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INTRODUCTION
Evidence from many sources shows that the concentrationof atmospheric
CO2 is steadily rising (61, 17). This rise is strongly correlated with the
increasein global consumptionof fossil fuels (104). Thereare also significant
contributionsfrom the clearing of forests, especially in the tropics (136, 55).
Controversycontinues, however, as to whether the biosphere is presently a
source or a sink for carbon (see 52, 54, 56).
Despite this controversy, most scientists agree that rising CO2 levels will
have substantialdirect and indirect effects on the biosphere (80). Because
CO2 is a greenhouse gas, its increase in the atmospheremay influence the
earth's energy budget. Several climatologists have used general circulation
models to predict changes in mean annual global temperature(58, 108).
While these models differ in detail, they all predictincreasedglobal warming
and substantialshifts in precipitationpatterns.Recently, some scientists (60)
have questionedthe predictionsof these models. But regardlessof changes in
global temperatureand other climate variables, rising CO2 can influence
world ecosystems by direct effects on plant growth and development.
The large body of literature on the response of crops and intensively
managedforests to elevated CO2is not treatedin this review because thereare
167
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several excellent and recent reviews of it (e.g. 2, 28, 62, 127, 132 for crops,
and 37, 65, 111 for trees). Instead,this review concentrateson the responseof
naturalvegetationto elevated CO2and some of the predictedclimate change.
The review addresses the CO2 response of individuals at the physiological
level and the consequences of that response to population, community, and
ecosystem levels. It must, however, be emphasizedthat most of the findings
on the physiological and allocationalresponseto CO2were first discoveredin
agriculturalcrops, and that much of the initial work on plants from natural
ecosystems (69) tests the variation among species in these responses.

PLANT RESPONSES AT THE PHYSIOLOGICALLEVEL
TO ELEVATED C02
Plant biologists have long known some of the effects of high CO2 levels on
plants, and greenhousegrowers have used CO2 fertilizationto increase plant
yield. Work on plants from naturalecosystems has lagged behind that on
crops but, over the last few years, has produceda large body of information
(see 120 for extensive reviews). The majoremphaseshave been on individual
physiological traits, but the consequences of these responses for the whole
plant, population, and ecosystem are less understood and, in some cases,
counter-intuitive.Many plant and ecosystem attributeswill directly or indirectlybe influencedby elevated CO2 (118). Therefore,afterbriefly addressing physiological responses at the leaf level, I concentrateon growth and
allocation, reproduction, plant-plant interactions, plant-herbivore interactions, and some ecosystem level attributes.

CO2 and Photosynthesis
When other environmentalresources and factors are present in adequate
levels, CO2 can enhance photosynthesis of C3 plants over a wide range of
concentrations. High CO2 reduces competition from 02 for Rubisco, increases its activation(95), and reducesphotorespiration.In contrast,in plants
with the C4 metabolism net photosyntheticrates rise steeply with increased
CO2 and level off at external CO2 concentrations slightly above ambient
(122).
Early studies on the response of plants to elevated CO2 examined shortterm responses and used tissues that were grown in near-ambientbut likely
quite variable CO2 levels of glasshouses and growth chambers. More recent
studies use plants grown under controlled CO2 levels. All these studies
showed an increase of photosynthetic rates with increased CO2 concentrations. Measurements of photosynthetic rates of these plants grown
underambientand elevated CO2levels have shown that after a period of time
some species adjusttheirphotosyntheticratesto the CO2levels duringgrowth
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(become acclimated)whereas other species show little or no adjustment(see
22, 87, 115, 121, 130, 141). The degree to which a species can adjust is
probably influenced by the levels of other environmentalvariables and the
timing of their availability (see later). Several investigators have also
observed that with time plants grown at elevated CO2 show a decline in
photosynthetic rates. Although the reasons for this decline are not fully
understood,several reasons for it have been proposed. They include: decline
in carboxylationefficiency which may be caused by a decrease in the amount
and activity of Rubisco (43, 105, 106); suppressionof sucrose synthesisby an
accumulationof starch(51, 128); inhibitionof the triose-P carrier;reduction
in the activity of sucrose-phosphatesynthase; limitation of daytime photosynthate export from sources to sinks (36) or insufficient sinks in the plant
(63). Because with acclimation there may be little overall increase in plant
photosynthesisand growth, understandingacclimationto a high CO2environment is critical in assessing the long-termresponse of plants to the high CO2
environmentsof the future.
From the extensive literatureon the response of photosynthesisto elevated
C02, the following patternsemerged:(a) ElevatedCO2reducesor completely
eliminates photorespiration;(b) C3 plants are more responsive than C4 plants
to elevated CO2 levels, especially those above ambient concentrations;(c)
photosynthesis is enhanced by CO2 but this enhancementmay decline with
time; (d) the response to CO2 is more pronouncedunderhigh levels of other
resources, especially water, nutrients,and light; (e) adjustmentof photosynthesis during growth occurs in some species but not in others, and this
adjustmentmay be influencedby resourceavailability;and (I)species even of
the same community may differ in their response to CO2 (Figure 1).

Dark Respiration
Little informationis availableon the effects of elevated CO2concentrationon
dark respirationrates. Enhancementof photosynthesismay lead to increased
respirationbecause of the increased availability of substratefor respiration.
Several arctic tundraspecies show a substantialincrease in dark respiration
(88). However, there was no influence of elevated CO2on darkrespirationor
on light compensationin Desmodiumpaniculatum(141). There is evidence in
the agronomic literaturethat respirationmay decline at high CO2 levels (4).
For species from naturalcommunities, it is not known whetherthe change in
dark respiration is proportionalto the rise in net daytime photosynthesis.
Furthermore, it is unknown if both growth and maintenance respiration
respondto the same degree to elevated CO2. These issues are importantto the
understandingof the response of whole plants to the CO2 rise, especially in
regard to carbon gain and biomass accumulation, and they require much
attention.

170

BAZZAZ

0~~~~~~~~~()0
00

4.1~~~~~~~~~~~~~~~~~~~~~~~~~9
C?2 Concentration

Tlme~~~~~~~~~~~~HghCO

01~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~0
0~~~~~~~~~~~~~~~~~~~
nutrCents

AU00

4.1
0

O

and water

0

~

'-4

j.1o

High

0

im

High Cocetato

0~~~~~~~~~~~~~~~
Lo-wRsucs
Amin
iqh

ResourcHes

r

C02 Concentration

Figure I

General trends of response of plants to

CO2 Concentration
C02

concentrations.

Stomatal Conductance, Transpiration,and Water Use
There is now some evidence that growth in high C02 environmentscauses a
change in stomatal density in some species (e.g. 86). Woodward (134) has
shown that stomatal density and stomatal index increased markedly as the
C02 partialpressureis reducedbelow 340 0AI-'. 1A
Above 340 l- l thereis a
slight decrease in stomatal density in several species studied (135).
Most studies have shown a decline in stomatal conductance with an increase
concentrations(Figure 1). Stomatal response to C02 varies
C02 in
greatly among species and may be influencedby other environmentalfactors
such as soil moisture and light levels (e.g. 125). Although strong evidence
suggests that stomata respond more to internal Ce2 concentrationthan to
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external concentrations (e.g. 78), the mechanism by which CO2 controls
stomatalactivities is not known (95). Therefore,explanationof the differential response of stomatato the CO2rise is not possible at this time. Transpiration rates decline as a result of decreasedstomatalconductance.This decline
has been shown in several studies to lead to a favorableinstantaneouswater
use efficiency, improvedplant water status, higher carbongain and biomass
accumulation, and lower season-long water consumption rate (e.g. 100).
Enhancementof plant wateruse efficiency was observed also in plants grown
in the field (102). Droughtstress in plants grown at elevated CO2 levels may
be also amelioratedby osmo-regulationand the maintenanceof higher turgor
pressure (112). Lower transpirationrates should lead to higher leaf temperature underhigh irradianceand low windspeedconditions (57). This increase,
coupled with the anticipatedrise in air temperature,may have significant
effects on photosynthesis and plant growth.

Growth and Allocation
The critical issues that ought to be examined with regardto the effect of the
rising CO2on plant growthare: (a) how long does the enhancementof growth
continue; (b) how do the allocational relationshipsin the plant change with
time under elevated CO2 levels; and (c) how will tissue quality change over
time and what are the consequences of this to herbivores, pathogens, and
symbionts?
Most studies on the effects of elevated CO2show an initial enhancementin
growth, and like photosynthesis, this enhancementis especially large when
other resources are plentiful. In many species, however, this enhancement
may decline or completely disappearin time (1 1, 47, 114, 123-125). Most
studies have shown that there is generally an increase in allocation to roots,
especially when nutrients and water are limiting (68, 75, 79, 82-84, 114,
125). There is also strong evidence that specific leaf areas (SLA) decrease
with increasing CO2 levels (e.g. 47). Decreased SLA in high C02-grown
plants is often associatedwith increasedstarchlevels in leaves and decreased
N concentration. Furthermore, the concentrations of C-based secondary
chemicals (e.g. phenolics) usually show no change in levels in leaves from
CO2-enrichedplants even though the plants have greatercarbon availability.
Several studies (e.g. 114), especially with woody seedlings, have shown that
branchingincreases with elevated CO2. Some evidence from tree ring analysis suggests that growth in naturalvegetationhas been enhancedby the rising
global CO2 concentrations(66).

Phenology and ReproductiveBiology
Despite its great importanceto understandingthe future impact of CO2 and
climate change as possible agents on naturalselection, there is very limited
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informationon the effects of the rising CO2 on plant reproductivebiology.
Most of the studies on the effects of CO2 on plants of naturalcommunities
were terminatedbefore reproduction.Because of the well-establishedeffects
of elevated CO2 on plant growth, it is expected that aspects of reproduction
such as flowering phenology, allocation to reproductionand to various componentsof reproduction,seed and flower abortion,and seed quality will also
be influenced (10). Studies have shown that depending on the species,
flowering time could be earlieror laterunderelevated CO2 (24, 46). In some
species these changes are only evident under unusually high levels of CO2
(e.g. 117). When plants are grown in competition, significantCO2 effects on
flowering among the species were found only underhigh nutrientconditions
(143), or the effects became less pronouncedthanwhen the plantswere grown
separately(E. G. Reekie, F. A. Bazzaz, unpublished).Differences in flower
birth rate, flower longevity, and total floral display have been observed
among species in the same community as well as among populationsof the
same species (e.g. Phlox drummondii)(46).
Reekie & Bazzaz (unpublished)examined the relationbetween CO2 level
and reproductionin four species from the annual community of disturbed
groundin Texas. Four insect pollinatedforbs with showy flowers were used.
In Gallardiapulchela, doubling CO2reducedthe time requiredfor flowering
by six days, though plant size at the time of flowering remainedunchanged.
In Gaura brochycarpa,doublingCO2 also reducedtime to flowering;however, these reductionsdo not appearto be relatedto increasedgrowthat elevated
CO2. The response of Lupinus texensis was the reverse: elevated CO2 increased ratherthan decreased the time to flowering except when the plants
were given much underground space. No clear trends were found in
Oenothera laniculata. Shifts in flowering phenology caused by CO2 rise
could have marked effects on community structureand regeneration, especially in communitieswhere pollinationis dependentupon animalsor when
the growing season could be short, as is the case in this community where
droughtcan suddenlyterminatethe growing season. The combinedeffects of
elevated CO2and other aspects of climate change, such as rising temperature,
may cause large shifts in phenology such that the activities of the plants and
their pollinators become decoupled.
Elevated CO2 can also affect other reproductiveparameters,such as seed
numberand size and seed nutrientcontent. In Datura stramonium,total fruit
weight was higher in plants grown in elevated CO2 than in plants grown in
ambientCO2. Plants grown in high CO2 producedthicker fruit walls, which
may prevent insects from laying eggs in these seeds, but, seed size was not
affected (46). In Abutilontheophrastigrown at elevated CO2levels, total seed
productiondid not increase, but flower number, capsule number, and seed
number decreased (Figure 2). Individual seed weight was higher in plants
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Figure 2 The influence OfCO2 concentrationsduringgrowth on flower number, seed number,
and mean weight of individual seed in Abutilon theophrasti. From (46).

grownat highCO2 (46). In some species (e.g. Ambrosiaartemisiifolia)there
was also much higher N concentrationin seeds from plants grown at elevated
CO2 concentrations (47). Because of the well-established relationship between individual seed size and nutrient content, and seedling success in
nature, the effects of rising CO2 and associated climate change may have
great impact on the demographyand evolution of naturalpopulations.

INTERACTIONOF C02 WITH OTHER
ENVIRONMENTALFACTORS
The interactionof CO2 with other plant resources has been amply demonstrated(Figure 1). The response of plants to elevated CO2is contingentupon
light levels (e.g. 95, 110, 113), soil moisture(7, 138), and nutrientavailability (2, 20, 50, 93, 103, 133). Several investigators have shown that the
enhancingeffects of CO2disappearundernitrogenand phosphoruslimitation
(20, 50, 133, 143). Light saturationis usually higher under elevated than
under ambient CO2 (126), and high CO2 may compensate for low light (2).
Plant response to elevated CO2 is usually more strongly expressed under
higher levels of these resources, in a mannerconsistentwith predictionsabout
the response of plants to multiple environmentalresources (16, 25).
Elevated CO2 may modify the effects of stress factors on plant growth.
Such elevation has been shown to ameliorateeffects of high salinity (19) by
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supplyingextraenergy for maintenancerespirationand by the reductionin the
entry of salt into the plant due to reduced transpirationalpull (39, 44, 45).
High CO2 levels may influence the plant response to gaseous pollutants as
well. Coyne & Bingham (27) have shown that reduction in stomatal conductance caused by high CO2 reduces both the amount of 03 entering the
leaves and the resulting damage. Similarly, decreased stomatalconductance
causedby high CO2reducesentryof SO2 into leaves and lessens its damagein
C3 plants (23). SO2 reduced the growth of the C3 species at the ambientbut
not at the elevated CO2 concentration. In contrast, in the C4 species, SO2
increased growth at the ambient CO2 concentrationand reduced at a high
CO2. The results of this experiment support the notion that C3 species are
more sensitive to SO2 than are C4 species (131). This study shows that CO2
reversed the effect of SO2 on C3 but not C4 plants, results which correlated
with differences in sensitivity of stomatal conductance.
The interactionof CO2with temperatureis criticalto the responseof plants
to climate change. Acock (1) and Acock & Allen (2) presenta model for the
response of photosynthesisto temperatureand CO2. They show that at high
CO2 levels the optimal temperaturefor photosynthesis is higher than at
ambient CO2 and the range of optimal temperaturefor photosynthesis is
narrower.There are, however, only a few studies that consider their joint
effects. J. Coleman & F. A. Bazzaz (unpublished)examined growth and
resourceacquisitionand allocationin responseto temperatureand CO2in a C3
and a C4 species that occur togetherin the field. The results show significant
interactiveeffects on these parameters,but the strengthand directiondiffered
between the two species. In the C4 species (Amaranthus),final biomass was
increased by CO2 at 28?C but was depressed at 38?C. In the C3 species
(Abutilon), C02 enhanced initial biomass at both temperatures,but the final
biomass was not different in the two temperatures.These somewhat surprising results were explained by the amountof standingleaf areas and changed
photosyntheticrates in the two species under these conditions. It was clear
from this model system that the interactionbetween factors may be complex but could be understoodby studying patternsof carbon gain and allocation.
Several of the climate models also predictthat in additionto the global rise
in mean annualtemperaturetherecan be an increase in temperatureextremes.
Furthermore,because of the generally reduced stomatal conductance under
elevated CO2 conditions, transpirationalcooling of plant tissues will be
reduced. Few studies have addressed the joint effects on plant growth of
unusually high and unusually low temperaturein conjunction with elevated
CO2. When the C4 weedy grasses Echinocloa crus-galli and Elusine indica
were grown in a range of temperaturesand then subjected to one night of
chilling at 7? C, the decline in both conductanceand photosynthesiswas less
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in plants grown underelevated CO2than in plants grown underambientCO2
levels (97). Preliminaryresults with Abutilon suggest that individualsgrown
at high CO2 concentrationsare more sensitive to heat shock than are individuals grown at ambient CO2 (F. A. Bazzaz, unpublished).

SUBSPECIFICDIFFERENCESIN RESPONSE TO C02
Populationsof the same species responddifferentlyto C02, and these differences may be relatedto the CO2 environmentin which the plants grow (e.g.
140). However, differences among individualsof a populationin response to
CO2 have rarely been investigated. Clearly, genetic differences among individuals in response to atmosphericCO2 can affect the futureof the genetic
structureof the population in a changing CO2 atmosphere.The studies that
have examined variationamong individualshave detected differences among
them in response to CO2. For example, Wulff & Miller (142) found that
families of Plantago lanceolata differed in their response to CO2 enrichment
and to combinationsof CO2 and temperaturetreatments.They suggested the
presence of genetic variabilityin this species in response to CO2enrichment.
F. A. Bazzaz & G. Carlton(unpublished)found differences in CO2 response
in growth and architectureamong several genotypes of Polygonumpensylvanicum from a single population. Garbutt& Bazzaz (46) found differences in
the time of flowering, the numberof flower births, and the maximumflower
display among four populationsof the annualPhlox drummondiifrom central
Texas (Figure3). Significanteffects were also seen on plantfinal biomass and
in the number of flowers produced per unit of plant dry weight. These
responsesmay have significantimplicationsfor pollinationsuccess, dispersal,
and establishment.
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Figure 3 Deferences in floral display among natural populations of Phlox drummondiiin
response to CO2 concentration.From (46).
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PLANT RESPONSE TO C02 AT THE POPULATION
LEVEL
Almost no informationis available on the response to elevated CO2 at the
population level. But because elevated CO2 affects growth, allocation, and
reproduction,undoubtedlythere are some effects on populations. Using our
model system of the annualsAbutilontheophrastiand Amaranthusretroflexus, we investigated how the simultaneouschanges in CO2 and temperature
affect the recruitmentof seeds into the population(S. Morse, F. A. Bazzaz,
unpublished).Although no differences appearin survivorshipwith respect to
ambientCO2concentrationsfor either species, standproductivitywas significantly affected by both CO2 and temperature.In general, stand productivity increased with both CO2 and temperatureand was inversely proportional to the number of survivors. CO2 magnified the intensity of plantplant interactions and enhanced the growth of the remaining dominant
individuals.

INVESTIGATIONSAT THE COMMUNITYAND
ECOSYSTEM LEVELS
Productivity
Predictionsaboutthe changes in productivityof ecosystems are also based on
the generally observedincreasein plant growthunderhigh CO2conditions. A
physiologically based graphicalmodel (Beam 82) was proposedby a groupof
scientists (see 119) to representpossible changes in productivityof ecosystems. To address the relationshipbetween elevated CO2 and productivity,
Gates (48) suggested a modificationof the B factor, describedby Bacastow &
Keeling (5), and proposed B' (the biotic growth factor), based on the
Michaelis-Menton equation. B' is the fractional increase in net primary
productivity (NPP) with a fractional increase in CO2 concentration.Using
data on single leaves, Gates (48) calculatedB' factors for several deciduous
forest tree species and showed that they could be high, ranging from 0.330.53. However, he also found that, dependingon environmentallimitations,
the B' values could be small (between 0.05-0.25). Using high B' values,
Gifford (49) estimatedhigh carbonstorage in the biosphere (1.65 Gt y-l for
B' = 0.60). Several other authors(e.g. 18, 48, 54, 64, 73) have pointed out
that because of the limits on plant growth already set by water and nutrient
deficiency, and temperaturesat the northernlimits of distribution,primary
productivityin naturalecosystems may not be enhanced much by the rising
global CO2. Furthermore,even in systems that have the potential for an
increase in production, Oechel & Strain (88) show that negative feedbacks
may soon lead to the eliminationof any enhancementby the rising CO2. For
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example in the chaparral,a water-limitedsystem, increased water use efficiency may lead to enhanced productivity. However, the chaparralis a
fire-pronesystem, and the increasedaccumulationof living and dead biomass
may increase the frequency of fire, which in turn would reduce biomass
accumulation. In contrast, Luxmoore (74) suggests a different scenario,
where increased photosynthesis in a high CO2 environmentwould increase
the amountof carbonallocatedto roots, resultingin increasedroot exudation,
mycorrhizalproliferation,and increased N-fixation. Evidence also suggests
increased nitrogenaseactivity at high CO2 levels (81). These factors in turn
can lead to increased water and nutrientsupply to the plants and increased
phytomass even in somewhat infertile habitats. The very limited evidence
from field studies shows both an increase in productivitywith elevated CO2,
especially during the first year or two (e.g. 29, 90), and no change (121).
Thus, these responses to elevated CO2remainvery poorly understooddespite
their great importancein predictingfutureproductivity.Accuratepredictions
about the response of naturalecosystems to global increasein CO2 levels still
require much additional data on the mechanistic bases of the responses of
several ecosystems (31).

RESPONSE OF SPECIFICECOSYSTEMSTO
ELEVATED C02
Graminoid-DominatedEcosystems
Arctic ecosystems may be the ecosystems most
sensitive to climate change (see 119). All climate models show a greater
increase in mean annual temperaturein these regions, compared to lower
latitudes. Arctic ecosystems possess several properties that make them of
particularinterestto the study of CO2 response (12). Because of permafrost,
the active layer of the soil is shallow, and the top 10 cm of the soil contain
most of the root and rhizome systems, which constitute by far most of the
living biomass in this ecosystem. Up to 90% of the CO2 which evolves from
soil comes from root and rhizome respiration(12). Tundrasoils also contain
large quantitiesof organic matterwhich, being mostly in the permafrost,is
normally unavailable to decomposers.
In a series of experimentswith microcosmsof intactcores of turfand soil of
coastal arctictundra,W. D. Billings and associates (13-15, 96) examinedthe
effects on ecosystem carbon balance of doubling CO2, increasing temperature, lowering the watertable, and applyingN-fertilizer. They concludedthat
increasing summer temperatureby 4?C would reduce net ecosystem CO2
uptake by half. Lowering the water table by only 5 cm and increasing
temperaturegreatly lowered ecosystem carbonstorage. In contrast, doubling
CO2 concentrationsper se had very little effect. They suggest that warmer
CO2 AND ARCTIC TUNDRA
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temperatureswould extend the growing season into the shortdays of autumn,
expose much more peat to decomposers (which become more active in the
highertemperaturesand the longer season), and lower the watertable by high
transpirationunder the warm conditions. Enhanced ecosystem carbon gain
caused by the release of nutrientswould be more than offset by decreased
insulationand the resultantlowering of the permafrosttable and increasedsoil
erosion. From these studies Billings reaches the dramatic conclusion that
doubling CO2 would convert the wet tundraecosystem from a CO2 sink to a
CO2 source.
W. Oechel and coworkers have been studying the response of arctic
ecosystems to the increase in CO2 and temperatureusing environmentally
controlled greenhousesplaced in situ in the tundranear Barrow, Alaska (99,
88, 121). Contraryto most results obtained on the response of single individuals, Eriophorumplants in situ showed little response to high levels of
CO2. Plants grown at the high CO2 adjustedtheir photosyntheticrates within
three weeks so that theirrates were similarto those grown underambientCO2
when both were measuredat CO2 levels of their growth. Although there was
no seasonal pattern of growth, a significant increase occurred in tillering
under the high CO2 conditions. When responses to elevated CO2 under
controlled conditions of six arctic tundraspecies of different growth forms
were compared(in 88), most of the species had increasedtheirphotosynthetic
rates on a leaf area basis, but they varied in the degree of response, and that
was influenced by nutrient level. All species except Eriophorum had increased leaf darkrespirationas well. Surprisingly,and contraryto the results
from the in situ measurements,the photosyntheticrateof Eriophorumvaginatum was enhanced, especially under high nutrient conditions, and that
enhancementwas still high after2 monthsof exposure to the high CO2 level.
Oberbaueret al (87) found that Carex bigelowii, Betula nana, and Ledum
palustre responded to elevated CO2 and nutrient levels. They found that
nutrientsenhancedgrowth much more than did CO2 and concluded that CO2
with or without nutrientlimitationhas little effect on the productionof these
species. These results point out the importanceof in situ measurementsto
accuratelyassess plant response to elevated CO2 concentration.Analysis of
whole ecosystem response to elevated CO2 and temperaturefrom the in situ
measurementsshows that net CO2 uptake by tussock tundrawas higher at
elevated CO2 than at ambient CO2. But, net CO2 uptake was reduced by
temperatures4?C higher than ambient(53). Although the higher temperature
increasedconductanceand consequentlygross photosynthesis,highertemperatures also increased respirationto a degree that resulted in lower net CO2
uptake. These authorsconclude that nutrientlimitationin this system lowers
the ability of tundra plants to make full use of the elevated CO2 concentrations.
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The following conclusions emerge from work on this ecosystem: (a) in
Eriophorum, the dominant species in this system, only tillering increases
dramaticallywith rise in C02; (b) photosyntheticacclimation to high CO2
occurs;(c) nutrientsenhancethe responseto increasingC02; (d) species differ
in the degree to which growth is enhancedby C02; (e) differentlife forms do
not seem to respond differently to increase in C02; (I) conductance and
respirationincrease; and (g) temperaturerise lowers the CO2 enhancement
effects. Therefore,while some generalresponsesare similarto those observed
in other ecosystems, the tundraecosystem differs in some quite surprising
ways, particularlythe increase in conductance.
From the available data, the following scenario emerges: As CO2 and
temperaturerise, thaw of permafrostincreases, the growing season lengthens,
decomposition of organic matter increases sharply, nutrientavailability increases, net CO2 uptake increases, and transpirationincreases because of
higher temperatureand increased conductance. After a while, however, the
water table recedes, photosynthesisand net ecosystem productivitydecrease,
and the system becomes a CO2 source and a positive feedback loop would be
established.
THE ESTUARINE MARSH
Anotherin situ study of the responseof graminoid
ecosystem to elevated CO2 has been underway in the estuarine marsh of
Chesapeake Bay, Maryland, USA. Open top chambers were used by B.
Drake and his associates to enclose stands of Scirpus olneyi (C3), Spartina
patens (C4), and a combinationof both species and to expose them to ambient
(350?22 ,u 1-1) and elevated (686?30 ul 1-1) C02 concentrations. Elevated CO2 increased shoot density, delayed senescence, and increased biomass in Scirpus, the C3 species, but there was no effect on Spartina, the
C4 species (30). Furthermore, Scirpus responded positively to elevated
CO2 both in pure and in mixed stands. Carbon-nitrogenrelations were also
examined for these species (29). While carbon percentage did not change
with elevated CO2 in green leaves of Scirpus, nitrogen was reduced by
as much as 40%. Furthermore,abovegroundtissue content of nitrogen on
a per leaf area basis was not influenced by C02, indicating that nitrogen
was allocated from storage pools. Surprisingly, litter C/N ratio was not
affected by CO2 level, and the authorssuggested that CO2 rise will not influence the rate of decomposition or N mineralization. Because of the
continued input of nutrients in water from the adjacent creek into this already highly productivemarsh, the authorsconclude that continuedexposure
to high CO2levels may cause a continuedincreasein Scirpusproductivityand
increased dominance in this system. Thus, this situation contrasts sharply
with that observed in the nutrient-limitedtundraecosystem discussed previously.
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OTHER GRASSLANDS
Informationabout the response of grasslandsto elevated CO2 is very limited. Smith et al (115) comparedthe response of four
grass species from the Great Basin. High CO2 resulted in increasedgrowth,
especially basal stem production, in the C3 but not in the C4 species. This
enhancement was particularlystrong for Bromus tectorum, an introduced
wee\d. Since Bromus predisposes rangelandsto burning, the authors speculated that this enhancementby high CO2 levels in the futuremay increasethe
number and the severity of wildfires in this region, which could result in a
change in ecosystem function. Work with Blue grama (Bouteloua gracilis),
an importantnative perennial in the same region, showed that biomass and
leaf area were greatlyenhancedat elevated CO2levels, which is unusualfor a
C4 plant (101).
When plants were grown individually, CO2 concentrationdifferentially
influencedthe growthof six species from the shortannualgrasslandsfound on
serpentinesoil in California(129). In competition,however, these species did
not differ in their growth response to CO2. The species are of small stature
and presumablyadaptedto low nitrogenand calcium availabilityand to heavy
metals such as Ni and Mg. Apparently, the potential for these species to
respondto increasedCO2concentrationsmay be constrainedby physiological
traits that enable these annuals to grow in their native, nutrient-limited
environment. Furthermore,in this low-staturecommunity with a very short
growing season and nutrientlimitation, competitive networks and adaptation
can develop and dampen the CO2 effects.

Regenerating Ecosystems
The speed of the rise in CO2 concentrationsand the associated temperature
rise will far exceed the regenerationtime of many woody species in the world
and their migrationto new habitats(32). Thus, this rapidchange would likely
result in the death of many individualplants and their replacementwith early
successional species that, in general, are adaptedto live in an environment
with initially high resource levels (6). Regeneratingecosystems may be the
dominant ones over much of the landscape in a high CO2 world. Thus, the
study of regeneratingecosystems is crucialto assessing the possible impactof
global change. Our extensive knowledge of their behavior at the physiological, populational, and community levels under ambient and more recently
elevated CO2 may allow some predictions about their future.

The Early Successional Community:A Model System
NONCOMPETITIVE RESPONSE Work in our laboratoryhas focused mainly
on communitylevel, using individualspecies responsesto interpretcommuni-
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ty level responses. A major premise of the research is that the response of
individuals is highly modified by the presence of other individuals in a
populationor a community, and that these relationshipsthemselves would be
modified by other factors in the naturalenvironment.
Community-level investigations of CO2 effects on plant growth were reported by Carlson& Bazzaz (22). The annualcommunityof postagricultural
succession and the flood plain forest community in the midwesternUnited
States were studied. The experimentsalso included three crop species (corn,
soybean, and sunflower) in order to compare results with the published
agronomic literature.The results confirmed that species from naturalcommunities have physiological responses similar to those of the agronomic
species studied thus far. The degree of variation in response of different
species even of the same communitywas enormous. Based on these findings,
and without considerationof the associatedclimate change, three hypotheses
about the effects of elevated CO2 on plants were put forward:(a) Because of
increased water use efficiency, plant species will be able to expand their
ranges into drier habitats; (b) competitive interactionsamong species in a
communitymay change and will resultin a change in communitycomposition
and function; and (c) competitive interactionbetween crops and weeds may
change. The latterhypothesiswas also proposedby Patterson& Flint (92) and
was later confirmed (94).
Furtherwork with individually grown plants established the fundamental
physiological and morphologicalbasis of the responseof plantsto CO2and its
interactionswith other environmentalfactors. Most of these studies involved
growing several species individuallyand studyingdifferences among them in
their photosyntheticresponse, growth and allocation, or some other indicator
of their potential competitive success. These results were used to infer
competitive outcome among species (e.g. 8). The results have also been
useful in interpretingthe response of communitiesto the rising CO2 levels.
We chose as a model system an early successional community of annual
plants to investigate in detail aspects of the CO2 response at the individual,
population, and community levels. Depending on the questions asked we
sometimes used all dominant species of the community and sometimes a
subset of these species. This community was chosen because annual plants
can be grown to maturity,so that the effects of CO2 on all phases of the life
cycle, including reproduction,could be studied, and also because we have
accumulated much background information on this community over two
decades. The communityis dominatedby a small numberof species (five to
six) and has both C3 and C4 plants. Comparingthe response of the major
species in this community to elevated CO2 when the plants were grown
individually (47), we found:
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1. CO2concentrationhad little effect on the timing of seedling emergence;
2. Photosyntheticrates increasedand stomatalconductancedecreasedwith
increased CO2;
3. The levels of CO2duringgrowth had no effect on photosyntheticrates;
4. Shoot water potential was less negative in plants grown at high CO2;
5. Relative growthrates were enhancedby CO2early in the growthperiod
but declined later;
6. Specific leaf area (SLA) consistently decreased with increased CO2;
7. High CO2 caused one species to flower earlier and one to flower later,
while the rest showed no change;
8. There were significant species x CO2 interactionsfor leaf area, leaf
weight, weight of reproductive parts, and seed weight indicating
species-specific response to C02; and
9. Carbon/nitrogenratios increased with increasing CO2.
The results of this experiment and others also suggest that the commonly
suggested C3/C4 dichotomy does not fully explain the responses of plants to
CO2. For example, Amaranthus (C4) often shows a greater increase in
biomass as a result of elevated CO2 than does the C3 species Abutilon
theophrasti (8, 47).
Under competitive conditions the interactionbetween CO2 concentrationand soil moisture showed
thattotal communitybiomass increasedwith increasingCO2at both moist and
dry soil moistureconditions. The contributionof each species to total community biomass was greatly influenced by CO2. For example, Polygonumpensylvanicum contributedmore at high CO2 and moisture levels. In contrast,
Amaranthusretroflexusdeclined underthese conditions (7). These results are
commensuratewith the response of these species individually to CO2 and
moisture separately.Work on the interactionof CO2 with light and nutrients
(143) using all six species from this communityshowed that total community
production reached its peak at 450 ,u 1- l CO2. While total community
biomass was higher under high light, relative to low light, and under high
nutrients,relative to low nutrients,the responseof the communityto elevated
CO2 was affected by light level but not by nutrientavailability. The relative
success of some species, particularlyin terms of seed biomass and reproductive allocation, was significantly alteredby CO2. The contributionof the C3
species in this communityto total productionincreasedwith CO2enrichment.
Competitiveinteractionsand CO2have been examinedin more detail using
one C3 and one C4 plant from this community. Detailed growth analysis,
patternsof leaf display, and N allocation were used to understandthe mechanisms of interaction and to begin to model these interactions (11). The
species were grown both individuallyand in competitionwith each other. At
COMPETITIVE RESPONSE IN THE MODEL SYSTEM
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ambient CO2 levels Abutilon was competitively superior to Amaranthus
because the latter was unable to overcome the initial difference in starting
capital (larger seeds and seedling). But, at elevated CO2 that difference
disappeared,largely because of the enhanced relative growth rate (RGR) of
Amaranthus in high CO2 (especially earlier in the growth period) which
overcame the seed size advantagethat Abutilon has over Amaranthus.High
CO2 caused an increase in root/shoot ratio in Abutilon and a decrease in
Amaranthus.But Amaranthushad a much higherrate of N uptakeper unit of
root relative to Abutilon. Thus, the results of this experimentshow that: (a)
the responseto high CO2is limited to early stages of growth;(b) elevated CO2
greatlyincreasedRGR in Amaranthus;and (c) although,when comparedwith
C3 plants, C4 plants show a lesser enhancementof photosynthesis and net
assimilationrate (NAR) with increasedCO2levels, they did not "lose out" in
competition with C3 plants at elevated CO2 concentrations.
Bazzaz & Garbutt(8) studied the influence of the identity of competing
species and that of neighborhoodcomplexity on the interactionbetween CO2
and competition. Four species of the annual community were grown in
monocultureand in all possible combinationsof two, three, or four species at
levels of CO2. Overall, the species respondeddifferently to CO2 levels. In
mixturesthe species interactedstrongly, and in some cases these interactions
cancelled out the effects of CO2. For example, therewere clear differences in
the responses of species in differentcompetitiveneighborhoods.All competitive arraysthat had C3 species in them depressedthe growthof the C4 species
(Figure 4). The interactionsbetween CO2 and the identity of the competing
species were particularlystrong at the intermediateC02 level (500 ,u 1-1).
These findings suggested that competitive outcome will be modified by CO2
and by the interactionof CO2 with other environmentalfactors. They show
that different species will behave differently in a high CO2 world and that
their response will depend on the identity of the competing species and
perhaps on community diversity.

Early Perennial Stage
The interactionbetween Asterpilosus(C3) and Andropogon
virginicus(C4),
importantspecies in old-field succession, was studiedby Wray& Strain(137,
138, 139). They grew the two species both separatelyand in competition in
ambientand high CO2 levels, while half of them were subjectedto a drought
cycle. In Aster, droughtedplants grown at high CO2 had greaterleaf water
potentialand greaterphotosyntheticrates and total dry weight than did plants
grown at ambient CO2. In contrast, in Andropogonno differences appeared
among CO2treatmentsin response to drought.In competitionthe differences
between the species in response to elevated CO2were accentuated,andAster
strongly dominatedAndropogon. These authorssuggested that CO2 enrich-
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ment may increase the competitive ability of Aster relative to Andropogon,
allowing Aster to persist for longer periods during old-field succession.

Early Successional Trees
Tolley & Strain (123-125), Sionit et al (114), and Fetcheret al (43) studied
the response of Sweetgum (Liquidambarsiyraciflua)and loblolly pine (Pinus
taeda), two midsuccessional tree species, to elevated CO2. They found that
elevated CO2 increased components of growth more in sweetgum than in
loblolly pine, especially at high irradiance.Sweetgum developed more rapid-
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ly, reachedmaximum size earlier, and maintainedheight dominancerelative
to loblolly pine. Under droughtstress high C02-grown sweetgum individuals
developed internal water deficits more slowly than did those grown under
ambientC02, and the seedlings maintainedhigher photosyntheticrates over
the drying cycle. In contrast, loblolly pine seedlings had a more severe
internal water deficit than did sweetgum, irrespective of CO2 level. The
authorsconcludedthat sweetgum seedlings should toleratelonger exposureto
low moisture, especially underhigh CO2conditions, and thatthese conditions
would result in greaterseedling survivalon driersites in successionalfields in
the piedmont. Furthermore,the height dominanceand shadingthat sweetgum
presentlyexerts on pine may be intensifiedin a high CO2environment.In the
climate of the future, with high C02, the authorssuggest thatsweetgum could
displace loblolly pine.

Forest Ecosystems
Only a few studies have examined the response of
tree species in a communitycontext, and fewer still in competitive situations.
Seedlings of the dominantsof a floodplainforest communityand of an upland
deciduous forest communitywere grown as two groups in competitionunder
ambientand elevated CO2concentrations(130). Photosyntheticcapacity(rate
of photosynthesis at saturating CO2 and light) tended to decline as CO2
concentrationincreased. Stomatalconductancealso declined with an increase
in CO2. Nitrogen and phosphorusconcentrationsgenerally decreasedas CO2
increased.Overallgrowthof both communitieswas not enhancedby C02, but
the relativecontributionof species to the total communitybiomass changedin
a complex way and was also influenced by light/CO2 interactions.
In four cooccurringspecies of Betula, elevated CO2enhancedsurvivorship
in yellow birchonly, but nearlydoubledtotal weight androot/shootratioin all
species. However, differences among the species in growth response to
elevated CO2 were small despite the differences among the species in habitat
preferance (F. Bazzaz, unpublished). The response to CO2 of seven cooccurringtree species from the NorthernHardwoodforests in New England
was studied by F. A. Bazzaz, J. Coleman, & S. Morse, (unpublished).
Seedlings of Fagus grandifolia, Acer saccharum, Tsuga canadensis, Acer
rubrum,Betula papyrifera, Prunus serotina, and Pinus strobus were grown
under400 ul I-l and 700 ,ul 1-1 CO2. The species differed greatly in their
responses;elevated CO2 significantly increased the biomass of Fagus, Prunus, Acer saccharum, and Tsuga, but only marginallythat of Betula, Acer
rubrum,and Pinus. Under the conditions of this experiment-relatively low
light (400-700 umole mole- 1) and high nutrients-the species that are
consideredmore shade tolerant and late successional (Fagus, Acer saccharum, and Tsuga) showed the largest biomass increase, with high CO2 levels.
Furthermore,Betula and Acer rubrum grown from seed did not exhibit
TEMPERATE FORESTS
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different responses to elevated CO2 than did those individuals transplanted
from the field while dormant.These results suggest that seedlings of the late
successional trees in this system growing in the shade and with ample
nutrientswill do relatively better in a high CO2 world than will early successional trees in open environments. This may be particularlyimportant
since young seedlings near the forest floor may experience a high CO2
environmentcaused by the efflux of CO2from the soil (9). These findings, at
first glance, differ from those of other studies (e.g. 86) which found that
growth enhancementby elevated CO2 in Ochroma lagopus, a fast growing
pioneer species, was greater than that in Pentaclethra macroloba, a slower
growing climax species. Furthermore,Tolley & Strain (123) found a greater
enhancementof growth in the faster growing of two early successional tree
species Liquidambarstyraciflua and Pinus taeda. The findings of these two
studies fit the general notion that early successional plants growing in open
environmentsare able to take opportunisticadvantageof available resources
and that they have high growth rates (6). However, the results from the
seven-species study point once again to the importanceof otherenvironmental
resources in modifying the response of plants to elevated CO2.
TROPICAL RAINFORESTS Reekie & Bazzaz (100) studied competition and
patternsof resourceuse among seedlings of tropicaltrees under ambientand
elevated CO2 using five relatively fast growing early successional species
from the rainforestof Mexico (Cecropia obtusifolia, Myriocarpa longipes,
Piper auritum, Senna multijuga, and Trichospermummexicanum).Elevated
CO2 only slightly affected photosynthesis and overall growth of the individually grown plants but greatly affected mean canopy height. Though
stomatalconductanceslightly declined with increasedC02, leaf water potential and plant water use were relatively unaffected. However, in the competitive arraysthere were markedeffects of CO2 on species composition, with
some species decreasing and others increasing in importance. High CO2
increased the mean canopy height in Cecropia, Piper, and Trichospermum,
and decreasedit in Senna (Figure5). Therewere also some differencesamong
species in allocation to roots and in the timing of that allocation. Stepwise
regression analysis of several physiological and architecturalmeasurements
showed that canopy height (leaf display in the canopy) was the single most
importantvariable determiningcompetitive ability. Photosyntheticrates, especially in low light, and allocation to root early in the growth period were
also significant. The results of this study suggest that competition for light
was the major factor influencing community composition, and that CO2
influenced competitive outcome largely throughits effects on canopy architecture. Early in the experimentcompetition for nutrientswas intense. This
allowed Piper, with greater allocation to roots, to gain a competitive edge.
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Very rapidly, however, the canopy closed and competitionfor light become
more intense. Therefore, Senna, Trichospermum,and Cecropia, with their
greaterbiomass allocation to shoots, were able to overtop the other species.
Senna was particularlysuccessful because of its high photosyntheticrate and
tall shoot architecture.Thus, the majoreffect of elevated CO2on competition
was through its modification of plant architecture.

CO2 AND EFFECTS ON SOIL
MICROORGANISMS/PLANTROOT INTERACTIONS
It has been hypothesizedthat high CO2 and the resultinghigh availabilityof
photosynthatewill enhance root growth and root exudationin the soil. These
will in turn influence plant nutritionby enlarging soil volume explored by
roots and by increasing mycorrhizal colonization (119), nodulation, and
nitrogen-fixingcapacities (67, 74). There have been only a few tests of these
ideas with plants from naturalecosystems. In Quercus alba seedlings grown
in nutrient-poorforest soil, elevated CO2 increasedgrowth, especially of the
root system (83). Much of the nitrogenwas in fine roots and leaves, and the
plant's efficiency of N-use was enhanced. Furthermore,elevated CO2 increased uptake of P which may have also been associated with a greater
proliferationof mycorrhizae and rhizospherebacteria. The weight of new
buds of seedlings grown in elevated CO2 was greater than of those of
seedlings grown in ambientCO2, suggesting that shoot growth in the subsequent year would be enhanced (84). Seedlings of Pinus echinata grown in
elevated CO2 allocated proportionally more photosynthate to fine roots,
produced larger fine root mass, and had higher mycorrhizal density than
plants grown in ambient CO2 (85).
Although there have been no experimentaltests of the hypothesis, several
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authorshave predictedthat the rate of litter decompositionmay be slower in
high CO2 environments (119, 130). These predictions are based on the
finding in the majorityof studies that the carbon-to-nitrogenratio of tissues
grown underelevated CO2 levels declines and on experimentalevidence that
tissue with high lignin and low nitrogen content decays slowly (77).

CO2 AND PLANT-HERBIVOREINTERACTIONS
Elevated CO2 concentrationswithin the range predicted by global change
scenarios are unlikely to influence herbivores directly (e.g. 42). However,
several investigators(see 119) have suggested that the tissue quality of plants
grown under high CO2 environments could be altered, thereby indirectly
affecting insect performance. Recent experimentalevidence has supported
this notion. For example, most studies have demonstratedthat foliar nitrogen
concentrations, a limiting nutrient for insect herbivores (76), decline with
increased CO2 (40-42, 59, 70, 71, 130, 133). Other importantnutritional
factors, such as foliar carbon-basedallelochemical and fiber concentrations,
do not seem to be affected by elevated CO2 conditions (40-42, 70, 59), and
foliar water content does not change in any consistent way in higher CO2
atmospheres(e.g. 71, 41). Too few systems have been examinedto make any
general statements about these patterns.
Insect herbivorebehavior and subsequentperformanceare affected when
they are rearedon low nitrogen, high CO2 grown plants. To compensatefor
the lower nitrogen concentrations, insect herbivores feeding on high CO2
grown foliage increase their consumption rate by 20%-80% compared to
those larvae feeding on low CO2 grown tissue (40, 59, 70, 72). Despite this
increased consumption, insect herbivore performanceon high CO2 grown
plants is often poorer than on low CO2 grown plants. Lepidopteranlarval
mortality increases (3, 41), and growth is often slower for larvae rearedon
high C02-grown plants (40-42) (Figure 6). Slower growth might reduce
insect herbivorefitness in the wild due to an increasedexposure to predators
and parasitoids (98) and a decrease in the likelihood of their completing
development in seasonal environments(e.g. 26). Reduced populationnumbers have also been observed for foliage-feeding herbivores on plants in
enriched CO2 environmentsin open-top chambers(21). Interactionsbetween
plants and other plant-eatingorganisms, such as mammals, have yet to be
investigated.

GLOBAL CHANGE AND PREDICTEDCHANGES IN
SPECIES RANGES
Various modelling results, based on changes in temperaturecaused by the
increase in CO2 and other greenhouse gases, have suggested a significant
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change in patterns of regional plant productivity (109, 38, 116), in the
distributionranges of some plant species (34, 33), and in species composition
on a regional scale (91). For example, the range of Americanbeech (Fagus
grandifolia) could drastically change, and its distributioncould be several
hundredmiles north of its currentposition (33). Additionally, based on the
direct response to increased CO2 alone and the resultantdecrease in water
consumption, it was also predicted that the ranges of species can expand
into drier habitats (22). Of course, neither of these approaches by itself
would yield definitive conclusions; the influence of both the direct and
indirecteffects of the rising CO2 should be jointly considered. Using growth
and other physiological data on the response of the weedy vines Kudzu
(Pueraria lobata), and honeysuckle (Lonicera japonica) to elevated C02,
and considering the indirect effects of the C02-induced climate change,
Sasek & Strain (107) concluded that elevated CO2 levels and increased
winter minimum temperaturesmay allow northwardand westward migration of both species, but the decreased summer precipitationmay minimize
the westward spread. It must be pointed out that these predictions concern
only the potential for range shifts in species and do not take into account
the new and potentially very effective barriersto and corridorsfor dispersal of propagules, nor do they consider the importantfactors of the changed
plant/plantinteractions, plant/animalinteractions, and plant/microbialinteractions.
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CONCLUSIONS
It is clear from this review that some general patternsof response of plants,
especially at the physiological level, to the rising CO2 and the associated
climate change are beginning to emerge (Figure 1). Enhancedphotosynthesis
and growth, increasedallocation to undergroundparts, and particularlywater
use efficiency have been strongly documented.However, photosynthesisand
growth enhancement in some species can be of limited duration, perhaps
because of shortagesof sinks and the resultingsimulationof photosynthatesin
leaves. It is also clear that CO2 interactsstrongly with other environmental
factors, especially nutrientsand temperature,to generate the response at the
individual level.
Work at the community and ecosystem level has clearly shown that, in
most situations, the response at the individual level may become highly
modified and may not predict the response of communities. It is quite likely
thatthe impacton productivityof ecosystems may resultmainly from changes
in species composition brought about by differential species response to
elevated CO2. The numberand the identity of neighboringplants, the levels
of environmental resources, the activities of herbivores, pathogens, and
symbionts are crucial to the way plants respond to elevated CO2. Because
of the complexity of these interactions, and our limited knowledge of them,
our predictions about the future impact of the rising CO2 and associated
climate change are very tenuous. In fact, for some ecosystems we cannot
presently even predict the direction of the change that would result from
increasingCO2. Nevertheless, the work on a model system of annualplants,
and with otherassemblages, is giving us some insights into the mechanismsof
the response to CO2 at the community level. We are beginning to identify
certain parametersthat seem to explain significant amounts of the response
to elevated CO2. For example, initial relative plant growth rates and biomass allocation seem very important determinants of plant response to
CO2. Responses at the population level are essentially unknown, but that
researchin this area, particularlyplant-animalinteractions, will be of great
importance in understandingthe future of biological systems in a high
CO2 world.
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