance of the 
feedback of change in terrestrial vegetation on global 
atmospheric and climatic change. Clim. Clia7zge 18, 
147-173. 

Grogan P. and Chapin F. S., III (2000) Nitrogen limitation of 
production in a Californian annual grassland: the contribution 
of Albuscular mnycorrliizae. Biogeoclzeniistry 49, 37-51. 

Guenther A., Hewitt C., Erickson D., Fall R., Geron C., 
Graedel T., Harley P., Klinter L., Lerdau M., McKay W., 
Pierce T., Scholes B., Steinbrecher R., Tallamraju R., Taylor 
R., and Zimrneiman P. (1995) A global model of natural 
volatile organic compound emissions. J. Geopliys. Res. 
loOD, 8873-8892. 

Gulmon S. L. and Mooney H. A. (1986) Costs of defense on 
plant productivity. In Orz tlze Eco~ior~iy of Plarit F0177z and 
Fu~ictiol~ (ed. T. J. Givnish). Cambridge University Press, 
Cambridge, pp. 681-698. 

Haynes R. J. (1986) The decoinposition process: rnineraliz- 
ation, immobilization, humus formation, and degradation. In 
Mineral Nitrogen iri tlze Plant-Soil Syste17z (ed. R. J.  Haynes). 
Academic Press, Orlando, pp. 52-126. 

Hikosalca K. and Hirose T. (2001) Nitrogen uptake and use by 
competing individuals in a Xarltlziur7i canadelise stand. 
Oecologia 126, 174- 181. 

Hirose T. and Werger M. J. A. (1987) Maximizing daily 
canopy photosynthesis with respect to the l e d  nitrogen 
allocation pattern in the canopy. Oecologia 72, 520-526. 



Refe 

~i~~~~ T. and Werger M. J. A. (1994) Photosynthetic capacity 

and partitioning ainong species in the canopy of a 
herbaceous plant community. Oecologia 100, 203-212. 

Hirose T. and Werger M. J. A. (1995) Canopy smcture and 
plloton flux partitioning among species in a herbaceous plant 
comlnunity. Ecolog)~ 76, 466-474. 

~ ~ b b i e  S. E. (1992) Effects of plant species on nutrient cycling. 
~ ~ ~ ~ d s  Ecol. Evo~. 7, 336-339. 

~ ~ b b i ~  S. E. (1995) Direct and indirect effects of plant species 
biogeochemical processes in arctic ecosystems. In Arctic 

Alpiiie Biodilrersity: Patteiizs, Causes and Ecos)eteiit 
Col~sequeizces (ed. F. S. Chapin, I11 and C. Korner). 
Sprillger, Berlin, pp. 213-224. 

Hobbie S. E. ai~d Chapin F. S., m (1996) Winter regulatioll of 
tundra litter carbon and nitrogen dynamics. Biogeocl~eiizistr~)~ 
35, 327-338. 

Hooper D. U. (1998) The role of complementarity and 
colllpelition in ecosystein responses to variation in plant 
diversity. EColog)~ 79, 704-719. 

Hodon J. and Hart S. (1998) Hydraulic lift: a potentially 
ilnporiant ecosystem process. Treizds Ecol. Evol. 13, 
232-235. 

HueUl R. (1993) Suimnsuy and concluding remarks. In Forest 
Declirie in tl7eAtlalztic aizdPacific Regioiz (eds. R. Huettl and 
D. Mueller-Dumbois). Springer, New Yorlc, pp. 351-358. 

Hungate B. A., Chapin F. S., 111, Zhong H., Holland E. A., and 
Field C. B. (1997) Stimulation of grassland nitrogen cycling 
under carbon die-$de enrichment. Oecologia 109, 149- 153. 

Ingestad T. and Agren G. I. (1988) Nuuient uptake and 
allocation at steady-state nutrition. Plzysiol. Plant. 72, 
450-459. 

Ingham R. E., Trofymow J. A,, Ingham E. R., and Coleman 
D. C. (1985) Interactions of bacteria, fungi, and their 
nematode grazers: effects on nutrient cycling and plant 
growth. Ecol. Moizogl: 55, 119- 140. 

Jarvis P. G. and Leverenz J. W. (1983) Productivity of 
temperate, deciduous and evergreen forests. In Eizc)~clodedia 
of Plaizt Plzysiolog)~, new series (eds. 0 .  L. Large, P. S. 
Nobel, C. B. Osmond, and H. Ziegler). Springer, Berlin, vol. 
12D, pp. 233-280. 

Jenny H. (1941) Factors of Soil Fon~zation. McGraw-Hill, 
New York. 

Jonasson S., Michelsen A., and Sclunidt I. K. (1999) Coupling 
of nutrient cycling and carbon dynamics in the Arctic, 
integration of soil microbial and plant processes. Appl. Soil 
Ecol. 11, 135-146. 

Jones M. and Martin W. (1964) Sulfate-sulfur concentration as 
an indicator of sulfur status in various California dryland 
pasture species. Soil Sci. Soc. Anz. Proc. 28, 539-541. 

Jones M. and Winans S. (1967) Subterranean clover versus 
nitrogen fertilized annual grasslands: botanical composition 
and protein content. J. Raizge Manage. 20, 8-12. 

Jones M., Lawler P., and Ruckman J. (1970) Differences in 
annual clover response to phosphorus and sulfur. Aglaiz. J. 
62,439-442. 

Jones M., Williams W., and Vaughn C. (1983) Soil 
c~~aracleristics relaled to production on subclover-grass 
range. J. earzge Manage. 36, 444-446. 

Kielland K. and Bryant J. (1998) Moose herbivory in taiga: 
effects on biogeochemistry and vegetation dynamics in 
plimary succession. Oikos 82, 377-383. 

~ I ~ P P  A. K. and Smith M. D. (2001) Variation among biomes 
in telnporal dynamics of aboveground primary production. 
Scierice 291, 48 1-484. 

Koerselman W. and Muelernan A. F. M. (1996) The vegetation 
N:P ratio: a new tool to detect the nature of nutrient 
lilitation. J. ~ p p l .  ECOZ. 33, 1441-1450. 

Kucllalik C. d., Foley 1. A,, Delire C., Fisher V. A., Coe M. T., 
Lellters J., Young-Molling C., Ramankutty N., Norman J. M., 
and Gower S. T. (2000) Testing the performance of a 
dyllalnic global ecosystem model: water balance, carbon 
balance and vegetation structure. Global Biogeochenz. 
CYcles 14, 795-825. 

Lambers H. and Poorter H. (1992) Inherent variation in growth 
rate between higl~er plants: a search for physiological causes 
and ecological consequences. Adv. Ecol. Res. 23, 187-261. 

Lambers H., Atlcin 0. K., and Scheurwater I. (1996) 
Respiratory patterns in roots in relation to their functioning. 
In Plant Roots: Tlze Hiddeiz Half (eds. Y. Waisel, A. Eshel, 
and U. Kaflcaki). Dekker, New York, pp. 323-362. 

Lambers H., Chapin F. S., 111, and Pons T. (1998) Pla~zt 
P1z)~siological Ecolog)~. Springer, Berlin. 

Landsberg J. J. and Gower S. T. (1997) Applicatiorzs of 
Plzysiological Ecolog)~ to Forest Ma~zagenzent. Academic 
Press, San Diego, CA. 

Larcher W. (1995) Plzysiological Plarzt Ecology. Springer, 
Berlin. 

Lee R. B. (1982) Selectivity and kinetics of ion uptake by 
barley plant following nutrient deficiency. A ~ z n  Bot. 50, 
429-449. 

Lee R. B. and Rudge K. A. (1986) Effects of nitrogen 
deficiency on the absorption of nitrate and ammoiuuin by 
barley plants. Aizn. Bot. 57, 471 -486. 

Lee R. B. and Rudge K. A. (1987) Effects of nitrogen 
deficiency on the absorption of nitrate and ammonium by 
barley plants. Aizn. Bot. 57, 471-486. 

Lerdau M. T. (1991) Plant function and biogenic terpene 
emission. In Trace Gas Eiizissiorzs by Plaizts (eds. T .  D. 
Sharkey, E. A. Holland, and H. A. Mooney). Academic 
Press, San Diego, CA, pp. 121-134. 

Mafongoya P., Barak P., and Reed J. (2000) Carbon, nitrogen, 
and phospl~orus mineralization of tree leaves and manure. 
Biol. F e d .  Soils 30, 298-305. 

Maithani G. P., Bal~uguna V. K., and Lal P. (1991) Seed 
germination behaviour of Desiizodiuiiz tiliaefoliuiiz G. Don: 
an important slmb species of Himalayas. bzdiaiz For. 117, 
593-595. 

Marsclmer H. (1995) Miizeral Nutrition iiz Higlzer Pla~zts. 
Academic Press, London. 

McGill W. and Cluistie E. (1983) Biogeocllemical aspects of 
nutrient cycle interactions in soils and organisms. In Z7ze 
Major Biogeoclzenzical Cycles aizd tlzeir bzteractioizs (eds. B. 
Bolin and R. Cook). Wiley, New York, pp. 271-301. 

McGill W. and Cole C. V. (1981) Comparative aspects of 
cycling of organic C, N, S, and P through soil organic matter. 
Geoder7iuz 26, 267-286. 

McNaugl~ton K. G. and Jarvis P. G. (1991) Effects of spatial 
scale on stomatal control of transpiration. Agri Forest 
Meteowl. 54, 279-302. 

McNaughton S. J., Oesterheld M., Frank D. A., and Williams 
K. J. (1989) Ecosystem-level patterns of primary pro- 
ductivity and herbivory in tei~estrial habitats. Nature 341, 
142-144. 

Melillo J. M., Aber J. D., and Muratore J. F. (1982) Nitrogen 
and lignin control of hardwood leaf litter decomposition 
dynamics. Ecology 63, 621-626. 

Merino J., Field C., and Mooney H. A. (1982) Construction and 
maintenance costs of mediterranean-climate evergreen and 
deciduous leaves: I. Growth and C02 excharge. Oecologia 
53,208-213. 

Mooney H. A. and Billings D. W. (1961) The physiological 
ecology of arctic and alpine populations of Oqlria digyiza. 
Ecol. Moizogi: 31, 1-29. 

Mooney H. A., Canadell J., Chapin F. S., 111, Ehleringer J. R., 
Kijrner C., McMurtrie R. E., Parton W. J., Piteka L. F., and 
Schulze E.-D. (1999) Ecosystem physiology responses to 
global change. In Tlze Terrestrial Biosplzere aizd Global 
Clzaizge: bizplicatiorzs for Natural arzd Managed Ecoysteiizs 
(eds. B. Walker, W. Steffen, J. Canadell, and J. Ingram). 
Cambridge University Press, Cambridge, pp. 141- 189. 

Mueller T., Jensen L., Nielsen E., and Magid J. (1998) 
Turnover of carbon and nitrogen in a sandy loam soil 
following incorporation of chopped maize plants, barley 
straw and blue grass in the field. Soil Biol. Bioclzeiit 30, 
561-571. 



Biogeockemistry of Terrestr-ial Net Prinzaly Productiorz 

Nambiar E. K. S. (1987) Do nutrients retranslocate froin fine Reich P. B., Walters M. B., and Ellsworth D. S. (1997) F~~~~ 
roots? Can. J. Forest Res. 17, 913-918. tropics to tundra: global convergence in plant functioning. 

Neff J. C., Chapin F. S., 111, and Vitousek P. M. (2003) Breaks Prac. Natl. Acad. Sci. USA. 94, 13730-13734. 
in the cycle: dissolved organic nitrogen in terrestrial Reich P. B., Ellsworth D. S., Walters M. B., Vose J. M., ( 
ecosystems. Front. Ecol. E~ziriro~z. Sci. 1, 205-211. Gresham C., Volin J. C., and Bowman W. D. (1999) 

New M. G., Hulme M., and Jones P. D. (1999) Representing Generality of l e d  trait relahonshlps: a test across six biomes 
20th century space-time climate variability: I. Development Ecolog)i80, 1955- 1969. 
of a 1961-1990 mean monthly terrestrial climatology. Reynolds J. F. and Thornley J. H. M. (1982) A 
J. Clil~zate 12, 829-856. partitioning model. Ann. Bot. 49, 585-597. 

Newman E. I. (1985) The rl~izosphere: carbon sources and Robles M. and Chapin F. S., III (1995) Comparison of the 
microbial populations. In Ecological Irztemctions irz Soil influence of two exotic species on ecosystem processes ill tile 
(eds. A. H. Fitter, D. Atkinson, D. J. Read, and M. Busher). Berkeley Hills. Madro~io 42, 349-357. 
Blackwell, Oxford, pp. 107- 121. Ruimy A., Jarvis P. G., Baldocchi D. D., and Saugier B. (1996) 

Nobel P. S. (1984) Extreme temperatures and thermal C02 fluxes over plant canopies and solar radiation: a review 
tolerances for seedlings of desert succulents. Oecologia 62, Adv. Ecol. Res. 26, 1-68. 
310-317. Ryan M. G. and Waring R. H. (1992) Maintenance respiratioll 

Owensby C. E., Coyne P. I., Ham J. M., Auen L., and Ihapp and stand development in a subalpine lodgepole pine forest, 
A. K. (1993) Biomass production in a tallgrass prairie Ecolog)l73(6), 2100-2108. 
ecosystem exposed to ambient elevated COz. Ecol. Appl. Ryan M. G., Llnder S., Vose J. M., and Hubbard R. M. (1994) 
3(4), 644-653. Respiration of pine forests. Ecol. Bull. 43, 50-63. 

Paul E. A. and Clark F. E. (1996) Soil Microbiology and Sallill Z. and Bother P. (1988) Effect of wheat (Tiitlcullz 
Bioclzemistry. Academic Press, San Diego, CA. aestivunl) roots on mineralization rates of soil orga~lc 

Pearcy R. W. (1988) Pl~otosynthetic utilisation of lightflecks matter. Biol. Fel-til. Soils 7, 67-70. 
by understory plants. Austral. J. Plant Plzysiol. 15, Saugier B., Roy J., and Mooney H. A. (2001) Estimations of 
223-238. global terrestrial productivity: converging toward a single 

Pearcy R. W. (1990) Sunflecks and photosynthesis in plant number? In Terrestrial Global Productivity (eds. J. Roy, B. 
canopies. Amz. Rev. Plant Plzysiol. 41, 421 -453. Saugier, and H. A. Mooney). Academic Press, San Diego, 

Penning de Vries F. W. T. (1975) The cost of maintenance CA, pp. 543-557. 
processes in plant cells. Ann. Bot. 39, 77-92. Scl~inel J., Helfer S., and Alexander I. (1992) Effects of starch 

Perez-Harguindeguy N., Diaz S., Cornelissen J. H. C., additions on N turnover in SiUca spruce forest floor. Plal~t 
Vendramini F., Cabido M., and Castellanos A. (2000) Soil 139, 139-143. 
Chemistry and toughness predict leaf litter decomposition Schimel J. P. and Clein J. S. (1996) Microbial response to 
rates over a wide spectrum of functional types and taxa in freeze-thaw cycles in tundra and taiga soils. Soil Bzol. 
central Argentina. Plant Soil 218, 21-30. Bioclzenz. 28, 1061- 1066. 

Pimentel D. and Kounang N. (1998) Ecology of soil erosion in Schlesinger W. H., Raikes J. A,, Hartley A. E., and Cross A. F. 
ecosystems. Ecos)~ster~u 1, 416-426. (1996) On the spatial pattern of soil nutrients in deseit 

Pimentel D., Allen J., Beers A., Guinand L., Hawkins A., ecosystems. Ecology 77,364-374. 
Linder R., McLaughlin P., Meer B., Musonda D., Perdue D., Schulze E.-D. (1989) Air pollution and forest decline in a 
Poisson S., Salazar R., Siebert S., and Stoner K. (1993) Soil spruce (Picea abies) forest. Science 244, 776-783. 
erosion and agicultural productivity. In World Soil Erosion Schulze E.-D. and Chapin F. S., III (1987) Plant specialization 
and Conseivation (ed. D. Pimentel). Cambridge University to environments of different resource availability. In 
Press, Cambridge, pp. 277-292. Pote~ztials and Lii~zitatio~zs in Ecosystenz Alzalys~s (eds. E. D. 

Pimentel D., Harvey C., Resosudarmo P., Sinclair K., Kurz D., Schulze and H. Zwolfer). Springer, Berlin, pp. 120-148. 
McNair M., Crist S., Shpritz L., Fitton L., SaEouri R., and Schulze E.-D., Fuchs M., and Fuchs M. I. (1977) Spaha1 
Blair R. (1995) Environmental and economic costs of soil distribution of photosynthetic capacity and performance 111 

erosion and conservation benefits. Scieizce 267, 11 17- 1123. a mountain spruce forest of northern Germany: III. The 
Poorter H. (1990) Interspeclfic variation in relative growth rate: significance of the evergreen habit. Oecologia 30, 

on ecological causes and physiological consequences. In 239-248. 1 
Causes and Colzsequences of Vaiiatiorz in Growtlz Rate and Schulze E.-D., Kelliier F. M., Komer C., Lloyd J., and Leuning I 
Productivity in Higher Plants (eds. H. Lambers, M. L. R. (1994) Relationship among maximurn stornatal conduc- 1 

Cambridge, H. Konings, and T. L. Pons). SPB Academic tance, ecosystem surface conductance, carbon assimilation 
Publishing, The Hague, pp. 45-68. rate, and plant nitrogen nutrition: a global ecology scaling 

Poorter H. (1994) Construction costs and payback time of exercise. Amz. Rev. Ecol. Syst. 25,629-660. 
biomass: a whole-plant perspective. In A Wlzole-Plant Schuur E. A. G. (2003) Productwity and global cllmate 
Perspective on Carbon-Nztrogerz Iizteractions (eds. J. Roy revisited: the sensitivity of tropical forest growth 10 
and E. Gamier). SPB Academic Publishing, The Hague, precipitation. Ecology 84, 1165- 1170. 
pp. 111-127. Sernikhatova 0. A. (2000) Ecological physiology of plant dark 

Poorter H. and Villar R. (1997) Chemical composition of respiration: its past, present and future. Bot. Zlz. 85, 15-32. 
plants: causes and consequences of variation in allocation of Shukla J., Nobre C., and Sellers P. (1990) Amazon deforests- 
C to different plant compounds. In Resource Allocation in tion and cllmate change. Science 247, 1322-1325. 
Plants (eds. F. Bazzaz and J. E. Grace). Academic Press, Specht R. and Rundel P. (1990) Sclerophylly and f o l l ~  
San Diego, CA, pp. 39-72. nutrient status of mediterranean-climate plant communities 

Quilchano C., Haneldaus S., Gallardo J. F., Schnug E., and in southern Australia. Austral. J. Bot. 38, 459-474. 
Moreno G. (2002) Sulphur balance in a broadleaf, Sieiner K. (1982) Intercroppi~zg in Tropical ,~nzalll~oldcr 
non-polluted, forest ecosystem (central-western Spain). Agriculture witlz Special Reference to West Africa. German 
Forest Ecol. Manage. 161, 205-214. Agency for Technical Cooperation (GTZ), Eschborn, 

Read D. J. (1991) Mycorrluzas in ecosystems. Expelientia 47, Germany. 
i 

376-391. Steltzer H. and Bowman W. D. (1998) Differential influence of 
Redfield A. C. (1958) The biological control of chemical plant species on soil nitrogen transformations in lnolst I 

factors in the environment. Arn. Sci. 46, 205-221. meadow alpine tundra. Ecos)rstenu 1, 464-474. 
Reich P. B., Walters M. B., and Ellsworth D. S. (1992) L e d  Tanner E. V. J., Vitonsek P. M., and Cuevas E. (1998) 

life span in relation to leaf, plant and stand characteristics Experimental investigation of nutrient limitation of forest 
I 

among diverse ecosystems. Ecol. Mo~zogr., 62, 365-392. growth on wet tropical mountains. Ecology 79, 10-22. 



Terasl,ima I. and Hiosaka K. (1995) Comparative ecophysiol- 
ogy of leaf and canopy photosynthesis. Plant Cell E~zr~iron. 
18, 1111-1128. 

Tilman D., Wedin D., and Knops J. (1996) Productivity and 
sustainability influenced by biodiversity in grassland 
ecosystems. Nature 379, 718-720. 

~ i ~ d a l e  S., Nelson W., Beaton J., and Javlin J. (1993) Soil 
Fertilif)l and Fertilizers. Macmillan, New York. 

Tuner R. M., Alcorn S. M., Olin G., and Booth J. A. (1966) 
The influence of shade, soil, and water on saguaro seedling 

Bot. Gaz. 127, 95-102. 
ukch  A. and Hills F. J. (1973) Plant analysis as an aid in 

fertilizing sugar crops: Part I. Sugar beets. In Soil Testing 
P1arztArzal)~sis (eds. L. M. Walsh and J. D. Beaton). Soil 

Science Society of America, Madison, Wisconsin, 
pp. 271 -288. 

Van Cleve K., Chapin F. S., 111, Dyrness C. T., and Viereck 
L. A. (1991) Element cycling in taiga forest: state-factor 
control. Bioscierzce 41, 78-88. 

van der Wed A., van den Berg G., Ravenstein H. J. L., Lambers 
H., and Eising R. (1992) Protein turnover: a significant 
colnponent of maintenance respiration in roots. In MokCular, 
Bioclzenzical, and P1zysiological Aspects of Plarzt Respiratiorz 
(eds. H. Lambers and L. H. W. van der Plas). SPB Academic 
Publishing, The Hague. 

van Vuuren M. M. I., Aerts R., Berendse F., and de Visser W. 
(1992) Nitrogen mineralization in heathland ecosystems 
dominated by different plant species. Biogeoclzenzishy 16, 
151-166. 

Venterink H. O., Davidsson T. E., Kiehl K., and Leonardson L. 
(2002) Impact of drying and re-wetting on N, P, and K 
dynamics in a wetland soil. Plant Soil 243, 119- 130. 

Verhoeven J. and Schmitz M. (1991) Control of plant growth 
by nitrogen and phosphorus in mesotrophic fens. Biogeo- 
chemistl-)~ 12, 135-148. 

Vinton M. A. and Burke I. C. (1995) Interactions between 
individual plant species and soil nutrient status in shortgrass 
steppe. Ecology 76, 11 16-1 133. 

Vitousek P. M. (1982) Nutrient cycling and nutrient use 
efficiency. Anz. Nat. 119, 553-572. 

Vitousek P. M. and Fanington H. (1997) Nitrogen limitation 
and soil development: experimental test of a biogeochemical 
theory. Biogeoclzei~zistly 37, 63-75. 

Vitousek P. M. and Howarth R. W. (1991) Nitrogen limitation 
on land and in the sea: how can it occur? Biogeoclzenzistr-)~ 
13, 87-115. 

Vitousek P. M., Walker L. R., Witeaker L. D., Mueller- 
Dombois D., and Matson P. A. (1987) Biological invasion by 
Myrica faya alters ecosystem development in Hawaii. 
Scierzce 238, 802-804. 

Walker T. W. and Syers J. K. (1976) The fate of phosphorus 
during pedogenesis. Geodel77za 1, 1 - 19. 

Walters M. B. and Field C. B. (1987) Photosynthetic light 
acclimation in two rainforest Piper species with different 
ecological amplitudes. Oecologia 72, 449-456. 

Walters M. B. and Reich P. B. (1999) Low-light carbon balance 
and shade tolerance in the seedlings of woody plants: do 
winter deciduous and broad-leaved evergreen species differ? 
New PIaytoL 143, 143- 154. 

Waring R. H. and Running S. W. (1998) Forest Ecosystei7zs: 
Alzalysis at Multiple Scales. Academic Press, San Diego, CA. 

Watson R. T., Zinowera M. C., Moss R. H., and Dokken D. J. 
(1996) Clirlzate Clzange 1995. Inzpacts, Adaptations, arzd 
Mitigation of CZirmte Clzar7ge: Scierztc~c-teclzrzi Alzalyses. 
Cambridge University Press, Cambridge. 

Weathers K. C. (1999) The importance of cloud and fog in the 
maintenance of ecosystems. Trends Ecol. Evol. 14, 
214-215. 

Wedin D. and Pastor J. (1993) Nitrogen mineralization 
dynamics in grass monocultures. Oecologia 96, 186-192. 

Williams K., Percival F., Merino J., and Mooney H. A. (1987) 
Estimation of tissue construction cost from beat of combus- 
tion and organic nitrogen content. Plarzt Cell Erzviroiz. 10, 
725-734. 

Wilson J. B. and Agnew D. Q. (1992) Positive-feedback 
switches in plant communities. Adv. Ecol. Res. 23,263-336. 

Wright I .  J., Reich P. B., and Westoby M. (2001) Strategy slufts 
in leaf physiology, structure and nutrient content between 
species of high- and low-rainfall and high- and low-nutrient 
habitats. Funct. Ecol. 15, 423-434. 

' 2003, Elsevier ~ t d .  rig~lts reserved Treatise on Geocl~en~ish)' 
Pan of ulis publication may be reproduced, stored in a retrieval system or ISBN (set): 0-08-043751-6 

transmitted in any fonn or by any means, electronic, mechanical, photocopying, 
'ecOrd~g or otherwise, without prior witten permission of the Publisher. Volume 8; (ISBN: 0-08-044343-5); pp. 215-247 




