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Introduction
Three fundamental properties differentiate the ecology of plants and animals: resource use, mobility, and patterns of growth. Plants
are photoautotrophic (except for parasitic species), gaining energy solely from light, and take up essential nutrients (e.g., nitrogen)
mostly in inorganic forms. Plants are sessile, lacking mobility. Finally, plants exhibit indeterminate, modular growth, meaning that
they continue to grow their entire life span, and do so via expansion of modules (e.g., roots, stems, leaves) that often operate
independent of each other. Individual plant success is dependent upon its arrival as a seed (or some vegetative propagule, such as a
rhizome) at a suitable location and upon its ability to occupy that site and tolerate local conditions of the environment. Avoidance
of predation (herbivory) by plants is dependent upon mechanical, chemical, and life cycle characteristics. In contrast, animals get
their energy from other organisms, move within and between habitats to maintain a suitable habitat and, in addition to mechanical
and chemical deterrence, depend upon behavior for predator avoidance as well as for mating. In addition, being sessile means
plants must obtain light energy for photosynthesis by producing organs with a large surface area to volume ratio, such as occurs with
leaves, to harvest light energy, and extensive root systems with which to withdraw water and nutrients from the soil. In contrast,
animals have a relatively small surface area to volume ratio, and internalize their absorptive tissues within their bodies through
extensive folding (i.e., intestinal villi, alveoli in lungs), where they are protected against the vicissitudes of the environment, such as
desiccation and wind.
Plants have specific environmental requirements. For example, they require light, nutrients, water, carbon dioxide, and oxygen.
Each of these is a resource needed for growth, survival (maintenance), and reproduction. Acquisition of resources, along with
variation in availability of these resources determine the presence or absence of plants at specific sites. Additionally, tolerance ranges
of plants to environmental variables such as temperature, wind, physical soil properties, soil pH, fire, salinity, atmospheric
humidity, and the presence or absence of herbivores and dispersers all affect the ability of plants to colonize and utilize the
resources at a site. It is often the extremes of these factors, such as record low or high temperatures or early and late frosts, that
determine the persistence of a plant in a particular habitat, and not the average or range of values. It may only take one cold snap to
extirpate a species from an area, whereas a species might persist for many years even if the optimal level of resources is reduced, but
not by enough to cause death. Finally, resources are dispersed over time and space, which provide additional niche dimensions in
which plants are found.
This entry will examine the properties of the principal resources of plants, the factors affecting the availability of resources to
plants, and the response of plants to these variations. Finally, how these resources influence the interactions of plants to form
dynamic biotic communities will be discussed.
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Plant Life History Traits and the Principle of Allocation
Virtually all organisms are limited in their access to essential resources, especially energy, regardless of form, and plants are no
exception. The principle of allocation states that organisms have limited resources to allocate to three main functions required for
success of a species: growth, survival (maintenance), and reproduction. The wide variety of life history patterns among plants
(e.g., annuals, biennials, perennials) is the result of evolution selecting for optimal allocation of essential resources. Annual plants
(e.g., crabgrass) initially allocate resources to growth, but only long enough to produce flowers and seeds, after which essentially all
resources are allocated toward reproduction. In sharp contrast, long-lived perennials (e.g., oak trees) allocate more resources toward
maintenance (consider their large woody stem), with allocation toward reproduction confined mostly to growing seasons with high
resource availability (Fig. 1).

Light
Light is the energy resource of plants captured through the process of photosynthesis, but it also affects plants in myriad other ways.
The light used in photosynthesis is roughly comparable to the visible portion of the spectrum for humans (i.e., from 400 nm, the
blue wavelengths, up to 700 nm, the red wavelengths) and is expressed as the photosynthetic photon flux density (PPFD) in units of
mmol photons m2 s1. PPFD at sea level on a bright summer day is approximately 2000 mmol photons m2 s1. Alternatively,
beneath a forest canopy the PPFD can range from a low of only 5 up to 200 mmol photons m2 s1 (0.3%–10% of full sunlight)
although in most forests it tends to be less than 140 mmol photons m2 s1 (7% of full sunlight). Most plants reach their maximum
photosynthetic rates at PPFDs between 150 and 600 mmol photons m2 s1 although some plants, especially certain grasses like
Zea mays (corn) do not saturate even at full sunlight. Shade plants tend to saturate at lower PPFD than do sun plants, which is one
factor contributing to their ability to persist in deep shade.
At lower irradiances, light is limiting to photosynthesis and plant growth. Plant species with high irradiance requirements are
called sun plants, while those with lower light requirements are shade plants. Sun plants photosynthesize at greater rates in high light,
but are often unable to maintain themselves under low-light environments. Conversely, shade plants do well in low light, but can be

Fig. 1 Three patterns of life history among flowering plants illustrating variation in allocation of resources toward basic plant functions of reproduction, growth, and
maintenance. (A) A hypothetical situation wherein allocation is equal to all three; (B) an annual plant with allocation initially toward growth, followed by reproduction;
(C) long-lived perennial (i.e., tree) with disproportionate allocation of resources chronically toward maintenance, with allocation toward reproduction confined to
periods of high resource availability. Redrawn from Barbour, M.G., Burk, J.H., Pitts, W.D., Gilliam, F.S., and Schwartz, M.S. (1999). Terrestrial Plant Ecology,
3rd edn., Menlo Park, CA: Addison Wesley Longman, Inc.
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Fig. 2 Curves of net photosynthesis (PSnet) as a function of light intensity (PPFD) for a sun plant (Helianthus annuus, sunflower, open symbols) and a shade plant
(Oxalis rubra, wood sorrel, filled symbols). Positive values for PSnet indicate uptake of CO2 into the leaf, whereas negative values indicate release of CO2 from the leaf,
such as would occur if the leaf was only respiring (e.g., in the dark). Net photosynthesis is simply the difference between uptake (gross photosynthesis, PSgross) and
respiration (R): PSnet ¼ PSgross  R. The dashed line at zero photosynthesis indicates when PSgross ¼ R. Sun plants have higher maximum rates of PSnet in high
PPFD, and greater rates of R in the dark than shade plants. However, shade plants often have higher quantum efficiencies at low light as indicated by a steeper slope
of the photosynthetic curve below 200 mmol photons m2 s1. This means that shade plants achieve a greater increase in PSnet per photon absorbed than sun
plants, which is mainly a function of the fact that shade leaves are thinner and have less self-shading. The light compensation point is the PPFD where PSnet ¼ 0
(where PSnet crosses the dashed line) and is lower in shade plants than sun plants. This, coupled with lower R, may contribute to the ability of shade plants to persist
in low light habitats. Conversely, sun plants can achieve higher rates of photosynthesis and outcompete shade plants in full sun habitats. Adapted from data in
Figures 3 and 10 in Böhning, R.H. and Burnside, C.A. (1956). The effect of light on rate of apparent photosynthesis in leaves of sun and shade plants. American
Journal of Botany 43, 557–561.

inhibited by high light (Fig. 2). Shade plants have thinner, broader leaves which increase the efficiency of light capture, while sun
leaves are thicker and often contain an extra layer of cells with which to capture light for photosynthesis (Fig. 3).
On cloudless days, light is largely directional while on overcast days, it is mostly diffuse and appears to come from all directions.
Competition for light, and in particular, direct light, is mediated by differences in vertical plant size and angular distribution of
leaves. Shade plants frequently display their leaves in ways that minimize overlap (i.e., a mono-layer canopy such as that shown by
flowering dogwoods (Cornus florida), while sun plants have an architecture composed of multiple leaf layers, which maximizes light
interception (e.g., pines, Pinus sp., and birch trees, Betula sp.). The upper leaves of sun plants are often more vertically oriented while
the lower ones are more horizontal. This allows more light to penetrate farther into the crown, maximizing light interception by the
plant. These physiological and structural differences restrict shade plants to understory habitats and sun plants to more open
habitats.
Not only do plants respond to the quantity of light, but they can also detect the quality of that light. In full sun, for example, the
ratio of red to far-red light is approximately 1:1, whereas in the understory, it is substantially reduced, often to as low as 0.1:1. This is
because the green leaves of the canopy primarily absorb the red light and allow more of the far-red light to penetrate to the
understory. Plants have special pigments, such as phytochromes and cryptochromes, which respond to the lower ratio of red to far-red
light. This can stimulate height growth in shade-intolerant plants and serve as a mechanism to avoid prolonged shading. Some
shade-intolerant species, such as black cherry (Prunus serotina) have seeds that germinate only when the red: far-red ratio is near one,
because this indicates an absence of an overstory canopy, and thus conditions more suitable for germination and subsequent
survival.
Plants also differ with respect to their tolerance to the periodicity of light. In virtually any canopy environment, some light passes
through the canopy relatively unaffected by leaves and branches. This creates a light fleck (or sunfleck) on the surface below it. These
light flecks differ considerably in their duration and energy content. In one study in Great Smoky Mountains National Park, 80% of
the sunflecks lasted less than 1 min each, but contributed nearly 80% of the daily PPFD even though their cumulative duration
totaled only 6 h. Most sunflecks last less than 120 s, yet the 5% that are longer can contribute up to 75% of the total radiation input
to the forest understory. The intensity of light received in these sunflecks is proportional to their size and duration: larger and longer
sunflecks have higher PPFDs.
The photosynthetic apparatus of plants requires the prior presence of light to react quickly to a sunfleck, a phenomenon called
photosynthetic induction. Understory plants have a low irradiance requirement to remain induced, while sun plants require higher
light to maintain induction. Even though sunflecks are present for only a small fraction of the time, they contribute toward a
substantial amount of photosynthetic carbon gain by shade plants. In tropical forests, sunflecks may contribute from 30% to 60% of
the daily carbon gain, whereas it is a lower percentage (10%–20%) in temperate forests.
Another response to periodicity reflects changes in day length accompanying seasonal changes in temperate regions. For many
plants the length of the photoperiod controls flowering. Short-day plants will initiate flowering when day length gets shorter than
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Fig. 3 Light micrographs of cross-sections of (A) sun and (B) shade leaves of Chenopodium album. Sun leaves were grown in PPFD of
360 mmol photons m2 s1, and shade leaves in 60 mmol photons m2 s1. The bar in the lower right is 50 mm in length. Note the double layer of palisade
mesophyll cells in the sun leaves, and the greater thickness of the sun leaf compared to the shade leaf, which has only one layer of palisade mesophyll cells. The
light gray objects arrayed within and on the periphery of the mesophyll cells are chloroplasts. From: Yano, S. and Terashima, I. (2001). Separate localization of light
signal perception for sun or shade type chloroplast and palisade tissue differentiation in Chenopodium album. Plant Cell Physiology 42, 1303–1310.

some critical period (or more properly, as the night gets longer, since plants respond more to what happens at night than what
occurs during the day). Alternatively, long-day plants (i.e., short-night plants) will flower when day length exceeds a critical period.
A new hypothesis suggests photoperiodic control of flowering may be linked to internal circadian rhythms in plants. The ability to
properly time flowering enables plants to complete their reproductive cycle before adverse environmental changes limit their
activity. In the prairies of North America grasses must initiate flowering early enough to complete their reproductive cycle before the
first killing frost. For the same species in the north, flower initiation occurs in June, while in the south flowers are initiated in
October. The two populations are ecotypes (genetically different populations of the same species), and the differences in flowering
time are maintained when they are grown together in the same environment.

Water
The availability of water controls plant distribution on scales ranging from microhabitats to continents. Precipitation, temperature
and nutrient availability are the primary factors that distinguish the various biomes of the world and which exert controlling
influences on their annual productivity. Terrestrial annual net primary productivity (ANPP) is measured as g C produced m2 year1
and ANPP is the difference between annual gross primary productivity (AGPP), or how much C is assimilated by plants per m2 year1,
and how much is annually respired (Ra) away: ANPP ¼ AGPP  Ra. Annual evapotranspiration (AE) is a measure that integrates
precipitation and temperature and is positively correlated with ANPP across terrestrial biomes (Fig. 4).

Fig. 4 Relationship between the log of annual evapotranspiration (AE) and annual above ground net primary productivity (ANPP). The original units for ANPP and AE
are g biomass m2 year1 and mm H2O m2 year1, respectively. AE is the amount of water that enters the atmosphere from the combined activities of
evaporation from plant and soil surfaces and that which is transpired by plants. AE integrates the availability of both water and solar energy, which is why it is so
highly correlated with ANPP. The more available water, when combined with abundant solar energy to drive photosynthesis, leads to greater ANPP in ecosystems.
Figure Drawn from data in: Rosenzweig, M.L. (1968). Net primary productivity of terrestrial communities: Prediction from climatological data. American Naturalist
102, 67–74.
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Water in plant systems is best described using concepts of thermodynamics as exhibited by the concept of water potential (Cw).
This value, derived from the natural gas laws, expresses the energy contained in water in units of pressure (e.g., MegaPascals, MPa;
0.1 MPa ¼ 1 bar ¼  0.9869 atmospheres ¼ 750 mmHg ¼ 14.5 psi at sea level). The Cw of pure water is defined as 0 MPa.
Numerous physical and chemical factors affect Cw, including solutes (Cs), matric (i.e., surface) attributes (Cm), pressure (Cp),
and gravity (Cg). The addition of solutes to water lowers the free energy of water in that system by altering hydrogen bonding
between water molecules and by lowering their kinetic energy. Both of these changes result in a lowered capacity for that solution to
do work compared to pure water, which is why water containing solutes always has a negative Cs. For example, a 1.0 m solution
(g solute/kg water) of a nondissociating solute will create a Cs ¼  2.5 MPa. If this solution is separated from pure water by a
semipermeable cell membrane, then a potential energy gradient will exist from the water to the solution.
This energy gradient means that water will move from areas of high potential energy (pure water) to areas of low potential energy
(solution) following basic principles of thermodynamics. Since cells contain numerous solutes, water will move down the potential
gradient into the cell via osmosis resulting in an increase in cell volume. This increase in volume is quickly constrained by the
cell wall, which creates a positive pressure on the water in the cell. The end result is an increase in the Cp of the cell. Ultimately the
Cp (which is positive) would partially or totally offset the Cs (which is negative), and the cell would reach an equilibrium Cw
of 0 MPa. For example, a plant rooted in a wet, saturated soil, which would have a Csoil near zero, would have an equilibrium
Cplant also near zero. Total plant water potential is simply the sum of all the components of water potential described above:
Cplant ¼ Cs þ Cp þ Cm þ Cg.
Matric potential (Cm) is most important component in determining soil water availability, but is only a minor component of
Cplant. The surfaces of soil particles (sand, silt, and clay) provide a strong attraction to water and limit the ability of plants to absorb
this water. As soils dry down, the Csoil begins to decline and becomes more negative due to matric effects that result from the strong
adsorption of water (via hydrogen bonds)to the soil particles.
Water usually moves from the soil, then to the root, stem and leaf before eventually evaporating into the atmosphere. It does so
by moving passively down a C gradient from soil to atmosphere, which is known as the Soil-Plant-Atmosphere Continuum, or
SPAC. With few exceptions, this is a one way gradient, which is why water moves primarily from soil to plant to atmosphere. This
occurs because the atmosphere has a very negative C (e.g., at 50% relative humidity and 20 C, Cair ¼  93.6 MPa) while a dry soil
might be only 0.5 MPa. Plants effectively act as giant wicks, moving water from the relatively higher C in the soil, to the very low C
in the atmosphere (Fig. 5).
A temperate forest tree, transpiring at its maximum rate of about 10–15 mol H2O m2 s1 might have a Cleaf of 1.5 MPa. In
contrast, a creosotebush (Larrea tridentata) growing in the dry Chihuahuan Desert, may have a much lower Cleaf   7 MPa. This
shows the great range in Cplant possible among species adapted to habitats with different availabilities of water. Friction in the xylem
conduits, through which the transpirational water moves, and the inability of the root system to provide water at the same rate at
which it is lost from the leaves, leads to this drop in Cplant from the much higher Csoil. It is this drop in C that induces movement of
water from the soil into the roots, while the large gradient from the leaf to the atmosphere insures that water evaporates out of and
not into, the leaf.
The upward movement of water in the xylem of plants is widely accepted as occurring by cohesion-tension forces, a theory first
proposed in 1895 by the Irish botanist Henry Horatio Dixon and the physicist John Joly. Water lost by evaporation in leaves is
replaced by water pulled up by the strong cohesive forces between water molecules. Because more water is lost than can be replaced
by root uptake, and because of frictional resistances in the xylem, the water column is placed under tension (negative pressure) and
becomes metastable.
Pressure potentials within living cells are typically positive; however, the pressure potential of the water moving up the plant
through its xylem is negative, and frequently referred to as xylem potential (Cx). It is easily measured using a pressure chamber and
serves as a proxy for plant water status. The potential energy of water in the xylem column is also affected by gravity and Cx decreases
with height by 0.01 MPa m1. Thus a fully hydrated tree, 50 m in height, would have a maximum Cx of 0.5 MPa instead of 0 MPa
due to the impact of Cg. Maximum tree height (c. 130 m) may even be a function of the decreased Cplant with height because this
decreases turgor, increases the chances of embolisms, and ultimately reduces photosynthetic carbon gain at the tops of tall tree
crowns.
Plants have a physiological limitation for water absorption based upon their ability to lower osmotic potentials of root cells. This
limitation is described as the permanent wilting point (PWP), which is an expression of the water content of a soil when a plant is
no longer capable of extracting water from it. The Cplant at PWP varies with species, but for mesophytic, agricultural plants is
approximately 1.5 MPa. At PWP in sandy soil the remaining water may be less than 1% by dry weight, but in clay soil the water
content may be nearly 20% by weight. Small clay particles attract water more tightly than larger sand particles making it more
difficult for roots to extract.
Water use by individual plants varies considerably depending on plant size, availability of soil water, and atmospheric
temperature and humidity. A large tree may transpire as much as 1000 L H2O day1 whereas a desert cactus may lose less than
1 g day1. Transpiration ratio (TR) is a measure of water loss to carbon gain by plants, typically expressed as mass of water lost to
mass of plant weight gained (mol H2O/mol CO2). This value will vary between plants and the photosynthetic pathways they
possess (discussed below). Plants with the C3 photosynthetic pathway (most trees, wheat, for example) have a TR of 666–2000 and
have the least efficient TR; those with the C4 pathway (maize, sorghum) have an intermediate TR of 500–1000; while those with the
CAM pathway (cacti, pineapple) have the most efficient TR of 100–250. If calculated in terms of the demand for water
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Fig. 5 The Soil–Plant–Atmosphere-Continuum (SPAC). Water moves passively down a free energy gradient (i.e., down the Cw gradient) as it moves from
the soil into roots, then stems and leaves, before evaporating into the atmosphere. Because the atmosphere has such a low Cw, the gradient is unidirectional.
In essence, plants act as giant wicks, removing water from the soil and transpiring it back to the atmosphere. Frictional resistances in the xylem, and an evaporative
demand that exceeds the capacity of the roots to take up water, result in a lowering of the Cw along the pathway through the tree. Figure courtesy of Pearson
publishing.

(Mg H2O ha1 year1), which includes both the fraction taken up by the plant and that evaporated from the soil back to the
atmosphere, per unit biomass produced (Mg biomass (tonnes) ha1 year1), the differences in the ratios become quite dramatic.
For C3 plants, the ratio ranges from 400 to 1200, for C4 from 286 to 571, while for CAM it is 60–150. These differences account, in
part, for the relatively higher proportion of C4 and CAM plants in hot, arid regions where water is frequently limiting to plant
growth. The very high water use efficiencies of C4 and especially CAM plants is one reason why scientists are attempting to
incorporate these alternative photosynthetic pathways into C3 crop plants, so future agricultural water use can be reduced.
The water status of plants varies both seasonally and diurnally. Stomata usually open early in the morning and close at dusk.
Some plants may close their stomata in the afternoon because of drought stress resulting from an inability to match absorption to
transpiration rates. This results in a decrease in mid-day photosynthetic capacity, often termed the mid-day depression (Fig. 6).
Similarly, on a seasonal basis, when evapotranspiration rates have depleted soil water, low Csoil makes water uptake difficult. As a
consequence Cplant decreases, resulting in stomatal closure during much of the day, and preventing the occurrence of catastrophic
drought stress.
The velocity of water movement in xylem vessels and tracheids is proportional to the fourth power of the radius of the conduits.
Thus a simple doubling of conduit diameter can result in a 16-fold increase in flow, which means that larger xylem elements will
move most of the water in a plant. The first vascular plants evolved tracheids to conduct water. These relatively primitive xylem cells
have end walls and narrow conduits, and for water to move from one cell to another must pass through circular structures known as
pits, which have thinner cell walls than the rest of the cell surface. The most recently evolved plants, the angiosperms, or flowering
plants, have evolved shorter, but wider xylem cells known as vessel elements. These cells are joined end to end to form a conducting
tube, with end walls only occurring occasionally. Because of the lack of end walls, and their much wider diameters, water flows more
easily through vessels than tracheids, and angiosperms have a higher hydraulic conductivity than more primitive vascular plants,
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Fig. 6 Mid-day depression in photosynthesis for sun leaves of the understory herb Arisaema heterophyllum. The mid-day depression starts just after 10 am
and is maximal at about 1 pm (13 h) in the afternoon. The depression is initiated by the closing of the stomata due to excessive transpiration, which in turn reduces
the CO2 concentration inside the leaf. Low internal CO2 directly leads to lower photosynthetic rates, but it also favors relatively more oxygenation of the RUBISCO
molecule and higher rates of photorespiration, further contributing to lower photosynthetic rates. Later in the afternoon, when transpirational demands lessen,
stomata open and photosynthetic rates rise temporarily before dropping again, this time due to low light late in the day. Figure redrawn from: Muraoka et al. (2000).
Contributions of diffusional limitation, photoinhibition and photorespiration to midday depression of photosynthesis in Arisaema heterophyllum in natural high
light. Plant, Cell and Environment 23, 235–250.

like gymnosperms, as a result. Hydraulic conductivity is simply the ease with which a plant can move water through its xylem.
Tracheid diameters in some conifers, such as redwood trees may only be 20 mm, whereas in angiosperm lianas, such as kiwi
(Actinidia deliciosa) and grapevine (Vitis vinifera), which have very large vessels up to 500 mmin diameter), their hydraulic
conductivities are among the highest for any plants.
Because the water in the xylem of a transpiring plant is under tension and metastable, large negative pressures developing within
the xylem can result in cavitation, which is the formation of air bubbles in the xylem column. Cavitation can lead to embolisms, which
are breaks in the water column that result in the loss of conduction from that point on in the xylem.
Embolisms form when air is drawn into a xylem element because of a pressure difference across the cell wall (Fig. 7). Xylem
under large tension can aspirate an air bubble from outside the cell and pull it through pit pores that separate the xylem cell from a
neighboring air space. Once inside the cell, the negative pressure allows the bubble to rapidly expand, resulting in the embolism and
cessation of flow. The larger the pit pores, the more easily a bubble can be aspirated (a consequence of surface tension), and
susceptibility to embolisms is partially correlated with pit pore sizes.
Freezing can also result in the formation of embolisms due to the release of gases as the temperature of the xylem decreases (note
how gas bubbles form in ice cubes as the water freezes). Subsequent thawing under tension results in the expansion of these trapped
air bubbles and the formation of an embolism. The larger the xylem conduit, the more susceptible the plant is to such freezinginduced embolisms. As a consequence, lianas, which have the largest diameter vessels, are effectively absent from colder habitats,
such as occur at high elevations and latitudes. Instead, they reach their peak abundance in tropical habitats where freezing events are
absent. Conversely, the small conduits of tracheids found in gymnosperms afford protection from this type of embolism and may
account in part for their prevalence in such habitats. Most angiosperms contain a mixture of large diameter, rapidly conducting
vessels, and narrow diameter, slower conducting, tracheids, and vessels. The combination of these xylem elements provides a
measure of hydraulic safety for plants.

Nutrients
Plants generally require the same nutrients, although their absolute and relative requirements may vary. While nutrients have
traditionally been categorized into two classes (macro- and micronutrients) depending upon their proportion in the plant body,
this division has been difficult to justify from a physiological standpoint. A recent proposal divides nutrients into four classes based
on their biochemical and physiological functions in the plant. These are nutrients such as (1) N and S, used in organic compounds,
(2) P, Si, B, which are used for structural integrity and energy storage, (3) K, Ca, Mg, and others which are used in ionic form and, (4)
Fe, Zn, Cu, and other metals, which are involved in redox reactions.
Some nutrients are used in high amounts, and can constitute more than 1% of the weight of plants. These include C, H, O, N, P,
S, Ca, Mg, and K. Carbon, H, and O are incorporated into plants through photosynthesis and respiration while the remaining
nutrients are absorbed from the soil, although some, such as N, can be absorbed in gaseous form on occasion. Most of the other
nutrients make up less than 1% of a plant’s weight, such as Fe, Mo, Cu, Zn, Mn, and B. Although plants may contain Na, Cl, Se, Ni,
and Si, it is not always clear whether these elements are required. Nonetheless, some of these may contribute to the survival of
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Fig. 7 Cavitations can arise from either air-seeding or freezing in xylem conduits. The functional conduit on the left is a xylem element containing water
under tension. The conduit on the right is an embolized xylem element, with no water inside. The upper two xylem elements illustrate freezing-induced cavitation
while the bottom one shows cavitation caused by air-seeding. With air seeding, the pressure differential across the xylem cell wall is so great that an air
bubble is aspirated from an intercellular airspace outside the xylem, or from an adjacent, embolized xylem element, and pulled into the functional conduit through
the pit pores. Pit pores are spaces between the cellulose microfibrils where the secondary cell walls are absent and can facilitate intercellular movement of water.
Because functional xylem is under negative pressure (tension), and the airspace outside is at atmospheric pressure, the air bubble is directed inwards toward
the functional conduit. If the pressure differential becomes large enough, it overcomes the surface tension of the air bubble, enabling it to be pulled into the conduit.
This action constitutes the cavitation event. Once inside the xylem cell, the low xylem pressure allows the bubble to rapidly expand and form an embolism.
Once embolized, the xylem conduit can no longer conduct water to the leaves. With freezing-induced embolisms, bubbles form as the sap freezes. When the conduit
thaws under tension, the bubbles rapidly expand and embolize the xylem element. Figure taken from: Cain, M.L., Bowman, W.D. and Hacker, S.D. (2011). Ecology,
2nd edn, Sunderland, MA: Companion website by Sinauer Associates.

certain plants. Silicon is found in high amounts in grasses and horsetails (Equisetum sp.) while other plants accumulate nickel to very
high amounts (hyperaccumulators), both of which may be strategies to deter herbivores. Sodium is thought to be required for plants
that perform C4 photosynthesis.
Soil nutrient availability may be divided into two groups: (1) nutrients whose availability is largely controlled biologically, for
example, N, and (2) those whose availability is largely controlled abiotically, for example, P. The nitrogen cycle consists of
biological processes involving incorporation of atmospheric nitrogen into ammonia or ammonium nitrogen (fixation), release
of organic nitrogen into the soil solution (mineralization), and conversion of ammonia into nitrate (nitrification), which is the
form of nitrogen most commonly absorbed by plants. Each of these steps is mediated by soil microbes that control the rate of
availability of N to plants. Soil factors such as oxygen content and pH have important effects on the availability of N because of
effects on soil microbes and root functioning.
Successional processes (the changes in plant communities through time) can also affect the partitioning between nitrate and
ammonium nitrogen. Apparent nitrate uptake decreases during succession while ammonium uptake increases, which are mechanisms by which late successional communities conserve nitrogen and energy. Since nitrate is a negatively charged anion it is
repulsed by the negatively charged soil particles and is lost from ecosystems after disturbances. Ammonium, on the other hand, is a
positively charged cation and is retained in the soil. Furthermore, less energy is required by plants to build nitrogen containing
organic compounds from ammonium than from nitrate.
Phosphorus is most commonly available to plants as phosphate and is ultimately derived from the substrate. The availability of
phosphorus is controlled by pH and the abundance of other ions that immobilize it in the soil. Calcium, silicates, and oxides of
aluminum and iron bind phosphorus at different soil pH resulting in low soil availability. Phosphorus availability to many plants is
enhanced by mutualistic relationships between plants and mycorrhizal fungi. These fungi derive carbon energy from the host plant
and have hyphae that extend through the mineral soil and absorb large quantities of phosphorus (as well as other nutrients such as
N, also C and even water), which are shared with the host plant. These mutualistic associations arose as soon as plants began
colonizing terrestrial habitats, perhaps in response to the extremely limiting amounts of available phosphorus on land before the
formation of deep, nutrient rich soils. So, despite the abiotic control of phosphorus availability in the soil, the absorption by plants
of phosphorus at low concentrations is often dependent upon an association with mycorrhizal fungi.
Mycorrhizae can even transfer nutrients and carbon among individual trees whose roots are connected by the same hyphae.
Suzanne Simard and colleagues used 13C and 14C isotopes to follow the movement of carbon from one tree to another through
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interconnected hyphae for individuals of Douglas fir (Pseudotsuga menziesii) and across species boundaries to paper birch (Betula
papyrifera). Trees in full sun served as “donor” trees and provided C to the trees in the shade (“receiver” trees). This illustrates that
there are complex biological interactions taking place belowground among plants, fungi and soil fauna that have strong influences
on aboveground processes.
Nutrients present in excess amounts in the soil can result in toxicity symptoms in plants. In theory, any element may be present
in excess, including nitrogen, but the most common forms of nutrient toxicity arise from salinity and heavy metals. Salinization of
soils is a worldwide problem that results from high evaporation rates after irrigation in arid regions. Evaporation concentrates salts
in the upper soil layers, where it can reach toxic levels. There also biological processes that concentrate salt. The invasive saltcedar
(Tamarix spp.) transpires copious amounts of salt-laden water that it absorbs from deep within the soil (Fig. 8). The result is the
accumulation of salts in its leaf tissues, which it then exudes from special salt glands. The salt then falls off the tree and accumulates
in the upper layers of the soil to the detriment of surrounding plants, since the salt is both toxic and makes water uptake difficult
because it decreases csoil.
Excess N deposition may cause plant diversity to decrease in various ecosystems. Preindustrial N deposition rates may have been
as low as 2 kg N ha1 year1, whereas today in Europe and the eastern United States, this represents <10% of rates in the eastern
United States and <1% of the maximum rates in Europe. Mechanisms for the decline in diversity include altering interspecific
competition to favor nitrophilic species over a diverse N-efficient flora, increasing degree of herbivory, decreasing success of
mycorrhizal infections, increasing severity of pathogenic fungal infections, and enhancing success of invasive species. Nitrogen
deposition may also reduce carnivory in pitcher plants by shifting production away from pitchers, which are the leaves that capture
prey, to phyllodes, which are leaves that only do photosynthesis.
Lastly, acid deposition can cause the leaching of cations from the soil, creating nutrient deficiencies for certain plants. Acid
deposition (as either rain, fog, dew or snow) is the result of nitrogen and sulfur compounds being added to the atmosphere through
combustion processes such as coal burning, and their transformation to nitric and sulfuric acids. These acids compete for binding
sites on soil particles and cause leaching of Caþ2, Kþ, Mgþ2, and other cations. The loss of these ions, and in particular, Ca2þ, can
result in an inability of some trees, particularly red spruce (Picea rubens) to withstand extreme cold periods, and may be a cause of
forest decline in northern areas. Soil acidification also increases the solubility of heavy metals, such as Al3þ, which is extremely toxic
to roots. Acidic deposition may have leached so much Ca2þ out of the soils at the Hubbard Brook site in New Hampshire, United
States, where nutrient cycling patterns have been studied since the 1960s, that forests there are unable to increase their biomass from
year to year.

Adaptive Plant Strategies
One of the goals of any science is to develop predictive theories on which future research can be based. This is how science
progresses, which distinguishes it from faith based initiatives, where the conclusions are reached without reference to either data or
experimentation. In plant ecology, scientists continue to search for particular adaptive (i.e., evolutionary) plant strategies that may
be used conceptually to increase our knowledge about how plants interact to form communities and ecosystems. If a set of

Fig. 8 Salt Cedar (Tamarix sp.) is an exotic invasive tree that currently occupies over 1.6 million acres of land in North America alone. It is highly competitive
with native species, often displacing them from riverine habitats. It can extrude salt from glands in its leaves and raise the salinity level of soil so much
so that native plants are excluded. It also has very high transpiration rates which deplete soil water and further enhance its competitive abilities. Photo courtesy
of Dr. Jonathan Horton.
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functional traits can be found that have broad predictive capabilities, this would eliminate the necessity of studying each of the
225,000 species of plants, which would be an essentially impossible task. In this section, various adaptive plant strategies are
examined, but it should be kept in mind that this list is by no means complete, and that the very concept of functional traits is still a
matter of much discussion among ecologists. Also, the reader should rest assured that in applying the concept of “strategy” to plants,
we are not implying that they have either intent or foresight to prepare for the future. Rather, adaptive plant strategies are the means
by which plants come to be competitively successful through the exploitation of various physiological and structural attributes, each
of which have evolved as the result of natural selection.

Plant Functional Groups—Alternative Photosynthetic Pathways
All higher plants assimilate CO2 through the process known as C3 photosynthesis, named for the fact that the first stable product is a
3C sugar, 3-phosphoglycerate, or 3-PGA. In addition, however, two alternative photosynthetic pathways have evolved; the C4
pathway, named for the fact that the first stable product of fixation is a 4C organic acid and the crassulacean acid metabolism
pathway, or CAM as it is known (named after plants in the Crassulaceae family). Both alternative pathways incorporate a new
primary fixation event involving another enzyme, phosphoenolpyruvate carboxylase (or PEPc) before shuttling the fixed carbon to
the C3 apparatus. These new pathways can be viewed as “add-ons” to the more evolutionarily primitive C3 pathway. The C4
pathway involves a spatial separation, whereas CAM involves a temporal separation, of additions steps.
The evolution of CAM preceded that of C4, and is restricted to vascular plants, whereas C4 has evolved only in the angiosperms.
CAM plants make up about 6%–7% of the flora, whereas C4 plants comprise just 3%. Both groups, however, are ecologically
important in ways that belie their taxonomic rarity; CAM plants predominate in desert and epiphytic habitats, whereas C4 plants
thrive in warm, dry areas, but with notable exceptions in both cases.
During the process of C3 photosynthesis, light energy is used to fix CO2 in the chloroplasts to create a stable 3C compound,
known as a triglyceride, which gives this pathway its name. All plants are derived ultimately from the green algae, which also
perform C3 photosynthesis, and it is the evolutionarily most primitive pathway in plants. The fixation process is catalyzed by an
enzyme known as RUBISCO, which stands for ribulose-1,5-bisphosphate carboxylase oxygenase. Having evolved long before global
oxygen levels reached their current levels, it is probably an accident of evolution that it can also fix O2 in addition to CO2. Under
ambient conditions, about one in four fixation events is an oxygenation instead of a carboxylation, resulting in an efficiency of
carboxylation of 75%. Oxygenation adds no new C to the plant, but instead results in the loss of CO2 through a process known as
photorespiration.
Beginning 100 MYa, atmospheric CO2 levels began declining and during Pleistocene glaciations (2 MYa) may have ranged
between 180 and 200 ppm. For comparison, preindustrial concentrations were 270–290 ppm, whereas current levels (2018) now
hover around 409 ppm, an increase almost solely due to human activities especially the burning of fossil fuels. These low prehistoric
atmospheric CO2 concentrations would have reduced the gradient for diffusion into the leaf, making photosynthesis difficult for C3
plants. Since CO2 and O2 competitively inhibit each other for binding sites on RUBISCO, the low CO2 levels would have also
favored a relative increase in the rate of oxygenation. Beginning around 35 MYa fossil leaves of plants structurally different from
typical C3 plants are found, constituting the first evidence for the evolution of a new photosynthetic pathway known as C4
photosynthesis. These plants are categorized by their ability to concentrate intercellular CO2 around RUBISCO to enhance
photosynthesis when atmospheric concentrations are low.
C4 photosynthesis evolved independently at least 66 times in 19 families of angiosperm plants (of which four, Poaceae,
Cyperaceae, Chenopodiaceae, and Amaranthaceae account for most lineages). While C4 plants constitute only about 3% of all plant
species (7500 species), they account for nearly 25% of all annual net primary productivity worldwide (mainly in the large
grasslands such as the savannas and prairies) making them extremely important ecologically. In addition, some of our most
important crops are C4, such as maize (Zea mays), sugarcane (Saccharum officinarum), and sorghum (Sorghum bicolor).
C4 leaves differ structurally from those in C3 plants (Fig. 9). C3 plants have an upper layer of long columnar cells (palisade) and
a lower layer of irregularly spaced and shaped cells (spongy) where photosynthesis occurs. Leaves of C4 plants, on the other hand,
are divided into mesophyll cells and another set of large cells surrounding the vascular bundles known as bundle sheath cells. This
type of leaf anatomy is called Kranz anatomy (“Kranz” means “wreath” in German), and was known to plant scientists in the late
19th century. However, the link with C4 photosynthesis was not realized until the mid-20th century.
PEPc is kinetically faster than RUBISCO and insensitive to O2. It fixes CO2 onto a 3C pyruvate molecule in the mesophyll cells to
form a stable 4C compound, usually oxalic or malic acid. The malic acid is then shuttled to the bundle sheath cells where the
recently fixed CO2 is then removed from the organic acid and subsequently fixed via RUBISCO and the C3 pathway (Fig. 10). To put
it simply, C4 is an “add-on” to the C3 pathway. The end result of this process is that it functions to “pump” CO2 to the bundle
sheath cells, where it can build up to concentrations nearly 10  those in ambient air. This shifts the competitive equilibrium
between carboxylation and oxygenation on RUBISCO in favor of the former, essentially eliminating photorespiration. As a
consequence, rates of photosynthesis can be substantially higher than those found in C3 plants.
Although C4 photosynthesis may have originally evolved as a way to cope with declining atmospheric CO2 concentrations, any
ecological situation that resulted in a substantial loss of carbon from photorespiration probably served as a necessary selection
pressure for this photosynthetic pathway. In habitats where high salinity, temperature, or drought would cause stomatal closure and
a lowering of the internal CO2 concentration, there would be more photorespiration and evolution of the C4 syndrome would be
favored.
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Fig. 9 Idealized cross-sections of (A) C3 and (B) C4 leaves. The enlarged bundle sheath cells surrounding the vascular bundle in C4 leaves give rise to the
anatomical formation known as Kranz anatomy. The term “Kranz” refers to the wreath-like arrangement of the cells around the vascular strand. In C3 plants, CO2 is
assimilated in both the palisade and spongy mesophyll cells via the C3 pathway, using the enzyme RUBISCO to perform the fixation reaction. In C4 plants, CO2 is
initially fixed in the mesophyll cells by phospho-enol pyruvate carboxylase (PEPc), and a four carbon organic acid is then transported to the bundle sheath cells,
subsequently decarboxylated, and the resultant CO2 fixed by RUBISCO via the C3 pathway. Any photorespired CO2 is re-assimilated by the mesophyll cells before it
can escape the leaf, which is one reason for the absence of any apparent photorespiration in C4 plants. Figure courtesy of: Tipple, B.J. and Pagani, M. (2007). The
early origins of terrestrial C4 photosynthesis. Annual Review of Earth and Planetary Sciences 35, 435–461.

Fig. 10 Schematic comparisons of the three major photosynthetic pathways in plants. C3 plants fix CO2 onto a 5C sugar (ribulose-1,5-bisphosphate) in both
palisade and spongy mesophyll cells using the enzyme RUBISCO. The resultant 6C compound splits into two 3C sugars, which constitute the first stable products of
photosynthesis and which give the pathway its name. C4 plants perform an initial fixation of CO2 onto a 3C compound (phosphoenolpyruvate) by PEPc that is found
only in mesophyll cells, to form a 4C organic acid. This acid is then shuttled to the bundle sheath cells where the CO2 is removed. The 3C pyruvate is recycled back to
the mesophyll cells while the CO2 is fixed by RUBISCO via the C3 pathway, which is localized only to these specific cells. The CAM pathway is very similar to the C4
pathway, but both fixation reactions occur in the same cell, although at different times. The initial fixation by PEPc occurs at night, whereas the decarboxylation and
re-fixation by RUBISCO occur during the day using the energy of the sun to power these reactions. By opening their stomata at night, CAM plants achieve the highest
water use efficiency of any of the photosynthetic pathways. NOTE: Original artwork by authors.

The lack of photorespiration shifts the temperature optimum for photosynthesis higher for C4 compared to C3 plants. C3 plants
reach maximum photosynthesis in a broad plateau centered around 25 C, whereas in C4 plants it is 35 C or higher. The higher
photosynthetic rates of C4 plants allow them to assimilate more C per unit of water taken up, which is why their water use
efficiencies are so much higher than for C3 plants (see earlier discussion). This is one reason why C4 plants are common in warmer,
drier areas. In more mesic habitats they often reach their peak activity during the drier portion of the year. In the prairies of central
North America, C3 species dominate in the cool, wet spring, while C4 species become more common in late summer when it is
hotter and drier. Biogeographically, the proportion of a flora that is C4 declines with both latitude and altitude to the point that
there are no native C4 plants in Alaska, or in most arctic or alpine areas (Fig. 11).
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Lastly, C4 plants discriminate less than C3 plants against heavy stable isotopes of carbon, such as 13C (Fig. 12). C4 plants have a
discrimination of between  10 and 18 parts per mil, whereas C3 plants range between 23 and 36 parts per mil, with no
overlap. This means that stable isotopes analyses can be used to distinguish which plants are C3 or C4. Stable isotope analysis can be
used to analyze annual average water use efficiencies of plants, dietary preferences (you are what you eat), agricultural practices, and
the relative productivity of C3 and C4 plants worldwide. Scientists have analyzed the stable 13C isotope ratios of human skeletons
from South America and used the change in 13C/12C ratios to estimate that after 1000 AD maize (a C4 plant) became a prominent
staple food in the diet.
A third photosynthetic pathway, first noted in the family Crassulaceae, and now called crassulacean acid metabolism (or CAM)
bears strong resemblance to C4 photosynthesis in that it concentrates CO2 around RUBISCO, but the separation of the two fixation
reactions is temporal instead of spatial and occurs in a single cell. These plants include all the cacti, many succulents, and even
pineapples (Ananas comosus) which grow in the most xeric environments, such as deserts, as well as a variety of epiphytes like
Spanish moss (Tillandsia usneoides), an iconic CAM plant that grows on trees in the southeastern United States. CAM plants, for
reasons discussed below, can, paradoxically, also occur in aquatic habitats.
The unique distinguishing feature of CAM plants is that they open their stomata at night, at which time CO2 diffuses in and is
fixed by PEPc. The resultant malic acid is stored in the large central vacuole overnight. This requires a large volume of water, which is
why many CAM plants have thick, succulent leaves. During the day, the malic acid is decarboxylated and the sun’s energy is used to
fix the CO2 into triglycerides using RUBISCO and the C3 pathway. By restricting stomatal opening to the cooler night time hours,
these plants greatly reduce transpirational water losses, and as a result, have the highest water use efficiencies of any plants, which in
turn, enables them to grow in the driest habitats.
CAM plants are also found in aquatic habitats, particularly small pools of water where the CO2 concentrations during the day are
depleted by the photosynthetic activities of other plants and algae. Plant such as Isoëtes sp. take up CO2 at night when respiratory
processes have raised the CO2 concentrations in the water, and then during the day, they decarboxylate the malic acid and fix the
CO2 into 3-PGA via the C3 pathway.

Plant Functional Traits
Currently, 225,000 species of plants are catalogued, but scientists estimate that there may actually be 298,000 species throughout
the world. If we are to understand global patterns in functioning, and use these inputs for predicting community successional
patterns and ecosystem functioning, we will need to develop proxies for various species traits, such as photosynthesis, reproduction
and growth, since it will be impossible to measure these for each and every species. Plant functional groups, such as the alternative
photosynthetic pathway traits discussed earlier, or Raunkiær’s lifeform classifications based on the location of the perennating bud, are

Fig. 11 The percentage of the grass flora that is C4 plants in North America. The percentage decreases with increases in latitude. There are no native C4 grasses
in Alaska, although crabgrass (Digitaria sanguinalis), which is C4, has been introduced there now. Similar biogeographical patterns hold for C4 forbs (herbaceous
plants that are not grasses). Figure adapted from Teeri, J.A. and Stowe, L.G. (1976). Climatic patterns and distribution of C3 and C4 grasses in North America.
Oecologia 23, 1–12 as presented on the web by Forseth, I.N. (2010). The Ecology of Photosynthetic Pathways. Nature Education Knowledge 3(10), 4. http://www.
nature.com/scitable/knowledge/library/the-ecology-of-photosynthetic-pathways-15785165.
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Fig. 12 C3 plants discriminate more against the uptake of 13C than do C4 plants. The light gray bars show the discrimination in C3 plants in d13Cplant units
and the dark gray bars that by C4 plants. d13Cplant units are a way of expressing how much less 13C is in a plant relative to a fixed standard, such as Pee Dee
belemnite, a clay obtained from South Carolina and which is used to calibrate such measurements. Two things are clear from this graph: (1) C3 plants have a wider
range of discrimination than C4 plants and (2) the mean discrimination is much greater in C3 than C4 plants. Also, since there is no known overlap between
the two groups of plants, d13Cplant analysis can be used to distinguish the C3 and C4 photosynthetic pathways of a plant without having to resort to measuring gas
exchange or leaf biochemistry. Figure from: Tipple, B.J. and Pagani, M. (2007). The early origins of terrestrial C4 photosynthesis. Annual Review of Earth and
Planetary Sciences 35, 435–461, and the original figure was obtained from data in Cerling, T.E. and Harris, J.M. (1999). Carbon isotope fractionation between diet
and bioapatite in ungulate mammals and implications for ecological and paleoecological studies. Oecologia 120, 347–363.

attempts at just such an endeavor. However, these classifications, while useful for distinguishing major plant types across
biogeographical distances, ultimately fail when it comes to predicting growth because they contain no physiological mechanisms,
and also because structural traits tend to cross over these particular groupings, making the distinctions less useful for modeling
purposes. For example, some genera of trees and herbs may have species with thin leaves and high photosynthetic rates, as well as
species with thick, evergreen leaves and low photosynthetic rates. Thus, the anatomical classifications are of limited utility for
determining those factors constraining physiological functioning, productivity and reproduction.
An alternative strategy is find a suite of traits that is quantitative, continuous, easily measured, and has broad explanatory power
without reference to a particular species. Such traits would represent broad-based evolutionary patterns that serve as proxies for how
plants respond to environmental selection pressures, and could be incorporated into predictive models, such as, for example, how
plants will respond to future global climate change.
A variety of traits have been proposed for just such an effort (Fig. 13). The most successful attempts to date include three major
trait dimensions: (1) a leaf economics spectrum, running from cheap (on a carbon basis), short-lived, leaves with high nitrogen
content (and consequently high photosynthetic rates), to thicker and denser (i.e., higher mass per unit area), longer-lived leaves
with lower nitrogen content; herbs, grasses, and deciduous trees cluster with the former group, while evergreen plants are
representative of the latter; (2) reproductive output, whereby species with larger seeds have a lower output per m2 of canopy, but
higher survival rates upon germination and throughout the plant’s early life, and (3) final height at maturity, where final height
trades off with rapid, early height growth or tolerance to shade.
Newly formed leaves become “profitable” after photosynthesis accrues enough new carbon to pay back the construction costs for
that leaf, that is, the carbon that was expended to make new cell walls and membranes, as well as the photosynthetic apparatus.
Once these costs are paid back, any additional assimilated carbon can be considered profit, and is exported to other parts of the
plant to build new roots, stems, more leaves, and of course, reproductive structures such as flowers and seeds. Thin, less dense leaves
require less time to become profitable because of the smaller amount of carbon invested in them, whereas thicker and denser leaves
take longer. As a consequence, leaf life spans are shorter where the pay back times are shorter, such as for thin leaves, those with high
photosynthetic rates, and those in full sun. Spring vernal herbs, such as trout lily (Erythronium americanum) make such leaves. These
plants take advantage of a small window of opportunity for photosynthesis that is limited to the period before the overstory canopy
leafs out, when most of the carbon assimilation for these plants is accomplished. They have fairly high photosynthetic rates and can
assimilate most of their annual carbon in just a few weeks. Once the canopy closes their leaves senesce rapidly and their total
lifespan may be only a few weeks. In contrast, evergreen plants, which invest a considerable amount of carbon to make durable
leaves, have lifespans that exceed 1 year, and some pines can maintain needles for over a decade. When scientists combine climate
parameters with leaf trait variables their models are able to explain nearly 75% of the variation in photosynthetic rates, nitrogen
concentrations, respiration rates and specific leaf area (g m2 of leaf ), all without reference to any one particular species.
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Fig. 13 The lifespan of a leaf is highly correlated with the mass of leaf tissue per unit area of leaf (g m2). Leaves with a higher mass per area have longer
leaf lifespans because they require a longer period of time to pay back their construction costs (i.e., the amount of carbon and nutrients invested in building the
new leaf ). Once these costs are met, the leaf can then provide a net benefit in terms of carbon to the plant. This is but one of many correlations among various leaf
traits that make up what is known as the worldwide leaf economics spectrum. These correlations cross over species and may be useful in developing models
of plant functioning without having to make detailed physiological measurements on all known species. Figure from: Westoby, M., Falster, D.S., Moles, A.T.,
Vesk, P.A. and Wright, I.J. (2002). Plant ecological strategies: Some leading dimensions of variation between species. Annual Review of Ecology and Systematics 33,
125–159; and is redrawn from original data in: Reich, P.B., Walters, M.B., and Ellsworth, D.S. (1997). From tropics to tundra: Global convergence in plant
functioning. Proceedings of the National Academy of Sciences of the United States of America 94(13), 13730–13734.

Functional traits other than leaves are also being investigated. They include a worldwide wood economics spectrum, whereby
woody plant strategies can be estimated using easily measured traits such as density, which integrates both structural and functional
attributes. For example, wood density is an excellent predictor of mid-day water stress and whole tree transpiration rates,
independent of any particular species designation. A recent metaanalysis (a metaanalysis is a study of general patterns obtained
from a suite of previous independently done studies) showed that the relationship between density and water use was quadratic in
form: trees with either low or high wood density had lower transpiration rates than those with an intermediate density. The
explanation proposed for this pattern is that trees with low wood density have wider diameter conducting xylem elements that are
more susceptible to cavitation. Under stressful conditions these trees close their stomata to restrict water loss, while conversely, trees
with high wood density have narrower conduits that limit the maximum rate of water movement up the trunks due to the
constraints imposed according to the Hagen–Poiseuille law, where flow is proportional to the fourth power of the radius.
The evolution of potential plant strategies could be restricted by limited genetic variation in particular traits, which would
constrain their ability to evolve in the face of strong pressures from natural selection. However, recent analyses of the amount of
genetic variation in populations for various functional traits suggests that genetic constraints are less important than natural
selection in determining the suite of traits that make up the worldwide leaf and wood economics spectra. The interesting
opportunities for future research are to more clearly understand the tradeoffs among adaptive traits that result in the plant forms
and functions specific to particular habitats and biomes, and why there is selection against alternative trait syndromes.

Plant Interactions
Interactions between plants are one of the driving forces controlling plant community structure. The nature, importance, and
demonstration of these interactions generate considerable discussion among ecologists. Such interactions can result in the
elimination of species from communities through the various processes of competition, whereas even very small niche differences
may be enough to maintain a high biodiversity of perennial plants, sometimes for several hundreds of years.
Interaction between plants resulting in increased plant growth is called facilitation, which is most frequently viewed as one
species making the environment less harsh to which the second species responds favorably. An example of facilitation is hydraulic
lift. In arid environments surface soils become too dry to support shallow-rooted species, but deep-rooted species persist. In the cold
deserts of North America, big sage (Artemisia tridentata) brings water to the surface from deeper layers. Some of this water then
diffuses into the soil and supports herbs beneath the shrubs. Another example involves the fixation of atmospheric nitrogen by
legumes that colonize young, infertile soils recently exposed by retreating glaciers. The addition of nitrogen to the soils then allows
other plants with higher nutrient requirements to establish.
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Negative interactions between plants occur when one or both plants grow poorly in the presence of the other. The term
“competition” is frequently used to describe any negative interaction; however, this use does not fully describe the mechanisms of
the interaction. If the interaction is a result of two plants utilizing the same limiting resource such as water, light, or nutrients, then
that interaction is called “resource competition” or “scramble competition.” Typically the species differ in their ability to utilize the
resource or to tolerate the result of reduction of the resource. Competition for water was demonstrated in a study of the interaction
between the perennial bluebunch wheatgrass (Agropyron spicatum) and the introduced annual cheatgrass (Bromus tectorum) in the
Palouse prairie grasslands of Northwestern United States, where most of the limited precipitation falls as winter snow. Cheatgrass
grows in the winter, exhausts the water supply, and survives the summer drought as seed, while the bluebunch wheatgrass grows
slowly in winter, experiences low water availability for its summer growth, and dies. This exemplifies the preemptive use of a
resource and the tolerance of the result by cheatgrass.
Negative interactions may result if a substance is added to the environment by one plant with a detrimental effect on a second
plant. This may be referred to as “interference competition” or “contest competition.” Plants add a wide range of chemicals to the
environment that have negative effects and include salts, phenolics, terpenes, alkaloids, mustard oils, and cyanides. If the added
material has a negative effect on neighboring plants, then the term “allelopathy” is used to describe the interaction. However, such
chemicals may also have additional effects in the ecosystem, such as deterring herbivores, altering litter decomposition, and
affecting the nitrogen cycle. Chemical interactions among plants is now a vibrant field of study, and may help shed light on such
topics as why invasive species often do so much better in their nonnative environment than the one they evolved in.
An early classic study of allelopathy by Cornelius H. Muller in the California chaparral described interaction of an aromatic
shrub (Salvia leucophylla) with the surrounding annual grassland in which a zone immediately surrounding the shrubs was devoid of
grasses, a second zone stretching out an additional 2 m had stunted grasses of a limited number of species, and a third zone was
composed of uninhibited grasses, including wild oat (Avena fatua) and ripgut brome (Bromus diandrus) (Fig. 14). Muller demonstrated that the shrubs produced a variety of volatile terpenes (e.g., cineole and camphor) with the potential to inhibit growth of
seedlings. However, later studies showed that the situation was much more complicated and could not be attributed solely to the
production of allelochemicals from the Salvia. When herbivore exclosures were erected in the bare zones, grasses and other plants
began growing there, suggesting that animals were also involved in the maintenance of the bare zones about the shrubs.
More commonly, allelopathic interactions result from water-soluble materials leaching from the canopy or litter or which are
actively exuded from roots. In some cases, production of allelochemicals is stimulated by another stress, such as herbivory. When
sagebrush is eaten by herbivores, it responds by producing allelochemicals that inhibit the germination of nearby plants. The Novel
Weapons Hypothesis was proposed recently to explain biogeographical patterns in the success of the invasive species Centaurea
diffusa. It states that when species are introduced to a new ecosystem, they may produce novel allelochemicals that inhibit native
plants and facilitate their competitive abilities. Despite a long history of research, the demonstration of allelopathy in the field is
difficult, since there are so many competing hypotheses to deal with. As such, the phenomenon remains controversial. As stated by
Inderjit et al. (2011), “Mere production of chemicals by a plant is not sufficient to ensure their allelopathic potential.” To show that
a negative interaction is allelopathic, an investigator must demonstrate no other biotic interaction (resource competition or
herbivory) is causative, a chemical is produced and released in sufficient quantity and at time to be effective, that the target plant
is susceptible to the chemicals, and finally, that microbial transformations in the soil do not modify the allelochemicals in ways that
reduce their toxicity.

Fig. 14 Allelopathy purportedly demonstrated in shrubland–grassland interface in Santa Ynez Valley, CA, United States. At left is a stand of purple sage
(Salvia leucophylla) surrounded by a bare zone with few or no grass species. An inhibition zone of 1–2 m with foxtail fescue (Festuca megalura (¼Vulpia myuros))
and soft chess (Bromus mollis) grading into uninhibited grassland of wild oat (Avena fatua) and ripgut brome (B. diandrus). The aromatic shrubs produce
volatile compounds including cineole and camphor, which can be toxic to some of the grasses.
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Plant Community Dynamics
Plant communities are assemblages of species co-occurring in a given time and place (see McGill et al., 2006). The organization,
development, and repeatability of plant communities in similar habitats and through time entailed considerable discussion and
controversy among plant ecologists during the 20th century. Disagreements regarding the structure and functioning of plant
communities resulted from attempts to define the composition, stability, and boundaries of communities and as a result, numerous
competing theories have been proposed over the years to explain these patterns. The modern synthesis states that the plant
community is an assemblage of species’ populations aggregated in a region resulting from dispersal mechanisms, physiological
tolerances to local site characteristics, and responses to disturbance. Others suggest that new approaches are now necessary to
understand the rules governing community structure and how communities may respond to disturbance and climate change.
Plant succession is described as the change in composition of vegetation in one place over time. Succession is viewed as one of
two related processes: primary succession or secondary succession. Primary succession is the development of vegetation on substrate
previously lacking plants (Fig. 15). Examples include the development of vegetation on sand dunes, glacially exposed substrate,
filling in of lakes, etc. The earliest ecological descriptions of primary succession were by H. C. Cowles on the sand dunes of Lake
Michigan and by W. S. Cooper on the development of vegetation following retreat of glaciers in Glacier Bay, Alaska. In both, the
development of vegetation was viewed as a chronosequence characterized by the predominance of conspicuous plants. Conspicuous early invaders were replaced over time by species that were inconspicuous at the onset or arrived later. An example of such a
chronosequence at Glacier Bay is the presence of avens (Dryas drummondii), followed by alder (Alnus tenuifolia), and subsequently by
Sitka spruce (Picea sitchensis), a process estimated to take several hundred years.
Secondary succession is the development of vegetation following a disturbance to the original plant community. Disturbances
leading to secondary succession include fire, windstorms, and anthropogenic disturbances such as logging and farming (old field
succession). These successions occur on substrate that is wholly or partially intact, and consequently they occur more rapidly. The
pattern of secondary succession is greatly dependent upon the type of the disturbance. For example, in a study of vegetation
development at one location over several hundred years, the outcome was dependent upon whether the disturbance initiating the
succession was fire or windstorm. In a classic study of old field succession, Catherine Keever found that the time of year the stand
was released from farming affected the sequence of development of early plants. From this arose a body of evidence supporting the
view that species’ characteristics such as seed dispersal, photosynthetic light requirements, growth rate, and longevity control much
of succession. Accordingly, early-successional plants are often rapidly dispersed, require high light, have high photosynthetic rates
and growth rates, but are relatively short lived. Species possessing these traits are classified as r-selected. These plants give way in
time to species with slower dispersal rates, greater shade tolerance, slower growth rates, but are long lived (K-selected). This concept
of tradeoffs among suites of traits between early- and late-successional species frames much of the current discussion of the
mechanisms of succession.
A complementary theory of plant strategies was proposed in the mid-1970s by J.P. Grime. He suggested that the dichotomous
categorization of plants as early and late successional was too simplistic, and that a third axis, stress tolerance, was necessary to
encompass the range of possible adaptive plant strategies (Fig. 16). Grime employed a three axis strategy, often referred to as C–S–R
theory: Competitive species (C, comparable to K-selected or late successional species) are found where productivity is high and
competition severe; and stress tolerators (S) occur where environmental stress, such as shade or low nutrients, is high and
consequently competition is low. Ruderal species (R, comparable to r-selected, or early successional species) inhabit sites with
high disturbance rates but where competition is low. The last possible adaptive strategy, which combines all three factors (high
disturbance, competition, and stress), was viewed by Grime as an impossible evolutionary outcome, so no plants fell into that
portion of the schema.

(A)

(B)

Fig. 15 Primary succession of forest development following retreat of the Mendenhall Glacier, Alaska, United Sytates. (A) Initial stages of vegetation on newly
exposed glacial till in the foreground. The site was exposed within the last 20 years, and the vegetation consists of willows (Salix sp.), fireweed (Epilobium sp.),
lupines (Lupinus sp.), alders (Alnus sp.), scattered Sitka spruces (Picea sitchensis), and western hemlocks (Tsuga heterophyla). (B) Forest development on glacial
till adjacent to Mendenhall Lake. Ice occupied these sites in the mid-1700 s and is currently retreating at a rate of approximately 40 m year1. The vegetation
consists largely of alders, Sitka spruces, and western hemlocks.
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Fig. 16 Philip Grime’s C–S–R triangle of plant strategies. Grime proposes that plants must adapt to three major environmental pressures: competition with other
plants, habitat disturbance, and stress, caused by either excesses or deficiencies in water, light, nutrients, or herbivory. Early successional plants (often called
pioneer or Ruderal plants) would be found primarily in highly disturbed, low stress environments, where competition is low (right hand corner). Plants in late
successional environments are subject to high amounts of competition but low rates of disturbance (upper corner) and are known as competitors. Plants in habitats
with high rates of disturbance and stress are most likely subject to low rates of competition, and are termed stress tolerators (lower left corner). There are no plants
known that are able to withstand high levels of all three pressures, and so there is no fourth plant strategy. Of course, many habitats fall between these extremes,
and may contain plants with a mixture of strategies, depending on the relative amounts of each of the three main driving factors (CS, CSR, CR, and SR). Figure from
Shiro Tsuyuzaki, Hokkaido University: http://hosho.ees.hokudai.ac.jp/tsuyu/top/dct/lc.html.

In 1988, David Tilman proposed a competing theory, known as the resource-ratio theory, to address perceived deficiencies in
Grime’s C–S–R theory. The resource-ratio theory predicts that plants require different ratios of resources, rather than simply different
amounts of resources, and it is the ratios that place species into different niche spaces, thus allowing them to co-exist and to not
violate the dictum that species with identical niches cannot co-exist indefinitely. However, extensive research over the past 25 years
has failed to find much evidence in support of this theory, and it is now no longer considered as viable an explanation of plant
strategies. Rather, plants compete and co-exist by modifying their physiological tolerances and their responses to environmental
variation in ways that allow them to compete successfully against neighboring plants.
A rigorous review of Grime’s C–S–R theory by J. Wilson and W. Lee found that there were many deficiencies in its assumptions:
many of its predictions were either impossible to make, or had never been tested. Where they had been tested, the C–S–R theory
proved useful in identifying various adaptive strategies of plants in particular habitats. Its main contribution appears to be that it
includes the extra dimension of stress tolerance and Wilson and Lee suggest combining it with the Leaf Amortization theory, which
says that the more carbon and nutrients invested in a leaf, the longer it takes for the plant to payback those construction costs before
the leaf begins yielding a net profit (e.g., C) to the plant. Stress tolerant plants often display a common suite of adaptations, such as
long leaf lifespans (i.e., evergreen leaves), tough leaves to withstand harsh winter conditions, low photosynthetic rates and
consequently low growth rates coupled with low nitrogen content and demand from the soil.
Historically, communities were thought to progress from early successional states to a self-sustaining endpoint known as the
climax community. In the early 20th century, Frederick Clements envisioned such communities as highly repeatable through time
(i.e., climax communities were co-evolved sets of species) and implied, but never explicitly, that such communities might even be
viewed as super organisms to an extent. This view was sharply challenged in the 1920s by H.A. Gleason, a botanist from the
New York Botanical Gardens, who promoted the theory that species segregated individually along environmental gradients
according to their own physiological tolerances, an idea known as the individualistic hypothesis. Most ecologists today concur
with Gleason’s hypothesis and paleoecological studies of community composition changes that occurred as the glaciers receded in
North America and other places document the presence of unique communities unlike any we see today.
In the current view a climax community represents an oscillation of community organization around a dynamic equilibrium
stage, that is, there are small, mostly random changes in species composition, but with little or no direction (Fig. 17). The difficulty
of describing the climax state is one of scale. Vegetation change is observed differently as the size of the measurement unit increases
from a single stand of a few individuals to regional scales incorporating hundreds of stands. Small-scale disturbance on the order of
loss of single individuals may cause a microsuccessional sequence, if that individual is predictably replaced by another species with
other ecological attributes. This may create a patchwork of communities, which on one scale appear to be in different stages of
succession while on a larger scale appearing to represent a dynamic mosaic of regional vegetation.
The maintenance of biodiversity in plant communities has been the subject of much discussion for nearly a century now. The
classic explanation has been that niche differences allow species to coexist because resources are partitioned slightly differently
among species and that species with similar niches cannot co-occur indefinitely. But a competing theory, the neutral theory of
biodiversity, states that niches are not important, and that all competitors are equally competent, which is what allows species to
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Fig. 17 A diagram of various successional pathways in plant communities. Primary succession occurs on newly exposed land, such as land exposed after glaciers
retreat, or is newly produced by lava flows from volcanoes. Various plant species establish over time leading to a series of successional stages that culminate in a
dynamic climax community. Some successional stages may oscillate or revert back to earlier stages (cyclic succession), while periodic disturbances may set
succession back to earlier several stages. At the climax stage, there are small-scale changes in the plant communities (micro-cyclic succession), dependent on
localized plant death (disease) and disturbance (wind throw), and which occur in a mosaic of patches across the landscape. Redrawn from: Barbour, M.G.,
Burk, J.H., Pitts, W.D., Gilliam F.S. and Schwartz, M.S. (1999). Terrestrial Plant Ecology, 3rd edn, Menlo Park, CA: Addison Wesley Longman, Inc.

co-exist. Recent research suggests that niche diversity allows the maintenance of competing species for the following reasons. When
a species is rare in the community, it is more likely to compete with other individuals of that same species, who also share essentially
the same niche. They are less likely to compete with another different species, so most of the competition is with members of its own
species. Only when that species becomes more abundant will its effects on competing species become significant. The per capita
growth rate of the population then, is higher when that species is rare and its competitors common, which results in a stabilizing
effect, because it prevents the competitors from displacing them from the community (Fig. 18).
Disturbance is characteristic of most plant communities. Natural disturbance includes fire, wind damage, grazing, insect damage,
frost heaving, flooding, disease, and other causes. The spatial extent of disturbance may differ from an individual to large regional
effects. Disturbance has two attributes affecting vegetation: frequency (or return interval) and intensity. Fire is one disturbance that
illustrates these attributes (Fig. 19).
Fire has an important influence on community structure in most semiarid regions including biomes such as grasslands, savanna,
and Mediterranean scrub. Fire also is suggested to be important in boreal forests, coniferous and deciduous forests, and even in
bogs. Fires may reoccur at frequencies of 1–5 years in grasslands, 25–100 years in Mediterranean scrub communities and eucalypt
forests, and 100–500 years in coniferous and deciduous forest communities, although these return frequencies can vary depending
on edaphic conditions, such as soil depth and susceptibility to drought. For example, in the Linville Gorge Wilderness Area in the
mountains of western North Carolina, the lower slopes are dominated by deciduous forest while on the thin-soiled ridges, fireadapted species such as Table Mountain Pine (Pinus pungens) predominate. Historical records suggest that the return frequency for
ground fires ranges between 5 and 12 years, while catastrophic crown fires occur about every 75 years. As a consequence, many
species have unique adaptions to fire. Table Mountain Pine (and its close relative pitch pine, Pinus rigida) both have serotinous
pine cones, which only open and disperse their seeds after being heated in a fire.
Each fire frequency results in different modifications to the species and communities that persist in the region. In the absence of
frequent fires communities may change in composition and structure. For example, as a result of anthropogenic decreases in fire
frequencies, the vegetation of the prairie peninsula of Midwestern United States was converted from grasslands to deciduous forest.
In the eastern United States, fire intolerant species, such as red maple (Acer rubrum) have become more common. Furthermore, the
absence of fire results in a buildup of litter on the forest floor, creating a large fuel load that when ignited, leads to catastrophic
crown fires that can devastate an area and destroy the forest. Once the forest is lost, rain events can lead to uncontrolled soil erosion,
which may delay successional recovery for decades. In bogs, which can occasionally become dry during years of low rainfall, the
absence of fires allows woody shrubs to invade, which then shade out various light-demanding herbaceous species, such as the
charismatic and carnivorous Venus fly-trap (Dionaea muscipula).
The intensity of a fire can be gauged by the level of its destruction. Fires may be classified as high, moderate, or low intensity.
Highly destructive fires kill all the aboveground living matter, and only seeds, rootstocks, and rhizomes that are far enough
underground to avoid the extremely high temperatures remain to repopulate the community. Such is the case in grassland fires,
Mediterranean scrub, and some coniferous fires, especially those with large fuel loads (see above).
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Fig. 18 An example of how differences in niches may maintain species diversity in plant communities. In this case, two species differ in rooting depth and most
likely withdraw water and nutrients from different soil compartments. The larger the width of the arrow, the greater is the competitive influence of that species. When
a species is rare (see graph and figures on left), it is more likely to compete against another species which is common. Since the two species differ in their
belowground niche spaces, interspecific competition is minimal and the rare species can have high per capita growth rates. When rare species increase in
abundance, they begin to compete more among themselves and less against their competitors, which reduces their per capita growth rates. If there were no niche
differences (see graph and figures on right), then species would limit themselves as much as their competitors, whether rare or common, and per capita growth
rates would remain unchanged. These dynamics then allow the maintenance of a high diversity of plant species in the community, despite the apparent similarity in
their resource requirements. Figure courtesy: Levine, J.M. and HilleRisLambers, J. (2009). The importance of niches for the maintenance of species diversity. Nature
461, 254–258.

Moderate-intensity fires kill photosynthetic structures and some meristematic tissues. Standing vegetation may resprout and
produce new photosynthetic structures, for example, the Pine Barrens of New Jersey, United States, where pitch pine produces new
branches from epicormic buds beneath the bark and Mediterranean ecosystems, wherein shrub species sprout prolifically after fires.
The germination of some Mediterranean species occurs only after exposure to smoke, insuring that seedlings germinate when the
probability of competition from vegetation is low and environmental resources such as light and nutrients are high.
Finally, low-intensity fires can affect the ground layer of vegetation without a dramatic effect on the canopy. The effect of this
type of fire is to control the composition and reproduction of the community. Examples of these communities include the
ponderosa pine forests of western North America and the longleaf pine–wire grass communities of the southeastern Coastal
Plain of North America. In both cases, frequent fires maintain the dominant overstory trees (Pinus ponderosa or Pinus palustris,
respectively) by reducing the successful establishment of broad-leaved competitors as well as eliminating diseases that attack the
pines. Fire interacts with an additional disturbance regime—tropical storms/hurricanes—to maintain the structure and function of
longleaf pine ecosystems.
Each type of disturbance produces different ecological and evolutionary constraints on the vegetation. Frequent, low-intensity
disturbance results in a distinctively different vegetation than infrequent, high-intensity disturbance. Each of these vegetation types
will have a different response to the disturbance. With frequent, low-intensity disturbance there may be little compositional change
following the disturbance. The plants of this vegetation have adaptations that allow rapid recovery following the disturbance.
Conversely, with infrequent, high-intensity disturbance a successional sequence may occur because the adaptations of initial
invaders that favor response to disturbance may not convey adaptive advantage in competition over time.

20

Plant Ecology

(A)

(B)

Fig. 19 Unburned and burned chaparral in Santa Barbara County, CA, United States. Both photographs were taken of the same area but separated by 32 years.
(A) Typical unburned chaparral in 2003 consisting of chamise (Adenostoma fasciculatum), California lilacs (Ceanothus spp.), and toyon (Heteromeles arbutifolia).
(B) Burned chaparral following an intense fire in 1971. The utility pole serves as a reference point. The photographs indicate the rapid recovery of the vegetation
following fire.

Summary
The sessile nature of plants requires they integrate the immediate environment for the duration of their lives. The presence of a plant
suggests that, for the period of occupying that site, the environment has met all minimal requirements for light, water, and nutrients
while not surpassing the tolerances of the plant to abiotic and biotic factors. Plant interactions alter the physical and biotic effects of
the environment and may lead to alteration in community composition. When plants are no longer able to alter the environment
beyond the tolerance of the occupants, a dynamic stability in community composition is established. This composition is often
changed as a result of disturbance in the form of herbivory, wind, flooding, or fire. Depending upon the frequency and intensity of
disturbance, an altered and dynamic community may occupy the site.
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