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Plant Responses to Multiple
Environmental Factors

Physiological ecology provides tools for studying how
interacting environmental resources control plant growth

F. Stuart Chapin III, Arnold J. Bloom, Christopher B. Field, and Richard H. Waring

ost plants require a similar
balance of resources—ener-
gy, water, and mineral nu-

trients—to maintain optimal growth.
Natural environments, however, dif-
fer by at least two orders of magni-
tude in the availability of these re-
sources. Light intensity varies 100-
fold from the canopy to the floor of a
rainforest (Bjéorkman 1981); annual
precipitation ranges 500-fold (10—
5000 mm/yr) from deserts to tropical
rainforests; and the amount of nitro-
gen available to plants varies from
0.09 g/m? - yr in polar desert (Dowd-
ing et al. 1981) to 22.8 g/m? - yr in a
rich tropical rainforest (Vitousek
1984). Plants growing in these diverse
environments maintain tissue concen-
trations of organic carbon, water, and
to some extent nutrients within fairly
narrow limits. How do plants com-
pensate so successfully for these dra-
matic differences in resource
availability?

Elucidating plant responses to re-
source imbalance requires a multidis-
ciplinary approach. The study of re-
source availability falls in the
provinces of community or ecosystem
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How do plants compensate
so successfully for
dramatic differences in
resource availability?

ecology, micrometeorology, and soil
science. The metabolic and structural
bases of plant responses falls within
the realms of physiology, biochemis-
try, and functional anatomy. Plant
physiological ecology borrows heavi-
ly from all these disciplines to concen-
trate on the interface between orga-
nism and environment.

Most research to date has focused
on plant responses and adaptations to
single features of the environment,
but plants in nature often encounter
multiple stresses. Effects of interact-
ing environmental factors may be far
from additive. For example, damage
by high light, or photoinhibition, is
dramatically increased when high-
light exposure is accompanied by wa-
ter stress or unusually low or high
temperatures (Powles 1984). Physio-
logical ecology, which combines tech-
niques for assessing the environment,
quantifying multiple components of
plant responses, and integrating plant
responses to the level of ecological
success or agricultural yield, is well
suited to the study of plant responses
to multiple factors. Here, we examine
resource interactions at levels of orga-
nization ranging from the cell to the
ecosystem, focusing on carbon (as an
index of the energy stored in organic

molecules) and nitrogen. We empha-
size these resources because they of-
ten limit plant growth and because
they illustrate the concepts necessary
for extending the approach. Our pri-
mary tool is cost-benefit analysis, as-
sessing the cost of acquiring one re-
source in terms of expending another
and defining benefits in terms of ef-
fects on plant growth (Bloom et al.
1985).

Nutrient acquisition

Carbon cost of nitrogen acquisition.
Nitrogen is the mineral nutrient that
plants require in greatest quantity and
that most frequently limits growth in
both agricultural and natural systems.
The carbon expended in acquiring
nitrogen can make up a significant, if
not predominant, fraction of the total
energy a plant consumes. Plants have
developed several approaches to ni-
trogen acquisition, including such di-
verse phenomena as fixation of atmo-
spheric nitrogen, mycorrhizal
associations, and carnivory. Yet most
plants obtain their nitrogen entirely
through root absorption of the inor-
ganic ions ammonium and nitrate.
The carbon costs for these various
methods differ. We predict that the
preferred method depends in large
part on the carbon and nitrogen sta-
tus of the plant and on the relative
availability of energy and nitrogen in
the environment.

Nitrogen acquisition consists of
several processes: absorption, bring-
ing nitrogen from the environment
into the plant; translocation, moving
inorganic nitrogen within the plant;
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and assimilation, converting nitrogen
from inorganic to organic forms.

ABsorpTION. Carbon costs for ab-
sorption may be subdivided between
growth and maintenance of absorb-
ing organs (generally roots) and the
transport of minerals against a con-
centration gradient. For a wide varie-
ty of plants, roots account for 50—
80% of annual dry matter produc-
tion. The cost of producing a unit of
root biomass is similar to that for
other plant tissues (Lambers et al.
1983); thus, a large biomass alloca-
tion to roots represents a substantial
carbon cost. This investment is neces-
sary because soil deposits of mineral
nitrogen, ammonium oOr nitrate, are
usually so small that absorption
quickly depletes the soil in immediate
contact with the roots. Only through
constant and extensive growth can
roots mine a sufficient volume of soil
to meet the nitrogen needs of a rapid-
ly growing plant.

Unusual methods of nitrogen ac-
quisition have additional carbon costs
for growth and maintenance of ab-
sorbing organs. Nitrogen-fixing
plants (those with bacterial symbionts
that convert gaseous nitrogen into
ammonium) incur the substantial ex-
pense of constructing root nodules
and of providing bacterial symbionts
with substrates for maintenance and
growth (Minchin et al. 1981). Mycor-
thizal fungi have small-diameter hy-
phae that increase the surface area of
the root system but cost ten percent
more to construct than the equivalent
mass of roots (Harley and Smith
1983). Maintenance of mycorrhizas
also consumes five to ten percent of
the total plant carbon resources
(Clarkson 1985). Carnivorous plants,
which obtain mineral nutrients from
animal prey, require expensive entice-
ment and capture structures.

The carbon costs of ammonium
and nitrate transport have not been
clearly established. Absorption of
these ions into the root appears to
depend on active transport by specific
carriers that are similar among differ-
ent species (Bloom 1985). Calcula-
tions based on the energy requirement
for ion transport into organelles or
for moving nutrients against the con-
centration gradient from the soil solu-
tion to the root cytoplasm suggest
that ion transport consumes an insig-
nificant portion of root respiratory
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energy (Clarkson 1985). Experimen-
tal verification of these calculations
has been hampered by the lack of
appropriate techniques. Recent devel-
opments permitting simultaneous
measurement of root respiration and
ammonium or nitrate absorption
(Bloom and Epstein 1984) show that
the costs of transport and absorption
may be substantial, from 5-20% of
the total plant respiration (Bloom un-
published data, Veen 1980).

TrANSLOCATION. The carbon cost
of nitrogen translocation depends on
the site of assimilation. Because am-
monium is toxic at high concentra-
tions in plant tissues, it is usually
assimilated into organic forms near
the site where it is absorbed or gener-
ated. Thus the cost of ammonium
translocation to the assimilavion site
is negligible. Similarly, plants that as-
similate nitrate in the roots should
have negligible translocation costs. In
contrast, species that assimilate ni-
trate in the leaves must bear signifi-
cant translocation costs. Nitrate as-
similation in leaves generates an ion
imbalance, which is corrected by an
organic acid shuttle that consumes
roughly three percent of the total
cartbon budget (Raven and Smith
1976).

AsSIMILATION. The various meth-
ods of nitrogen assimilation differ
greatly in carbon costs. Mycorrhizas
transfer to the host nitrogen that is
already in the form of amino acids
(Harley and Smith 1983). Carnivo-
rous plants catabolize the nitrogen of
their prey to amino acids (Pate 1983).
In contrast the conversion from am-
monium to amino acid requires the
transfer of 2 electrons and the cataly-
sis of 1 ATP; nitrate assimilation re-
quires 10 electrons and 1 ATP; nitro-
gen fixation requires 4—5 electrons
and 7-10 ATP per nitrogen atom.
Thus, the energy cost of nitrogen as-
similation increases from mycorrhizas
and carnivory to ammonium to ni-
trate to nitrogen fixation.

In species that assimilate nitrate in
leaves, assimilation can be partially
driven by photosynthetic electron
transport. When light is not limiting
to photosynthesis, nitrate assimila-
tion in these species diverts relatively
little energy away from photosynthet-
ic carbon assimilation, and thus the
carbon cost of nitrate assimilation is
minor (McDermitt and Loomis

1981). However, in nonphotosyn-
thetic tissue or when light limits pho-
tosynthesis, the cost of nitrate assimi-
lation is substantial, diverting from
carbon assimilation up to 15% of the
total energy production (Bloom un-
published data, Penning de Vries et al.
1974). Ammonium assimilation in
roots, which must be driven by respi-
ratory energy, may expend two to five
percent of net photosynthetic carbon
gain (Oaks and Hirel 1985). Nitrogen
fixation costs from 25-40% of total
net photosynthetic carbon gain (Phil-
lips 1980).

In summary, if root growth for
nitrogen acquisition is about 10% of
total plant production, the fraction of
the carbon budget spent on nitrogen
acquisition (absorption, transloca-
tion, and assimilation) ranges from
25-45% for ammonium, 20-50%
for nitrate, 40—55% for nitrogen fix-
ation, and 25-50% for mycorrhizas.
These crude estimates support the
contention that nitrogen acquisition
is a major carbon expense.

Carbon constraints on nitrogen ac-
quisition. The relative advantages of
each nitrogen acquisition method
shift with the availability of the differ-
ent nitrogen forms and with the rela-
tive limitation of growth by carbon
and nitrogen. Gaseous nitrogen is al-
ways abundant, but acquiring this
form through nitrogen fixation en-
tails the highest carbon cost. In envi-
ronments where nitrogen limits
growth more than does carbon, nitro-
gen fixation becomes advantageous.
Early successional sites, for example,
are often colonized by species that
form nitrogen-fixing symbioses. As
the availability of ammonium or ni-
trate increase and the availability of
light decreases, nitrogen fixation be-
comes less prevalent (Pate 1983).
Preference for ammonium versus
nitrate as a nitrogen source varies
greatly among species. Some species,
such as cranberry, can use only am-
monium, whereas others, such as rad-
ish, are extremely intolerant of am-
monium. Most species, however,
grow best in a mixture of ammonium
and nitrate, with the relative rates of
ammonium and nitrate acquisition
depending on the typical availabilities
of these ions in the native habitat
(Bloom 1985). Ambient light may
also influence the choice between am-
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monium and nitrate (Pate 1983): high
light permits nitrate assimilation at
little carbon cost and should thus
favor the use of nitrate; conversely,
the low respiratory costs of ammoni-
um assimilation should favor acquisi-
tion of this form in low light.

Being able to use several different
forms of nitrogen probably affords
plants some of the flexibility needed
to maintain an adequate carbon and
nitrogen balance under fluctuating
environmental conditions. Studies of
these phenomena are relatively few
because of such difficulties as the high
mobility of soil nitrate, the rapid con-
version of ammonium to nitrate and
nitrate to nitrogen gas by soil micro-
organisms, and the need to measure
in situ nitrate reduction or nitrogen
fixation. Slowly metabolized, radio-
active analogues of ammonium and
nitrate (methylamine and chlorate, re-
spectively), more extensive use of the
stable isotope '°N, and measurement
of the assimilatory quotient (ratio of
CO;, consumed to O, evolved, Bloom
1985) could provide an effective ap-
proach to these problems.

Photosynthesis

Photosynthesis-nitrogen relationship.

Light harvesting - 18.9%

Photosystem | - 7.2%
Photosystem Il - 4%
Chlorophyll binding
proteins - 6%
Chlorophyll - 1.7%

Bioenergetics - 5% ———

Coupling factor - 2.6%
Electron transport - 2.4%

Biosynthesis - 18.3%

Ribosomal proteins - 5%
RNA - 7.5%

Amino acids - 2.5%
Envelope proteins - 3.3%

We can consider the nitrogen costs of
carbon gain with an approach paral-
lel to that for assessing the carbon
costs of acquiring nitrogen. The par-
allel is not exact, because, unlike car-
bon compounds, nitrogen com-
pounds are not oxidized as energy
substrates. They are, however, com-
mitted to biological functions: nitro-
gen invested in one process is not
simultaneously available for use in
another. The nitrogen investment re-
quired to yield a given carbon gain is
an index of the nitrogen cost of car-
bon acquisition. Though many as-
pects of plant form and function in-
fluence carbon gain and require
nitrogen, we will limit our discussion
to photosynthesis because its nitrogen
costs are currently the subject of in-
tensive research.

Approximately 75% of the nitro-
gen in a plant leaf with C; photosyn-
thesis, the pathway used by most of
the world’s plants, is invested in chlo-
roplasts; and most of that is invested
in photosynthesis (Figure 1). Since
nitrogen frequently limits growth and
since most leaf nitrogen is invested in
components of photosynthesis, un-
derstanding the nitrogen-photosyn-
thesis relationship is likely to be criti-
cal for several issues in ecology and

N
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agriculture. For example, if nitrogen
controls photosynthesis, then the
ability to acquire nitrogen may be a
primary determinant of above-
ground growth. Alternatively, manip-
ulating the nitrogen-photosynthesis
relationship may provide effective
routes toward increasing agricultural
production without increasing nitro-
gen fertilization. ,
Photosynthetic capacity, i.e., the
maximum rate of carbon assimilation
by a single leaf at light saturation and
optimal conditions, is highly correlat-
ed with leaf organic nitrogen content
(Figure 2). This close correlation is
observed when the variation in leaf
nitrogen results from differences
among species (Mooney et al. 1981),
leaf age (Field and Mooney 1983),
nitrogen availability during growth
(Evans 1983), or light levels during
growth (Gulmon and Chu 1981). The
generality of the nitrogen-photosyn-
thesis relationship strongly suggests
that one or several nitrogenous leaf
components directly limit photosyn-
thetic capacity. To date, the strongest
evidence for direct limitation by a
single nitrogenous component comes
from studies of ribulose-1,5-bisphos-
phate carboxylase-oxygenase (RU-
BISCO), the primary CO,-fixing en-

002 Fixation - 26%

Rubisco - 22%
Calvin cycle - 3%
Carbonic anhydrase - 1%

~ Non-chloroplast

Nitrogen - 25%

Structural and other - 6.8%

Figure 1. The proportional allocation of leaf nitrogen in a sun leaf of a plant with C; photosynthesis. The photosynthetic
compartments are those labeled light harvesting, CO, fixation, and bioenergetics. Data from Evans (1983 and unpublished); figure
courtesy of J. R. Seemann, Desert Research Institute, Reno, NV.
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Figure 2. The relationship between photosynthesis and nitrogen for a wide variety of
plant species. Each outline circumscribes all the data reported in a single study. Included
are data from 33 C; species (b through k) and 11 C, species (a). Some of the data are
from naturally grown plants, and some are from plants grown in controlled environ-
ments. The experimental variables manipulated to introduce variation in photosynthet-
ic capacity and nitrogen include nitrogen availability, light availability, and leaf age.

Adapted from Field and Mooney (1986).

zyme in C; plants and the ultimate
CO,-fixing enzyme in plants with the
C4 and CAM photosynthetic path-
ways (Caemmerer and Farquhar
1981). The importance of such limita-
tion, however, should vary with light
and CO, availability and with the
partitioning of nitrogen among po-
tentially limiting factors. In compari-
son to sun plants (as shown in Figure
1), shade plants invest much less ni-
trogen in RUBISCO and more in light
harvesting, compensating for the
scarcity of light relative to CO, in
shady habitats (Bjorkman 1981).
Mechanisms controlling the abun-
dance as well as the activity of limit-
ing components are attuned to the
environment at many levels of organi-
zation. For example, at the level of
gene expression, levels of messenger
RNA for the (nuclear-coded) small
subunit of RUBISCO are controlled
by light (Kaufman et al. 1984). Cata-
lytic activation of RUBISCO is modu-
lated by CO,, magnesium, and light
(Seemann et al. 1985). In individual
leaves, RUBISCO level is controlled
by nitrogen availability during
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growth (Evans 1983), as well as by
levels of CO,, light, and water stress
(Caemmerer and Farquhar 1984). At
the whole plant level, partial defolia-
tion increases RUBISCO in remaining
leaves (Caemmerer and Farquhar
1984). At the community level, inter-
specific differences in the catalytic
properties of RUBISCO may be im-
portant components of ecological dif-
ferentiation. Although RUBISCO is
clearly important in limiting photo-
synthesis, it is probably not the only
rate-limiting nitrogenous compound.
Environmental controls on other lim-
iting components of photosynthesis
are less well understood, but they are
probably coordinated with controls
on RUBISCO.

Efficiency of nitrogen use. A plant
allocates nitrogen most efficiently
when nitrogen is equally limiting to
each plant process (Bloom et al.
1985). Thus, efficiency of nitrogen
investment in photosynthesis is maxi-
mized when two conditions are met:
each of the nitrogenous components
of photosynthesis must be equally

limiting; and investment of nitrogen
in photosynthesis should never ex-
ceed the level at which some alterna-
tive investment, for example in other
leaves, roots, or reproductive struc-
tures, yields greater returns. A useful
starting point in evaluating the effi-
ciency of nitrogen investment in pho-
tosynthesis is to consider the ratio of
photosynthetic capacity to leaf nitro-
gen, an index of potential photosyn-
thesis under optimal conditions. We
term this ratio potential photosyn-
thetic nitrogen use efficiency
(PPNUE).

In leaves with low nitrogen content
PPNUE is low and it increases with
increasing nitrogen (Figure 3). Above
nitrogen levels of about 1.7 mmol/g
(2.4%), a trend is not obvious for the
broad comparison in Figure 3, but
some data indicate that within a spe-
cies, PPNUE decreases with increas-
ing nitrogen beyond a critical level
(Evans 1983). Leaves with low nitro-
gen probably have low PPNUE be-
cause they invest a large proportion
of the total leaf nitrogen in nonphoto-
synthetic components, such as the nu-
cleic acids and proteins associated
with cell regulation and respiration.
Decreases in PPNUE at high nitrogen
may result from allocating nitrogen to
storage forms or from an increased
limit to photosynthesis by nonnitrog-
enous components.

PPNUE is a measure of the instan-
taneous efficiency of using nitrogen to
fix carbon. Leaves with low nitrogen
contents are often long lived. When
net carbon gain is summed over the
total life of the leaf, low-nitrogen,
long-lived leaves may achieve the
same or a greater lifetime carbon gain
than high-nitrogen, short-lived leaves
(Small 1972). Low-nitrogen contents
may be favored in long-lived leaves
because low-nitrogen leaves are rela-
tively insensitive to nitrogen loss via
leaching (Tukey 1970) and are rela-
tively unattractive to herbivores. Fur-
ther, if leaves persist for an extended
time, they may encounter conditions
under which high nitrogen yields ei-
ther little or no benefit in photosyn-
thesis. This final possibility—that
high leaf nitrogen is not always an
advantage—is particularly relevant
for plants confronted with other re-
source limitations, among which light
and water limitations are especially
important.

BioScience Vol. 37 No. 1



Light-nitrogen interactions. Leaf ni-
trogen is closely correlated with pho-
tosynthetic capacity when photosyn-
thesis is measured at light saturation.
But at low light, photosynthesis in-
creases little, if at all, with increasing
leaf nitrogen (Gulmon and Chu
1981). Because high-nitrogen leaves
have high maintenance requirements,
they typically have higher dark respi-
ration than low-nitrogen leaves and
therefore lose more carbon in dark-
ness. Thus, for leaves in low-light
habitats, increasing leaf nitrogen
above low levels yields small gains in
photosynthesis. From this we can pre-
dict low nitrogen in leaves of shade-
adapted plants, a prediction generally
supported by numerous studies. The
low nitrogen in leaves of shade plants
is especially dramatic when expressed
on the basis of leaf area because many
shade plants decrease nitrogen and
construction costs in parallel by man-
ufacturing thin leaves (Bjorkman
1981). Within a single plant, leaves
near the top of the canopy often
experience high light while leaves
near the bottom are continuously
shaded. This intracanopy environ-
mental variability makes the distribu-
tion of nitrogen among leaves an im-
portant determinant of whole-canopy
photosynthesis. For a given invest-
ment in nitrogen, whole-canopy pho-
tosynthesis is maximized when leaves
near the top of the canopy are high in
nitrogen, and leaves near the bottom
are low in nitrogen (Field 1983). We
predict that the importance of an
efficient nitrogen distribution in-
creases with the magnitude of the
intracanopy habitat variation.

Water-nitrogen interactions. In Cs
plants, photosynthesis is generally
limited by both the biochemical po-
tential to fix CO, and the rate of CO,
diffusion through stomata. Because
stomata serve as a pathway for both
CO, diffusion into and water diffu-
sion out of the leaf, plants cannot
decrease the diffusional limitation to
photosynthesis by increasing stomatal
conductance without simultaneously
increasing water loss. This coupling
between CO, and water exchange
imposes broad constraints on pat-
terns of nitrogen investment and wa-
ter use. When limited water availabil-
ity forces plants to operate at low
stomatal conductances (thereby de-
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creasing water use), increasing leaf
nitrogen produces diminishing re-
turns in photosynthesis and leads to a
dominant limitation of photosynthe-
sis by stomata (Mooney and Gulmon
1979). Under these conditions, invest-
ment of nitrogen in photosynthesis is
likely to yield benefits greater than
costs only at low leaf-nitrogen levels.
The low nitrogen contents in leaves of
desert and chaparral evergreens sup-
port this interpretation, but because
arid habitats are often low in nitrogen
availability, a more quantitative anal-
ysis is needed.

Although water availability im-
poses broad constraints on nitrogen
investment, subtle variations in water
and nitrogen use may be important
components of ecological differentia-
tion among co-occurring species. Par-
tial stomatal closure increases photo-
synthesis per unit of water loss but
decreases total photosynthesis, and
therefore photosynthesis per unit of
nitrogen. An increase in leaf nitrogen
without an increase in conductance
increases photosynthesis, and photo-
synthesis per unit of water loss, but
tends to decrease photosynthesis per
unit of nitrogen because stomatal lim-
itation increases. Thus, a given habi-
tat may support equally successful
plants with a range of water use pat-
terns, if this range is balanced by

differences in nitrogen investment
(Field et al. 1983).

Until recently, interpretations of
water use in relation to carbon gain
have been based on short-term mea-
surements of photosynthesis and
transpiration. But an exciting discov-
ery has led to a technique now being
increasingly applied to ecophysiologi-
cal studies. The discovery was that
the extent to which leaves discrimi-
nate against CO, containing the natu-
rally occurring isotope '*C varies with
the physiological status of the leaf in a
manner than can be related to the
balance between photosynthesis and
transpiration (Farquhar et al. 1982).
Because CO, is, through photosyn-
thesis, incorporated into plant struc-
ture, plant tissues form an integrated
record of carbon isotope discrimina-
tion and hence of the relationship
between photosynthesis and transpi-
ration. This technique, along with
recent advances in the instrumenta-
tion for measuring gas exchange by
plants, dramatically increases the po-
tential resolution and breadth of eco-
physiological studies focused on car-
bon-nutrient-water interactions.

- Allocation and growth

Allocation. One of the major mecha-
nisms by which plants adjust to re-

- T T T

‘v
0 i x i
= 200 N

_6 o)
£ *ox

N & X" X .

8 150} .o .

-g . A Q0 o oo Xx )

S o, b, *B¥Cap oy -

~ 00} ° o -
0 @ 88 A @ % s a

g’) oop A A% A&

£ » .

s v )&; i x Death Valley annuals

8 50f $1F e o Old field annuals -
S L S & Deciduous chaparral shrubs
s MEN Evergreen shrubs and trees

+ -’ - .
] : + South African shrubs
= O | 1 1
0 1.0 20 30

Leaf nitrogen (mmol g™*)

Figure 3. Potential photosynthetic nitrogen use efficiency (PPNUE), or photosynthetic
capacity per unit of leaf nitrogen, as a function of leaf nitrogen for 21 species of
naturally growing C; plants representing a wide variety of growth forms and habitats.

Adapted from Field and Mooney (1986).
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source imbalance is by allocating new
biomass to the organs that acquire the
most strongly limiting resources. For
example, when plants become short
of carbon (e.g., by shading or herbi-
vores that remove photosynthetic tis-
sue) or have a relative surplus of
nitrogen, they compensate by produc-
ing proportionately more shoot and
less root material (Chapin 1980). The
resulting decrease in root:shoot ratio
reduces carbon stress and returns car-
bon and nutrient reserves to a balance
more favorable for growth. Converse-
ly, when nutrient limitations lead to
low nutrient concentrations and to
accumulation of carbohydrates,
plants respond by increasing their en-
ergy allocation to root growth, lead-
ing to a more favorable carbon:nu-
trient balance.

Plants also compensate for specific
nutrient imbalances. For example, ni-
trogen-deficient plants exhibit a high
capacity to absorb ammonium and
nitrate; potassium-deficient plants
have a high potential to absorb potas-
sium (Glass 1983). Plant roots are
also more prone to mycorrhizal colo-
nization as nutrient availability de-
clines. This further increases the ab-
sorptive potential of the root system,
although at a substantial carbon cost.

Growth. With all other factors equal,
natural selection probably favors a
high growth rate, close to the maxi-
mum that can be maintained in any
given environment. Plants character-
istic of resource-rich environments
tend to have high potential growth
rates, and plants characteristic of re-
source-poor environments tend to
have low potential growth rates
(Grime 1977). The abundance of
plants with low potential growth
rates seems paradoxical, unless one
considers the factors that make high
potential growth rates yield low real-
ized growth in low-resource environ-
ments. Possible factors include a
trade-off between a high relative
growth rate and efficiency of resource
use or the capacity to accumulate
reserves during rare periods of high
resource supply, so that these reserves
can continue to support growth dur-
ing later periods of low supply (Cha-
pin 1980).

Resource loss and resource use effi-
ciency. Plants respond to a low-re-
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source environment by reducing the
rate of tissue loss. Individuals within
a species tend to increase leaf and
root longevity in response to nutrient
stress, and in an ecosystem the pro-
portion of evergreen species increases
as habitat fertility decreases (Shaver
1983). By reducing resource loss,
plants of low-resource habitats re-
duce their resource demand and are
better able to achieve an internal bal-
ance favorable for growth. Conserva-
tion through decreased loss can be
specific to those resources that most
strongly limit growth. For example,
nutrient-stressed plants lose less nu-
trients by leaching (Tukey 1970) and
generally translocate a larger propor-
tion of nutrients from senescing
leaves (retranslocation) before abscis-
sion than do plants growing on more
fertile soils (Shaver and Melillo
1984). These factors contribute to the
high nutrient-use efficiency of plants
growing on infertile soils (Vitousek
1982). There is, however, little evi-
dence that species native to infertile
soils are more efficient in retransloca-
tion or nutrient use than species na-
tive to fertile sites when both types of
species are grown under the same
conditions (Chapin and Kedrowski
1983).

In response to drought, plants typi-
cally reduce transpiration rates by
partial stomatal closure; this reduces
the water loss more than the photo-
synthetic carbon gain, increasing wa-
ter use efficiency (i.e., carbon gain per
unit water loss). Similarly, shade
plants have low rates of dark respira-
tion and photorespiration, character-
istics that reduce carbon loss under
carbon stress so that they use photo-
synthetically gained carbon more effi-
ciently (Bjérkman 1981).

In summary, plants respond to re-
source limitation with growth and
allocation responses that tend to in-
crease the efficiency with which they
use the limiting resources. Especially
important are reduction of tissue loss
and conservation of the resources that
most strongly limit growth.

Single or multiple limiting factors?
Plants possess substantial homeostat-
ic capabilities that reduce imbalances
among the environmental resources
required for growth. Such compensa-
tion is seldom complete, however,
because the environment is constantly

changing, so a plant cannot achieve
perfect equilibrium with its resource
base, and because certain habitats,
such as deserts, present extreme re-
source imbalances. If plants have not
entirely compensated for resource im-
balance, Liebig’s law of the minimum
should apply. This hypothesis states
that plant growth is limited by a
single resource at any one time; only
after that resource is increased to the
point of sufficiency can another re-
source enhance plant growth. How-
ever, if plants compensate perfectly
for resource imbalance in the environ-
ment, growth should be equally limit-
ed by all resources (Bloom et al.
1985).

Field experiments using natural
plant communities frequently indicate
that two or more resources simulta-
neously limit plant growth. For exam-
ple, growth of several species in arid
grasslands responds to either nitrogen
or water (Lauenroth et al. 1978). In
Alaskan tundra, plant growth re-
sponds to temperature, light, and nu-
trients (Chapin and Shaver 1985).
These results suggest that either
plants in these communities are
simultaneously limited by several en-
vironmental resources or limitation
switches among different resources so
quickly during the growing season
that, over the time scale of the mea-
surements, it is not possible to identi-
fy a single limiting factor. In either
case, plants are clearly successful in
compensating for resource imbalance,
even in extreme environments.

The compensatory response to
multiple resource limitations is also
evident from growth chamber experi-
ments. Impatiens parviflora, a forest
understory herb, responds to addi-
tions of light, nitrogen, or phospho-
rus when grown under conditions
simulating its natural habitat (Peace
and Grubb 1982). Such simultaneous
limitation by multiple resources has
at least three potential advantages.
First, multiple limitation indicates ef-
ficient investment in resource acquisi-
tion. Limitation by a single resource
implies excess capacity for acquiring
nonlimiting resources. This excess
could potentially be redirected to-
ward acquiring the limiting resource
or toward other aspects of growth
and reproduction. Second, plants
simultaneously limited by several re-
sources can benefit from various re-
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source additions to the environment.
Third, as is evident from the study of
Peace and Grubb (1982), plants limit-
ed by multiple resources respond syn-
ergistically to the addition of multiple
resources, i.e., the growth response to
added fertilizer plus light was much
greater than if the responses had been
simply additive. Similar synergistic re-
sponses to the addition of more than
one nutrient or nutrient plus water
are common in field experiments
(Chapin and Shaver 1985, Lauenroth
et al. 1978).

Ecosystem implications

Natural plant communities are nor-
mally composed of several species,
each with slightly different physiolog-
ical characteristics and requirements.
Consequently, each species in a com-
munity may be limited by a slightly
different combination of resources.
For example, when light, nutrients,
and temperature were altered in two
tundra communities, each species
showed a different pattern of re-
sponse (Chapin and Shaver 1985).
Similarly, each species responds dif-
ferently to annual variations in envi-
ronment. Years that are favorable for
growth of some species reduce the
growth of other species, both because
of direct plant responses and competi-
tive interactions. Consequently, com-
munity productivity is much more
stable in the face of environmental
variation than is the productivity of
any individual species (Chapin and
Shaver 1985). Interspecific variation
in resource requirements almost cer-
tainly plays a role in community pop-
ulation dynamics comparable in im-
portance to its role in community
productivity. Collaborations between
physiological ecologists and ecosys-
tem and community ecologists will be
a key to developing a mechanistic
understanding of the dynamics of
complex natural communities.

Herbivory and resource levels. The
carbon:nitrogen balance of a plant
determines not only its own pattern
of resource acquisition and use but
also its susceptibility to herbivores
and pathogens and, therefore, the
trophic dynamics of the ecosystem.
Through evolution plants have devel-
oped diverse morphological and
chemical defenses against herbivores
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and pathogens. Defense is a costly
proposition. Morphological defenses
entail construction costs. Chemical
defenses require metabolic expendi-
tures, which may be great if concen-
trations of defensive compounds are
high or if they are rapidly recycled
(Mooney and Gulmon 1982).

In general, defense allocations in-
crease with environmental stress (Bry-
ant et al. 1983). Species characteristic
of stressful environments have re-
duced potentials for growth, even un-
der favorable conditions, and the tis-
sues that they produce are long-lived.
High levels of defense in these tissues
presumably increase the probability
that they persist through all or much
of their potential lifespans.

Within species, a given genotype
can vary the quantity of defensive
metabolites in response to herbivory
(Haukioja 1980) or changes in re-
source availability (Bryant et al.
1983, Waring et al. 1985). When con-
ditions are favorable, plants allocate
resources preferentially to growth
rather than defense, so levels of sec-
ondary metabolites tend to decline.
When a specific resource (e.g., nitro-
gen) limits growth, however, the
plant tends to accumulate other re-
sources (e.g., carbon) and uses these
to increase synthesis of secondary

metabolites (Bryant et al. 1983). For
example, tropical forests on nitrogen-
poor soils are evergreen and produce
leaves rich in lignin and tannin, two
major carbon-based secondary com-
pounds. Herbivory in these forests is
very low, often restricted to fruits and
seeds (Gartlan et al. 1980). In con-
trast, plants grown under low light
but with an abundance of nutrients
produce leaves with low concentra-
tions of carbon-based defensive sub-
stances (phenolics, tannins, lignin) and
high concentrations of soluble nitro-
gen. These plants are selectively at-
tacked by defoliating insects (Table 1).

The possibility that host suscepti-
bility can be altered by modifying
growing conditions has important
management implications. Game
managers interested in producing pal-
atable foliage may strive to alter the
relative availability of critical re-
sources to increase the nutritional val-
ue of foliage while still maintaining a
growth rate sufficient to assure per-
petuation of the vegetation. Alterna-
tively, foresters may seek a different
balance of resources that maximizes
defense and minimizes palatability. In
a 120-year lodgepole pine forest, for
example, treatments leading to a high
carbon:nutrient balance also con-
ferred a high resistance against bark

Table 1. Chemical composition of willow leaves (Salix dasyclados) under specified
environments permitting constant relative growth rates (Waring et al. 1985), and
consumption by leaf beetles (Galerucella lineola) given free access for 26 hours (Larsson

et al. 1986).

High light
High nutrients

Low light
High nutrients

High light
Moderate nutrients

Chemical Component

Phenolics 100*
(relative units)
Tanins 652
(relative units)
Leaf nitrogen 21.5°
(mg N/dm?)
Amino acids 2.4%
(mg N/dm?)
Nitrate 1.0?
(mg N/dm?)
Starch 5.12
(% dry weight)
Lignin 20.87
(% dry weight)
Consumption by
beetles 0.18*
(mg/plant)

30° 767

642 100°

13.5° 14.0°
2.3% 0.9°
1.7° 0.0°
5.32 20.7°

13.4° 24.5¢
1.00° 0.20%°

Within each row, values with different superscripts differ significantly at P < 0.05.
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beetles (Waring and Pitman 1985).
Introduction of nitrogen-fixing spe-
cies into communities where carbohy-
drate reserves already limit plant
growth could further reduce carbon-
rich defensive compounds and in-
crease the amount of herbivory. Simi-
larly, the impact of air pollution or
acid rain rich in nitrogen and sulfur
should be studied in light of the ef-
fects on carbon:nutrient balance and
the expected increase in the suscepti-
bility of forests to insect pests and
pathogens (Nihlgard 1985).

Future research directions

Past research in physiological ecology
has focused on plant adaptation to
sirigle environmental stresses. How-
ever, most natural environments are
stressful with respect to more than
one resource, and the nature of these
stresses changes with time and loca-
tion. Relatively little work has been
done in the area of plant responses to
multiple environmental stresses. We
suggest that future research should
emphasize two areas: mechanistic
studies of the responses of individual
plants to multiple environmental
stresses and studies of the responses
of species mixtures to variation in
environment. The first approach will
provide insight into modes of plant
response; the second addresses com-
munity- and ecosystem-level problems
with ecophysiological approaches.

At the individual plant level, we
need a more quantitative accounting
of the costs and benefits of the vari-
ous responses to changes in resoutce
balance. We have shown that the car-
bon cost of nitrogen acquisition is
large and varies with the source of
nitrogen and with light availability.
Similarly, patterns of nitrogen invest-
ment and carbon gain per unit of
nitrogen vary with the environment.
These relationships require more
careful quantification, evaluation in a
wider range of systems, and further
mechanistic exploration to identify
targets for possible manipulation.
Further, they must be related to over-
all plant performance, as measured by
growth and reproduction.

A second major goal at the individ-
ual plant level should be to explore
the physiological, biochemical, mor-
phological, and phenological adapta-
tions of plants to specific resource
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imbalances. The shade-tolerant herb
Impatiens parviflora responds to nu-
trient addition at all levels of light
intensity, whereas shade-intolerant
species respond to nutrients only un-
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