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Carbon Gain
by Plants
in Natural Environments
Carbonassimilationanalysisprovidesan understandingof how
plants function in diverseenvironments
Robert W. Pearcy,Olle Bjorkman,Martyn M. Caldwell,Jon E. Keeley,
Russell K. Monson, and Boyd R. Strain
P

hysiological ecologists have by the roots. Thus, water is, in effect,

long been concerned with photosynthesis, which incorporates
carbon to provide plants with all their
energy and structural building blocks.
This carbon gain is an important aspect of plant performance in natural
environments. The acquisition and
use of other resources, such as nitrogen and water, are tightly linked to
photosynthetic performance. For example, energy from photosynthesis is
employed for nitrogen acquisition
and reduction, and photosynthetic capacity is strongly coupled to leaf nitrogen content (Chapin et al., p. 49,
this issue). Photosynthesis is also
closely related to water movement in
a plant. To facilitate absorption of
carbon dioxide for use in photosynthesis, a leaf must have wet cell surfaces. As a consequence, transpiration
uses nearly all of the water taken up
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traded through the stomata for carbon dioxide.
There are strong links between resource availability, the ability of
plants to use resources for carbon
gain and productivity, and, at the
population level, parameters such as
size, survival, and reproductive output (Bazzaz et al., p. 58, this issue).
Ecological functions, such as plant
and population reproductive output,
correlate with net primary productivity (Pitelka et al. 1985). Moreover,
within populations, plant size and
survival are correlated (Solbrig 1981).
Local environmental variations in resource availability, due either to competition or microsite quality, probably influence these correlations more
strongly than do genetic differences
between individuals.
Although leaf photosynthetic rates
have been studied extensively, more
information is needed to understand
what factors control plant carbon
gain (which is computed by multiplying the carbon dioxide uptake rate
per unit of photosynthetic surface
area by a plant's overall photosynthetic surface area, and then subtracting any losses due to such factors as
respiration and consumption by herbivores). Plant architecture plays an
important role in determining how
much light is intercepted by any leaf
and, hence, its photosynthetic rate.
Moreover, carbon gain is a dynamic
process. Leaf photosynthetic capacity
is age dependent and, as the plant
grows, canopy structure and other
such changes modify the environment
of a particular leaf. Allocation of car-

bon and nutrients to new leaves is an
especially important "reinvestment,"
because it drives growth in an exponential fashion.

Leaf photosyntheticcapacity
Leaf photosynthetic capacity-defined as the photosynthetic rate per
unit leaf area when incident light is
saturating, CO2 and 02 concentrations are normal, temperature is optimum, and relative humidity is highvaries nearly 100-fold (Mooney and
Gulmon 1979). Generally, the plant
species found in resource-rich environments have much higher photosynthetic capacities than those found
where water, nutrients, or light is in
short supply. Thus, species native to
high light environments have higher
photosynthetic capacities than shadeadapted species, and agricultural
weeds have higher rates than species
native to less fertile habitats. In addition, species native to resource-poor
environments (e.g., with low light or
low nutrients) tend to respond less to
an increase in resource availability
than do those species from resourcerich environments.
Highest photosynthetic capacities
are found among annuals and grasses
indigenous to deserts, where light is
not limiting and other resources are
intermittently abundant (Ehleringer
and Mooney 1984). Evergreen desert
shrubs, however, which must endure
periods of low water availability,
have very low photosynthetic capacities. The photosynthetic capacity of
the leaves of most species is very
plastic, depending strongly on the
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availabilityof resources. For example, sun- and shade-grownleaves of
the same speciesoften exhibit up to a
fivefold differencein photosynthetic
capacity(Bj6rkman1981). Photosynthetic capacityis also stronglydependent on nitrogenavailability(Chapin
et al., p. 49, this issue).
In addition to control by the environment,there may be internalcontrols on photosyntheticcapacity.For
example, experimentally removing
carbon sinks, such as developing
fruits, frequently results in lowered
leaf photosyntheticcapacity (Gifford
and Evans 1981). Removing some
leaves, however, often leads to an
increasedphotosyntheticrate in those
remaining.Becausesuch experiments
usually have been done with crop
species growing under resource-rich
conditions, the results may not predict how wild plants growing in resource-limitedenvironmentswill behave. Some observations based on
partial defoliation of range grasses
and treesindicatethat photosynthesis
increasesin the remainingleaves after
some are removed.This effectmay be
due to such resourcesas nitrogenand
water becoming more readily available to the remainingleaves (Detling
et al. 1979, Heichel and Turner
1983). Accumulationof starchor soluble carbohydratesis not likely to
controlphotosynthesisby directfeedback, except under extreme situations, such as when the photosynthetic rate has been increased by
continuouslyelevated levels of both
CO2 and light (Azcon Bieto 1983).
The leaf photosyntheticcapacityis
determinedprimarilyby the amounts
and catalytic activities of photosynthetic enzymes. Although stomatal
CO2 conductancewas believedto be
a majorfactor limitingphotosynthetic capacity,currentevidencesuggests
otherwise (Farquhar and Sharkey
1982). There is a strong correlation
between stomatal conductance and
photosynthetic rate (Wong et al.
1979), but it seems more likely to
representan adjustmentof stomatal
conductance to match the intrinsic
photosyntheticcapacityratherthan a
causal relationship. According to a
theoretical model for stomatal control, the stomata may minimizedaily
transpirationfor a given daily carbon
gain. In other words, if a certain
amount of water can be acquired for
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transpiration,stomata should act to
maximizephotosynthesiswithin this
constraint (Cowan and Farquhar
1977).
According to another model describingthe relationshipbetween the
biochemistryand photosyntheticcapacity of leaves, activity of the primarycarboxylatingenzyme,ribulosecarboxylase1,5-bisphosphate
oxygenase (RUBISCO), determines
the intrinsic photosyntheticcapacity
of a leaf havingthe C3photosynthetic
pathway (von Caemmererand Farquhar 1981). The carboxylationrate
dependson the amount of active enzyme presentand any limitationsimposed by substrate concentrations,
such as low levels of CO2 that may be

due to stomatalclosure (Figure1). In
addition, atmospheric 02 competi-

tively inhibits CO2 fixation by RUBISCO, leading to photorespiration.
As CO2levelsin the leaf are depleted,
the ratio of 02 to CO2increases,and
the enzyme's activity is reduced.Because regenerationof the substrate
ribulose-1,5-biphosphate(RuBP)dependson electrontransportand photophosphorylation, these processes
ultimately limit the photosynthetic
rate at high CO2concentrationsor in
low light. At the transitionfrom CO2
to RuBP limitation, electron transport
capacity and carboxylation capacity
can both limit photosynthesis.
Stomata appear to operate so as to
keep CO2 concentrations in the chloroplast close to this transition level.
Hence, there is neither a great excess
of electron transport capacity nor of
carboxylation capacity, and the system may be operating at maximum
efficiency with respect to investments
in these two capacities (Farquhar and
Sharkey 1982). However, this interpretation of leaf gas exchange may be
oversimplified since other factors,
such as chloroplast inorganic phosphate supply (Sharkey 1985) or the
light-activation requirement of RUBISCO (Perchorowicz et al. 1981),
may be limiting under certain circumstances. Despite its simplicity, the
model developed by Farquhar and his
colleagues can account for the photosynthetic response of leaves to a wide
variety of conditions, and thus is
highly useful.
How can we expect the photosynthetic apparatus to vary among plants
in environments with different re-

source levels? Mooney and Gulmon
(1982) used econometric models to
predict how carboxylation capacity
may be modulated to match the most
limiting environmental resource. Assuming plant leaves obtain the highest
photosynthetic capacity commensurate with prevalent resource limitations, carboxylation capacity should
be less for shaded rather than wellilluminated leaves and where nutrients are scarce compared to where
they are abundant. Moreover, where
water is limited and stomatal conductance presumably reduced, carboxylation capacity also should be reduced
(Figure 2).
These predictions agree qualitatively with observed differences in photosynthetic capacity. However, such
models have not yet been tested quantitatively. Moreover, under some circumstances, production of two leaves
with lower photosynthetic capacities
may be favored over maximizing the
photosynthetic capacity of an individual leaf. An exciting prospect is the
combination of the more detailed
mechanistic models, such as the one
developed by Farquhar et al. (1980),
with the econometric models to determine whether the allocation of resources within the photosynthetic apparatus is optimal. Physiological
ecologists then would be able to address such questions as whether in
shady environments an elevated ratio
of electron transport to carboxylation
capacity provides optimal use of
resources.

Alternate metabolic pathways
for photosynthesis
Besides the important quantitative
differences in leaf enzyme levels within a single plant or between one plant
and another, qualitative differences in
the photosynthetic metabolic pathways employed by different species of
higher plant can have a great impact
on carbon gain and other responses of
an individual plant to its environment. Identification of the pathway
called C4 ranks as one of the most
exciting discoveries in plant biology
of this quarter century. The pathway's potential ecological consequences were recognized almost immediately, thus bringing together
physiological ecologists, plant physiologists, and biochemists to meet a
BioScience Vol. 37 No. 1

new challenge. Because of the biochemical similarities, the discovery of
the C4 metabolic pathway helped elucidate another photosynthetic pathway, called the crassulaceaean acid
metabolism (CAM) pathway, which
is found in many succulent species.
The discovery promoted work on the
physiological ecology of plants within
both categories. The ties created between physiological ecologists and
metabolic plant biologists by the C4
discovery continue to be strong.
Several thousand species in at least
17 families of angiosperms follow the
C4 pathway, although the C3 metabolic pathway predominates throughout the plant kingdom. The C4 photosynthetic pathway is believed to have
evolved multiple times and also relatively recently, because C4 metabolism is found only in phylogenetically
advanced families, and even within a
family only in the more advanced
genera (Osmond et al. 1980). CAM is
as widespread as C4 photosynthesis,
but it is also found in primitive
groups, such as ferns and fern allies
(Isoetes), and the primitive gymnosperm, Welwitchia. Many genera with
CAM species also contain C3 species.
A few genera contain both C3 and C4
species, and several species with intermediate C3-C4 metabolism have been
identified (Monson et al. 1984).
These species seem to have more C3
than C4 characteristics and may represent a step in the evolution of C4
photosynthesis. They may prove valuable in understanding how the complex process of C4 photosynthesis has
evolved.
Whereas C3 photosynthesis requires only one carboxylation, photosynthesis by C4 and CAM plants requires two carboxylations. First, CO2
is fixed into a 4-carbon, rather than a
3-carbon, compound by the enzyme
phosphoenol pyruvate (PEP) carboxylase. Then it is released and fixed
again by RUBISCO, the same enzyme
found in C3 species. In CAM plants,
the two carboxylases are found within the same cells, but the reactions
occur at different times. In C4 plants,
the two carboxylations occur in separate cells, with the C4 pathway pumping CO2 from the mesophyll to the
bundle sheath cells to maintain high
CO2 concentrations near RUBISCO.
As a consequence, the competitive
inhibition of RUBISCO by oxygen
January 1987
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Figure 2. The hypothetical relationship between photosynthetic (P) and carboxylation
(E) capacities for leaves of plants in wet and dry environments. The net marginal gain
(G) for an increase in carboxylation capacity is a function of the difference in the rate of
increase in P and the rate of increase in the associated costs. E is a function of the
investment in photosynthetic enzymes, electron carriers, and related components in the
leaf. P increases asymptotically with increasing E, but reaches different maximal levels
under wet and dry conditions, because of differences in stomatal conductance. E is
optimal when G equals 0. Adapted from Mooney and Gulmon (1979).
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and photorespiration is eliminated.
The greatest benefits of the C4 pathway may accrue at warm temperatures, because C3 plants experience
greater 02 inhibition and photorespiration as temperatures increase
(Bj6rkman 1973).
The CO2 pump of the C4 pathway
also allows for higher photosynthetic
rates when CO2 concentrations are
low in the intercellular air spaces.
Consequently, for any given photosynthetic rate, C4 plants can have
lower stomatal conductances and,
therefore, higher water use efficiencies (the ratio of photosynthesis to
transpiration) than do C3 plants. Nitrogen use efficiencies (photosynthetic
rate per unit of leaf nitrogen) also are
higher in C4 than C3 plants because
the enzyme RUBISCO is saturated
with the substrate CO2 and therefore
is more efficient. Moreover, the RUBISCO variant present in C4 plants is
catalytically superior at high CO2
concentrations (Seemann et al. 1984).
Its greater efficiency means that C4
plants need to make less enzyme compared to C3 plants, a metabolic savings that more than offsets the additional investment required for the
other C4 enzymes. However, the CO2
pump has an extra cost to C4 plants
of at least two molecules of ATP for
each molecule of CO2 that is fixed.
Thus, the relationships between
photosynthetic capacity and supplies
of water, nitrogen, and light differ
substantially for C4 and C3 plants.
Even so, the same general constraints
seem to hold. For example, among C4
Hawaiian shrubs and trees of the
Euphorbia genus there is a marked
decrease in photosynthetic capacity
from the species occupying arid, highly illuminated habitats, where resources are at least temporarily abundant, compared with those species
found in mesic and wet forests, where
light is low and nutrients may be
limiting (Pearcy et al. 1983). A similar, though less dramatic, shift in photosynthetic capacity along the same
environmental gradient occurs in the
C3 Scaevola species (Robichaux and
Pearcy 1984).
The C4 pathway thus appears to be
a specialized adaptation for yielding
high photosynthetic activity and,
hence, rapid growth when temperatures are warm and solar radiation is
high. Tropical grasslands and savan-
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nas, where water is available temporarily during the warm summer
months, are dominated by C4 grasses.
In the central great plains of North
America, C3 species of grass flora are
active during the spring, whereas C4
species are active in the summer. Similarly, summer desert annuals are almost exclusively C4 and winter desert
annuals C3 (Mulroy and Rundel
1977). The water use efficiency of C4
plants is about twice that of C3
plants. This enhanced efficiency also
may increase productivity. Among
woody plants, C4 photosynthesis is
common only in the Chenopodiaceae,
which are found primarily in saline
desert regions. However, C3 plants
can also be successful under arid conditions; desert perennials, for example, are predominantly C3 plants.
The relative scarcity of C4 plants in
cool, shaded, and mesic environments
may be due more to such factors as
sensitivity to chilling. These traits
may reflect C4 plants' evolutionary
origins in warm regions rather than
any disadvantage directly linked to C4
photosynthesis. The lower quantum
yield in C4 plants is about equal to the
energy losses due to 02 inhibition and
photorespiration in C3 species (Bjorkman 1981). This apparent balance
depends on temperature and the particular species (Pearcy and Ehleringer,
1984), but C3 photosynthesis is favored only in the cooler northern
forests, whereas tropical forest understories are not sufficiently warm to
favor C4 photosynthesis.
Indeed in Hawaiian forests, where
several C4 Euphorbia species occur in
the shaded understory, C4 photosynthesis confers no apparent advantage
or disadvantage in terms of carbon
gain or growth relative to when the
C4 plants are compared with neighboring C3 species (Pearcy and Calkin
1983). Presumably, the occasional occurrence of C4 species in cool or
shaded habitats is a result of secondary adaptations to these conditions.
This seems clearest in the Hawaiian
Euphorbia species, since those native
to wet and shaded habitats seem to
have evolved from arid-habitat
species.
Although biochemically similar to
C4 photosynthesis, CAM provides a
different mode of carbon gain. In
CAM plants, stomata are open at
night and CO2 fixation depends on

the enzyme PEP carboxylase, which
yields C4 acids. During the day when
the stomata are closed, the C4 acids
are decarboxylated, and the CO2 is
recaptured by RUBISCO. Because
transpiration is restricted by cool
temperatures and high humidities at
night and by closed stomata during
the day, CAM plants typically use
water very efficiently.
Many variations of CAM photosynthesis exist. For example, under
drought stress some species-mostly
leaf succulents-switch from purely
C3 photosynthesis to CAM or a combination of C3 and CAM photosynthesis. Many stem succulents, on the
other hand, undergo "CAM idling,"
where stomata remain closed both
day and night, but CAM metabolism
continues and CO2 is internally recycled. The advantage of CAM idling is
that, during the drought period, a
fully active photosynthetic apparatus
is maintained that can rapidly resume
CO2 uptake whenever it rains. For
example, after a drought the night
CO2 fixation rates of Opuntia basilaris fully recover within 24 hours
following rain (Szarek et al. 1973),
whereas regrowth of leaves in a
drought-deciduous species may require a week or two. CAM idling,
coupled with the rapid regrowth of
root systems and water storage that
typifies desert succulents, allows
plants to use efficiently brief and unpredictable rainfall.
Although desert succulents provide
perhaps the best examples, CAM also
is found in plants from a much wider
range of microenvironments where
water supplies can be limited. These
include rock outcroppings in temperate humid environments, grasslands,
and tropical forest tree canopies
where many epiphytes rely at least
partly on CAM. In the latter environment, CAM species show a clear preference for the upper, dryer parts of
the canopy, whereas the C3 species
are found in the lower canopy (Winter et al. 1983).
CAM metabolism is used by plants
in several unusual ways. For instance,
Isoetes howellii, an aquatic plant,
uses CAM as a CO2 trapping mechanism. This native California species is
found in vernal pools where CO2 can
be depleted during the day by photosynthesis but builds up at night because of respiration by plants and
BioScience Vol. 37 No. 1

otherorganisms.CAM enablesplants
The respiration losses required for
to take up CO2 at night when it is building new biomass can be estimatmost available.Earlyin the morning, ed from the chemical composition of
the plants shift to C3 photosynthesis the biomass and the biochemistry
but, as CO2 is depleted, the C3 photo-

used for its synthesis (Penning de

synthesisbecomes dependenton the Vries et al. 1974). Alternatively, such

internal release of CO2 from organic

estimates are made by analyzing the
oxidation-reduction state of the tissue
(McDermitt and Loomis 1981). Estimating maintenance respiration is
much more difficult, but in theory it is
the remaining respiration rate when
the growth rate is extrapolated to
zero (Amthor 1984). The proportion
of respiration due to the alternative
pathway can be estimated by applying inhibitors that block either it or
up CO2 through the roots (Keeley et the mitochondrial electron transport
al. 1984). Afterdiffusionto the stems, (Lambers 1985).
The respiration costs of biomass
CO2 fixation may occur at least in
part via CAM. CAM is also observed production are tied closely to the conin the green roots of shootless epi- tent of proteins, lignins, resins, phenphytic orchids (Cockburn et al. olics, and other constituents of plant
1985). These roots lack stomata, and tissues. Because most leaf protein
thus may take up CO2 across the consists of photosynthetic enzymes,
cortex by means of special aeration leaves with high photosynthetic capathways.
pacities are more costly to construct
and maintain than those with low
photosynthetic
capacities. Secondary
Coping with respiratory losses
plant compounds, many of which
A considerable fraction of the carbon play a defensive role in plant leaves,
fixed by a plant is lost as CO2 during also may account for a considerable
respiration. However, quantitative in- proportion of the total leaf cost (Bazformation on respiratory losses and zaz et al., p. 58, this issue). While
the relationship between carbon gain growth and maintenance components
and respiration is suprisingly scarce. are difficult to disentangle, apparently
For example, it is not known conclu- only a small percentage of the CO2
sively whether the rate of leaf mito- that is fixed daily goes for maintechondrial respiration is the same in nance (Merino et al. 1982). In overall
the light and dark. Experimentally, carbon balance, therefore, growth
respiration rates are difficult to sepa- respiration represents the majority of
rate from photosynthetic rates. Thus, the losses. Nevertheless, maintenance
gauging true respiratory losses from respiration is environmentally sensileaves is also difficult. Moreover, tive and therefore may play an imporphotosynthesis may directly replace tant role in net carbon gain (Mooney
some of the energy usually derived and Gulmon 1982). One would exfrom respiration in nongreen tissues. pect maintenance respiration rates to
Respiration serves many important be greater in tissues with high metafunctions, including the supply of en- bolic activity because of the greater
ergy and the structural building protein turnover and greater costs for
blocks required for synthesis of new ion transport.
biomass. Additional respiration also
In agricultural crops, the correlais required for maintenance of mem- tion between high respiration rate
branes, proteins, and ion gradients. and reduced productivity is often
Moreover, an alternative pathway of closer than that between photosynrespiration, whose role and extent is thetic rate and yield. Crop varieties
controversial (Laties 1982), is found with reduced respiration rates show
in many leaves and roots. No ATP is better yields than those with high
produced by it. Its role may be to respiration rates (Lambers 1985). In
consume carbohydrates that have ac- contrast, there was no correlation
cumulated in quantities exceeding measured between photosynthetic
rate per unit leaf area (with saturating
growth needs (Lambers 1985).

acids (Keeleyand Busch1984). Several other Isoetes species as well as
species from other genera found in
carbon-poor aquatic environments
possess CAM, but most terrestrial
Isoetes lack it. An exception is I.
andicola (formerlyStylitesandicola),
a low rosette-formingplant native to
Andeanbogs above 4000 m in Peru.
This species lacks stomata and takes
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light) and yield. The high-yieldingvarietiesmay have a greatercapacityfor
adaptation to shaded conditions
within dense crop canopies, enabling
them to have a greaternet photosynthetic efficiencyat the canopy level.
However, the physiologicalbasis for
the reduced respirationrates is not
understood.
Acclimationof respirationto prevailing temperature conditions has
been commonlyobservedin wildland
plants. Thus, over the long term, respirationmay be fairlyindependentof
temperaturechanges within about a
10? C range. Becausephotosynthesis
also acclimates within many of the
same plants, respirationadjustments
may maintaina balancebetweenfixation and carbon use. Over the life of
the plant, however,increasedrespiration as comparedto photosynthesis,
must inevitably lead to declining
growth.

Leaf carbon balance
For a leaf to benefita plant, the leaf's
cumulative carbon gain must be at
least marginallygreaterthan the carbon costs of its construction,maintenance, and protection. Leaf development and aging follows a predictable
sequenceof eventsinvolvingchanging
patterns of costs and carbon gain
(Chabot and Hicks 1982, Mooney
and Gulmon1982). Duringthe initial
phases of expansion when photosyntheticcapacityis low, the leaf imports
much of its carbon for construction
and the respirationrate is high. The
maximumphotosyntheticcapacity is
usually reachedat about the time of
full expansion. Finally during senescence, photosynthetic capacity declines as nitrogen is mobilized and
exportedbeforethe leaf falls from the
plant.
The time required before a leaf
yields a net profit depends on the
environment, the construction and
maintenancecosts, and the leaf's photosyntheticcapacity.Evergreenleaves
take longer to produce a net profit
because they develop more slowly,
can be more costly to produce, and
have lower photosyntheticcapacities
than deciduous leaves (Chabot and
Hicks 1982). In environmentswith
pronouncedseasonal variation,evergreen leaves should be favored where
the cost of maintaining the leaf over
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the unfavorable season plus the cost
of the lower photosynthetic capacity
is less than the cost of producing a
new leaf. Based on such reasoning,
Miller and Stoner (1979) correctly
accounted for the elevational distributions of evergreen and droughtdeciduous leaf types in the California
chaparral.
Environmental constraints also
play a major role in determining the
long-term carbon gain of a leaf. Under unfavorable conditions, more
time is required for a leaf to return a
profit. In nature, conditions are usually not optimal, and photosynthesis
is below full capacity because of water stress, temperatures being either
too high or too low, light being either
excessive and causing photoinhibition
or too low, or humidity being so low
that it causes partial stomatal closure
(Figure 3).
These factors can reduce the daily
average photosynthetic rate by as
much as 40-70% (Schulze and Hall
1982). For example, wild strawberry
leaves need only 12 days to meet
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Monsi's (1960) analysis more than
two decades ago illustrated how important reinvestment of fixed carbon
and other resources into new leaves is
to production. Because total plant
photosynthesis is increasing, relatively small changes in allocation to new
leaves compounds the investment,
leading to large changes in plant size.
Indeed, plant behavior is predicted
very well by Monsi's model, and large
differences in growth rates can be
attributed to differences in allocation
patterns.
For example, after five weeks'
growth, the wild radish Raphanus
raphanistrum x sativus accumulates
twice as much dry weight as the cultivated radish, which invests much of
its carbon into its swollen hypocotyl,
even though both varieties have the
same photosynthetic rate per unit leaf
area (Mooney and Chiariello 1984).
Allocation to roots, stems, and storage organs reduces the plant's maximal potential growth rate but is vital
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construction costs in an open field,
whereas in a deciduous forest understory they require more than 30 days
(Chabot and Hicks 1982). The annual leaf carbon gain was limited to 3545% of its potential maximum in
several plant species growing in a
European hedgerow community
(Kuppers 1984b). The principal limitation was low light, including effects
of dawn and dusk, short photoperiods in the spring and fall, and cloudy
days (Figure 4). Low temperatures
and the short photoperiod in winter,
as well as water stress in summer,
reduce the annual carbon gain of the
evergreen chaparral shrub Heteromeles arbutifolia, to about 52% of its
potential (Mooney et al. 1975). Because such estimates do not include
probable nutrient limitations, the actual reductions by both soil and climatic factors may be even greater.
Moreover, repair mechanisms required to overcome the effects of
stresses also must increase maintenance costs, further delaying net leaf
profit.
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for acquiring and distributing resourcesand displayingleaves.Storage
is more complicated because it involves a savings that reducescurrent
growthbut may ensurelong-termsurvival during stress periods as well as
increasedreproductiveoutput.
Carbon gain should be optimized
when resourcesare allocatedto nonphotosyntheticstructuresso that no
single resourceis more limiting than
others. Despite this being an intellectuallysatisfyingstatement,its validity
remains in doubt because there are
still no conclusive tests of whether
allocationpatternsactuallymaximize
carbongain. However,some observations point in this direction. For example, changes in allocation to root
systemsduringcowpea (Vignaunguiculata)growthare consistentwith the
proposedpattern.Thus, cowpeas invest only enough of their resourcesin
buildingroots to preventwater stress;
doing otherwise would reduce the
plants' photosynthetic capacity
(Schulzeet al. 1983).
In a similar vein, Givnish (1982)
predictedhow forest herbs might optimizetheir investmentin stem structures, based on certain mechanical
considerations.To maximize carbon
gain, an investmentwould need to be
just sufficientto build the xylem and
phloem requiredfor transportand to
provide the mechanicalstrengthand
height to raise the leaves above competitors. While herbs in denser communitiestend to be taller than those
in sparsely vegetated understoryareas, the question of whether stem
investmentsare optimal has not been
tested.
Moreover,the structuralneedsmay
be greaterand more costly than initially assumed because the support
system must be able to bear loads
resultingfrom falling twigs or other
objects.The extra cost would depend
on the frequencyand natureof falling
debris or other sources of damage,
such as wind, and the probablebenefit to be accruedfrom a survivingleaf.
For instance, key support structures
in severalpalms found in the understory of Costa Rican tropical forests
can be from 3-100 times stronger
than the minimum requiredto support the leaves (Chazdon1986). Consideration must, therefore, be given
not only to the immediate costs and
benefits of a plant's carbon allocation
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patternbut also to its influenceon the
lifespan of the leaves in the face of
likely damage. Determiningwhether
an allocationpatternis optimalor not
is an exceedinglycomplex problem.

The influence of canopy
structure
Canopy architecturedetermineshow
leaves are positioned in differentmicroenvironmentsand how light energy is absorbed by the whole plant.
Moreover,it also influenceshow limited resources must be distributed
among leaves of different age and
position to maximize whole-plant

carbon gain (Field 1983). Although
the important role of canopy structure in agricultural systems has long
been recognized, the issue has received relatively little attention in
physiological ecology.
Chief among the crop traits correlated with high productivity is the
capacity for rapid canopy closure to
intercept maximal light (Gifford and
Evans 1981). After canopy closure,
steep leaf angles can increase productivity by allowing more light to be
transmitted to lower layers (Duncan
1967). Although the same principles
should apply to wild plants, other
constraints may also play an impor-
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tant role in canopy structure. For
instance, horizontal leaves can shade
competitors more effectively. Moreover, leaf angles play an important
role in stress avoidance by reducing
injury from photoinhibition or by altering energy balance relationships.
Thus, the leaf angles and canopy
structure of a particular plant reflect a
compromisebetween the need to maximize its short-term photosynthetic
rate and the need to avoid stresses
that reduce long-term carbon gain.
Canopy structure studies have focused on theoretical treatments of the
mechanical constraints that influence
leaf display and, hence, light interception (Borchert and Tomlinson 1984).
Branching patterns may serve to maximize the efficiency of leaf display to
sunlight but also may be linked to
reproductive functions or to the
maintenance of many meristems so
leaf area can be rapidly deployed
(Miller and Stoner 1979). In two understory palm species, for which light
apparently is the primary limiting factor, leaf display appears to maximize
light absorption and minimize selfshading (Chazdon 1985). One species
is more efficient at light interception
because it uses less biomass to support its leaves, and so it can reproduce at a smaller size and occupy
more shaded microsites than the other species.
Based on simulations taking into
account energy balance, photosynthesis, leaf costs, and longevity, several
(but not all) species of California
chaparral shrubs appear to maintain
leaf area indices (the ratio of leaf
surface area to ground surface area)
close to the optimum for maximal
photosynthesis (Miller and Stoner
1979). And the high productivity of
spruce (Picea excelsa), despite the low
photosynthetic capacity of its needles,
can be ascribed to its maintaining
high leaf area indices (Schulze et al.
1977). Needles live as long as 12
years, and only 15% of the total
needle biomass is renewed annually.
In contrast, although leaf photosynthetic rates of the deciduous beech
(Fagus sylvatica) are double those of
spruce, the beech's annual productivity is 40% less. The difference is due
largely to the much greater leaf area
maintained by spruce and only in
small part to the two species' different
annual periods of photosynthesis.
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Conclusions
Carbon balance, because it integrates
many plant functions, has provided a
very useful conceptual tool as well as
a practical approach for studying
how plants function in particular environments. It also has proved useful
to treat carbon as the currency of the
costs and benefits to a plant for having particular physiological or morphological mechanisms that allow it
to cope with environmentally imposed limitations. While this use of
carbon has been questioned, it still
appears to be the most widely useful
among the alternatives (Bazzaz et al.,
p. 58, this issue). The close link between carbon and other major resources, such as nitrogen and water,
also allows the costs and benefits of
their acquisition and use to be relatively easily expressed (see Chapin et
al., p. 49, and Schulze et al., p. 30,
this issue). However, in some instances, nitrogen or some other nutrient may be a more appropriate
choice. Ideally, the chosen currency
should allow for estimates of energy
costs. Although the use of glucose
equivalents provides an example
(Penning de Vries et al. 1974), such an
approach requires either detailed biochemical analysis or knowledge of the
elemental composition of the plant
tissue (McDermitt and Loomis 1981).
Either one is difficult to obtain.
The concerns of physiological ecology, which are shared with fields
ranging from biochemistry to evolutionary ecology, cover a size scale
from molecules to ecosystems and a
time scale from milliseconds to thousands (if not millions) of years (Osmond et al. 1980). The physiology of
leaf photosynthesis and its response
to the environment are relatively well
understood, an achievement due in
part to the sophisticated measurements made possible by the development of the infrared gas analyzer as
well as the relative rapidity of conducting most experiments. Remarkable progress has also been made
linking leaf biochemistry to gas exchange responses. In contrast, there
has been less progress toward understanding many aspects of respiration.
Similarly, knowledge of allocation
patterns is largely empirical, and little
is known about their control.
Within the broad space-time scale,

our knowledge is concentrated. We
have the most detailed understanding
of the mechanisms underlying leaf
functions. Scaling up to understand
the significance of these mechanisms
for whole-plant performance in communities is still a difficult challenge.
Merely extending results from single
leaves to whole canopies requires a
formidable sampling program (Leverenz et al. 1982), and results from
single leaves may not provide the
same perspective as those gleaned
from whole plants (Caldwell et al.
1983). Moreover, we need a better
understanding of how plants respond
on a seasonal or annual time scale
and, in particular, how they cope
with the stochastic nature of the environment. Models that relate optimal
plant performance to seasonal rainfall
patterns may provide a useful framework in which to begin this task
(Cowan 1982).

References cited
Amthor, J. S. 1984. The role of maintenance
respiration in plant growth. Plant Cell Environ. 7: 561-569.
Azcon Bieto, J. 1983. Inhibition of photosynthesis by carbohydrates in wheat leaves.
Plant Physiol. 173: 681-686.
Bazzaz, F. A., N. R. Chiariello, P. D. Coley, and
L. F Pitelka. 1987. Allocating resources to
reproduction and defense. BioScience 37:
58-67.
Bjorkman, 0. 1973. Comparative studies of
photosynthesis in higher plants. Pages 1-63
in A. Giese, ed. Current Topics in Photobiology, Photochemistry and Photophysiology,
vol. 8. Academic Press, New York.
1981. Responses to different quantum
flux densities. Pages 57-107 in O. L. Lange,
P. S. Nobel, C. B. Osmond, and H. Ziegler,
eds. Encyclopedia of Plant Physiology, new
series, vol. 12A. Springer-Verlag, Berlin,
FRG.
Borchert, R., and P. B. Tomlinson. 1984. Architecture and crown geometry in Tabebuia
rosea (Bignoniaceae). Am. J. Bot. 71: 958969.
Caldwell, M. M., T.J. Dean, R. S. Nowak,
R.S. Dzurec, and J. H. Richards. 1983.
Bunchgrass architecture, light interception,
and water use efficiency: assessment by fiberoptic point quadrats and gas exchange. Oecologia 59: 178-184.
Chabot, B. F, and D. J. Hicks. 1982. The ecology of leaf life spans. Annu. Rev. Ecol. Syst.
13: 229-259.
Chapin, F. S., A. J. Bloom, C. B. Field, and
R. H. Waring. 1987. Plant responses to multiple environmental factors. BioScience 37:
49-57.
Chazdon, R. 1985. Leaf display, canopy structure, and light interception of two understory palm species. Am. J. Bot. 72: 14931502.
. 1986. The costs of leaf support in under-

BioScience Vol. 37 No. 1

story palms. Economy vs. safety. Am. Nat.
127: 9-30.
Cockburn, W., C. J. Goh, and P. N. Avadhani.
1985. Photosynthetic carbon assimilation in
a shootless orchid Chiloschista usneoides
(DON) LDL. Plant Physiol. 77: 83-86.
Cowan, I. R. 1982. Regulation of water use in
relation to carbon gain in higher plants.
Pages 589-613 in O. L. Lange, P. S. Nobel,
C. B. Osmond, and H. Ziegler, eds. Encyclopedia of Plant Physiology, new series, vol.
12B. Springer-Verlag,Berlin, FRG.
Cowan, I. R., and G. D. Farquhar. 1977. Stomatal function in relation to leaf metabolism
and environment. Symp. Soc. Exp. Biol. 31:
471-505.
Detling, J. K., M. I. Dyer, and D. T. Winn.
1979. Net photosynthesis, root respiration,
and regrowth of Bouteloua gracilis following
simulated grazing. Oecologia 41: 127-134.
Duncan, W. G., R. S. Loomis, W. A. Williams,
and R. Hannau. 1967. A model for simulating photosynthesis in plant canopies. Hilgardia 38: 181-205.
Ehleringer, J., and H. A. Mooney. 1984. Photosynthesis and productivity of desert and
Mediterranean climate plants. Pages 205231 in O. L. Lange, P. S. Nobel, C. B. Osmond, and H. Ziegler, eds. Encyclopedia of
Plant Physiology, new series, vol. 12D.
Springer-Verlag,Berlin, FRG.
Farquhar, G.D., and T.D. Sharkey. 1982.
Stomatal conductance and photosynthesis.
Annu. Rev. Plant Physiol. 33: 317-345.
Farquhar, G. D., S. von Caemmerer, and J. A.
Berry. 1980. A biochemical model for photosynthetic CO2 assimilation in leaves of C3
species. Planta 149: 78-90.
Field, C. 1983. Allocating leaf nitrogen for
maximization of carbon gain: leaf age as a
control on the allocation program. Oecologia 56: 341-347.
Gifford, R. M., and L. T. Evans. 1981. Photosynthesis, carbon partitioning and yield.
Annu. Rev. Plant Physiol. 32: 485-509.
Givnish, T.J. 1982. On the adaptive significance of leaf height in forest herbs. Am. Nat.
120: 353-381.
Heichel, G. H., and N. C. Turner. 1983. CO2
assimilation of primary and regrowth foliage
of red maple (Acer rubrum L.) and red oak
(Quercus rubra L.). Response to defoliation.
Oecologia 57: 14-19.
Keeley, J. E., and L. G. Busch. 1984. Carbon
assimilation characteristics of the aquatic
CAM plant Isoetes howellii. Plant Physiol.
76: 525-530.
Keeley, J. E., C. B. Osmond, and J. A. Raven.
1984. Stylites, a vascular land plant without
stomata absorbs CO2 via its roots. Nature
310: 694-695.
Kuppers, M. 1984a. Carbon relations and
competition between woody species in a
central European hedgerow. I. Photosynthetic characteristics. Oecologia 64: 332-343.
1984b. Carbon relations and competition between woody species in a central
European hedgerow. III. Carbon and water
balance at the leaf level. Oecologia 65: 94100.
Lambers, H. 1985. Respiration in intact plants
and tissues: Its regulation and dependence on
environmental factors, metabolism and invaded organisms. Pages 418-473 in R.
Douce and D. A. Day, eds. Encyclopedia of

January 1987

Plant Physiology, new series, vol. 18. Springer-Verlag, Berlin, FRG.
Laties, 1982. The cyanide resistant alternative
path in higher plant respiration. Annu. Rev.
Plant Physiol. 33: 519-555.
Leverenz, J., J. D. Deans, E. D. Ford, P. G.
Jarvis, R. Milne, and D. Whitehead. 1982.
Systematic spatial variation of stomatal conductance in a Sitka Spruce plantation. J.
Appl. Ecol. 19: 835-851.
McDermitt, D. K., and R. S. Loomis. 1981.
Elemental composition of biomass and its
relationship to energy content, growth efficiency and growth yield. Ann. Bot. 48: 275290.
Merino, J., C. Field, and H. A. Mooney. 1982.
Construction and maintenance costs of Mediterranean-climate evergreen and deciduous
leaves. I. Growth and CO2 exchange analysis. Oecologia 53: 208-213.
Miller, P. C., and W. A. Stoner. 1979. Canopy
structure and environmental interactions.
Pages 428-458 in O. T. Solbrig, S. Jain,
G. B. Johnson, and P. H. Raven, eds. Topics
in Plant Population Biology. Columbia University Press, New York.
Monsi, M. 1960. Mathematical models of
plant communities. Pages 131-149 in F. E.
Eckhardt, ed. Functioning of TerrestrialEcosystems at the Primary Production Level.
UNESCO, Paris.
Monson, R. K., G. E. Edwards, and M. S. B.
Ku. 1984. C3-C4 intermedite photosynthesis
in plants. BioScience 34: 563-574.
Mooney, H. A., and N. R. Chiariello. 1984.
The study of plant function-the plant as a
balanced system. Pages 305-323 in R. Dirzo
and J. Sarukhan, eds. Perspectives on Plant
Population Ecology. Sinauer Associates,
Sunderland, MA.
Mooney, H. A., and S. L. Gulmon. 1979. Environmental and evolutionary constraints on
the photosynthetic characteristics of higher
plants. Pages 316-337 in O. T. Solbrig, S.
Jain, G. B. Johnson, and P. H. Raven, eds.
Topics in Plant Population Biology. Columbia University Press. New York.
1982. Constraints on leaf structure and
function in relation to herbivory. BioScience
32: 198-206.
Mooney, H. A., A. T. Harrison, and P. A. Morrow. 1975. Environmental limitations of
photosynthesis on a Californian evergreen
shrub. Oecologia 19: 293-301.
Mulroy, T. W., and P. W. Rundel. 1977. Annual plants: adaptations to desert environments. BioScience 27: 109-114.
Osmond, C. B., O. Bj6rkman, and D. J. Anderson. 1980. Physiological processes in plant
ecology: toward a synthesis with Atriplex.
Springer-Verlag,Heidelberg, FRG.
Pearcy, R. W., and H. W. Calkin. 1983. Carbon dioxide exchange of C3 and C4 tree
species in the understory of a Hawaiian
forest. Oecologia 58: 26-32.
Pearcy, R. W. and J. Ehleringer. 1984. Comparative ecophysiology of C3 and C4 plants.
Plant Cell Env. 7: 1-13.
Pearcy, R. W., K. Osteryoung, and D. Randall.
1983. Carbon dioxide exchange of C4 Hawaiian Euphorbia species adapted to diverse
habitats. Oecologia 55: 333-341.
Penning de Vries, E W. T., A. H. M. Brunsting,
and H. H. Van Laar. 1974. Products, requirements and efficiency of biosynthesis: a

quantitative approach. J. Theor. Biol. 45:
339-377.
Perchorowicz, J. T., D. A. Raynes, and R. G.
Jensen. 1981. Light limitation of photosynthesis and activation of ribulose bisphosphate carboxylase in wheat seedlings. Proc.
Natl. Acad. Sci. 78: 2985-2989.
Pitelka L. E, J. W. Ashmun, and R. L. Brown.
1985. The relationships between seasonal
variation in light intensity, ramet size and
sexual reproduction in natural and experimental populations of Aster acuminatus
(Compositae) Am. J. Bot. 72: 303-310.
Robichaux, R. H., and R. W. Pearcy. 1984.
Evolution of C3 and C4 plants along an
environmental moisture gradient. Patterns of
photosynthetic differentiation in Hawaiian
Scaevola and Euphorbia species. Am. J. Bot.
71: 1-13.
Schulze, E.-D., M.I. Fuchs, and M. Fuchs.
1977. Spacial distribution of photosynthetic
capacity in a mountain spruce forest of
Northern Germany. III. The significance of
the evergreen habitat. Oecologia 30: 239248.
Schulze, E.-D., and A. E. Hall. 1982. Stomatal
responses, water loss and CO2 assimilation
rates of plants in contrasting environments.
Pages 181-230 in O. L. Lange, P. S. Nobel,
C. B. Osmond, and H. Ziegler, eds. Encyclopedia of Plant Physiology, new series, vol.
12B, Springer-Verlag, Berlin, FRG.
Schulze, E.-D., R. H. Robichaux, J. Grace,
P. W. Rundel, and J. Ehleringer. 1987. Plant
water balance. BioScience 37: 30-37.
Schulze, E.-D., K. Schilling, and S. Nagarajah.
1983. Carbohydrate partitioning in relation
to whole plant production and water use of
Vigna unguiculata (L.) Walp. Oecologia 58:
169-177.
Seemann, J. R., M. R. Badger, and J. A. Berry.
1984. Variations in specific activity of ribulose-1,5-bisphosphate carboxylase between
species utilizing differing photosynthetic
pathways. Plant Physiol. 74: 791-794.
Sharkey, T. D. 1985. Photosynthesis in intact
leaves of C3 plants: Physics, physiology and
rate limitations. Bot. Rev. 51: 53-105.
Solbrig, O. T. 1981. Studies on the population
biology of the genus Viola. II. The effects of
plant size on fitness in Viola sororia. Evolution 35: 1080-1093.
Szarek, S. R., H. B. Johnson, and I. P. Ting.
1973. Drought adaptation in Opuntia basilasis. Significance of recycling carbon
through Crassulacean acid metabolism.
Plant Physiol. 52: 539-541.
Tenhunen, J. D., O. L. Lange, P. C. Harley, W.
Bechlag, and A. Meyer. 1985. Limitations
due to water stress on leaf net photosynthesis
of Quercus coccifera in the Portugese evergreen scrub. Oecologia 67: 23-30.
von Caemmerer, S., and G. D. Farquhar. 1981.
Some relationships between the biochemistry
of photosynthesis and the gas exchange of
leaves. Planta 153: 376-387.
Winter, K., B. J. Wallace, G. C. Stocker, and Z.
Roksadic. 1983. Crassulacean acid metabolism in Australian vascular epiphytes and
some related species. Oecologia 57: 129141.
Wong, S. C., I. R. Cowan, and G. D. Farquar.
1979. Stomatal conductance correlates with
photosynthetic capacity. Nature 282: 424426.

29

