grandidentata in the field at ambient and twice ambient CO2 in open
bottom root boxes filled with organic matter poor native soil. Nitrogen
was added to all root boxes at arate equivalent to net N mineralization
in local dry oak forests. Nitrogen added during August was enriched
with N-25 to tracetheflux of N within the plant-soil system. Above- and
belowground growth, CO2 assimilation, and leaf N content were
measured non- destructively over 142 d. After final destructive harvest,
roots, stems, and leaves were analyzed for total N and N-15. There was
no CO2 treatment effect on leaf area, root length, or net assimilation
prior to the completion of N addition. Following the N addition, leaf N
content increased in both CO2 treatments, but net assimilation showed
a sustained increase only in elevated CO2 grown plants. Root relative
extension rate was greater at elevated CO2, both before and after the N
addition. Although final root biomasswasgreater at elevated CO2, there
was no CO2 effect on plant N uptake or alocation. While low soil N
availability severely inhibited CO2 responses, high CO2 grown plants
were more responsive to N. This differential behavior must be
considered in light of the temporal and spatial heterogeneity of soil
resources, particularly N which often limits plant growth in temperate
forests.
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Cushman, J.C., and H.J. Bohnert. 1997. Molecular genetics of
Crassulacean acid metabolism. Plant Physiology 113(3):667-676.

Most higher plants assimilate atmospheric CO2 through the C-3
pathway of photosynthesis using ributose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco). However, when CO2 availability is
reduced by environmental stress conditions, the incomplete
discrimination of CO2 over O-2 by Rubisco leads to increased
photorespiration, a process that reduces the efficiency of C-3
photosynthesis. To overcome the wasteful process of photorespiration,
approximately 10% of higher plant species have evolved two aternate
strategies for photosynthetic CO2 assimilation, C-3 photosynthesis and
Crassulacean acid metabolism. Both of these biochemical pathways
employ a"CO2 pump" to elevateintracellular CO2 concentrationsin the
vicinity of Rubisco, suppressing photorespiration and therefore
improving the competitiveness of these plants under conditions of high
light intensity, high temperature, or low water availability. This CO2
pump consistsof aprimary carboxylating enzyme, phosphoenolpyruvate
carboxylase. In C-4 plants, this CO2-concentrating mechanism is
achieved by the coordination of two carboxylating reactions that are
spatially separated into mesophyll and bundle-sheath cell types (for
review, see R.T. Furbank, W.C. Taylor [1995] Plant Cell 7:797-802;
M.S.B. Ku, Y. Kano-Murakami, M. Matsuoka [1996] Plant Physiol
111:949-957). In contrast, Crassul acean acid metabolism plantsperform
both carboxylation reactions within one cell type, but the two reactions
are separated in time. Both pathways involve cell- specific changesin
the expression of many genes that are not present in C-3 plants.
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Dacey, J.W.H., B.G. Drake, and M.J. Klug. 1994. Stimulation of
methane emission by carbon-dioxide enrichment of marsh vegetation.
Nature 370(6484):47-49.

THERE is substantial evidence that many plants respond to increased
concentrations of atmospheric carbon dioxide by increasing their

productivity(1-4) This observation has led to the suggestion that, by
taking up CO2, the terrestrial biosphere might mitigate the potential
greenhouse warming associated with anthropogenic CO2 emissions(5).
Whiting and Chanton(6) have found, however, that for wetlands of
varying productivity around the world, higher net primary productionis
associated with higher emissions of methane-another important
greenhouse gas. Here we present measurements of methane emissions
from a marsh that has been exposed to twice the present ambient
concentration of atmospheric CO2. Wefind that over aone-week period,
the CO2-enriched sites had significantly higher emissions of methane
than the control sites. Our results suggest that future increases in
atmospheric CO2 concentration may lead to significant increases in
methane emissions from wetlands.
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Dahlman, R.C. 1993. Co2 and plants - revisited. Vegetatio 104:339-
355.

The decade-long USA research program on the direct effects of CO2
enrichment on vegetation has achieved important milestones and has
produced a number of interesting and exciting findings. Research
beginning in 1980 focused on field experiments to determine whether
phenomena observed in the laboratory indeed occurred in natural
environments. The answer is yes. Data obtained from numerous field
studies show mixed response of crop and native species to CO2
enrichment however. Nearly al experiments demonstrate that plants
exhibit positive gain when grown at elevated CO2; athough the
magnitude varies greatly. Most crop responses range from 30 to 50 %
increase in yield. Results from long-term experiments with woody
species and ecosystems are even more variable. Huge growth responses
(200 to nearly 300 % increase relative to controls) are reported from
several treeexperimentsand the salt-marsh ecosystem experiment. Other
results from experiments with woody species and the tundra ecosystem
suggest little no effect of CO2 on physiology, growth or productivity.
Numerous studies of the physiology of the CO2 effect are continuing in
attempts to understand controlling mechanisms and to explain the
variable growth responses. Particular emphasis needs to be given to
physiological measures of interactions involving the CO2 effect and
other environmental influences, and to the wide-ranging observations of
photosynthesis acclimation to CO2. Prospects for future research are
identified.
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Dale, H.,and M.C. Press. 1998. Elevated atmospheric CO2 influences
the interaction between the parasitic angiosperm Orobanche minor and
its host Trifolium repens. New Phytologist 140(1):65-73.

The influence of the root holoparasitic angiosperm Orobanche minor
Sm. on the biomass, photosynthesis, carbohydrate and nitrogen content
of Trifolium repens L. was determined for plants grown at two CO2
concentrations (350 and 550 mu mol mol(-1)). Infected plants
accumulated less biomass than their uninfected counterparts, although
early in the association there was a transient stimulation of growth.
Infection also influenced biomass allocation both between tissues
(infected plants had lower root:shoot ratios) and within tissues: infected
roots were considerably thicker before the point of parasite attachment
and thinner below. Higher concentrations of starch were also found in
roots above the point of attachment, particularly for plants grown in



elevated CO2. Elevated CO2 stimulated the growth of T. repens only
during the early stages of development. There was a significant
interaction between infection and CO2 on growth, with infected plants
showing agreater response, such that elevated CO2 partly alleviated the
effects of the parasite on host growth. Elevated CO2 did not affect total
O. minor biomass per host, thenumber of individual parasites supported
by each host, or their time of attachment to the host root system.
Photosynthesis was stimulated by elevated CO2 but was unaffected by
O. minor. There was no evidence of down-regulation of photosynthesis
in T. repens grown at elevated CO2 in either infected or uninfected
plants. The data are discussed with regard to the influence of elevated
CO2 on other parasitic angiosperm-host associations and factorswhich
control plant responses to elevated CO2.
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Dalen, L.S, O. Johnsen, and G. Ogner. 1997. Frost hardiness
development in young Picea abies seedlings under simulated autumn
conditions in a phytotron - effects of elevated CO2, nitrogen and
provenance. Plant Physiology 114(3):576.
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Damesin, C., C. Galera, S. Rambal, and R. Joffre. 1996. Effects of
elevated carbon dioxide on leaf gas exchange and growth of cork-oak
(Quercus suber L) seedlings. Annales Des Sciences Forestieres 53(2-
3):461-467.

Leaf gas exchange and growth were determined on cork-oak (Quercus
suber L) seedlings which were grown from acorns for periods of up to 4
monthsin greenhouses at ambient (350 mu mol mol(-1)) and at elevated
(700 mu mol mol(-1)) concentrations of carbon dioxide. In well-watered
conditions, daily maximum photosynthesis (15 mu mol m(-2) s(-1)) and
stomatal conductance (440 mmol m(-2) s(-1)) of plants grown and
measured at 700 mu mol mol(-1) CO2 did not differ from those of plants
grown and measured at 350 mu mol mol(-1). In conditions of moderate
drought, net CO2 assimilation was at least twice as great in elevated
CO2, but stomatal conductance was unchanged. Elevated CO2 affected
total biomass production, the average increase being 76 and 97% at 3
and 4 months, respectively. Shoot biomass, root biomass, stem height
and total leaf area were increased by elevated CO2. Root and stem
ramification were also enhanced by elevated CO2, but no change in
root/shoot ratio was observed.
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Daniel, E. 1997. The temperature dependence of photoinhibition in
leaves of Phaseolus vulgaris (L) - Influence of CO2 and O-2
concentrations. Plant Science 124(1):1-8.

The interactive effect of temperature and CO2 concentration on the
susceptibility to photoinhibition was assessed using chlorophyll a
fluorescence to estimate the reduction of the quantum yield of PSII
photochemistry (F-w/F-m) after high-light exposure. Leaves exposed to
high photon flux density alwaysexhibit adecreasein F-w/F-m, resulting
from both a decrease in the rate constant for photochemistry and an
increasein therate constant for non photochemical dissipation of excess
excitation energy. At a-given CO2 concentration, there was almost no

difference in the degree of photoinhibition between leaves exposed to
high light in 10 or 210 mmol O-2/mol. But photoinhibition was more
pronounced at 10 mmol O-2/mol and O mu mol CO2/mol than at 210
mmol O-2/mol and 50 pmol CO2/moal, i.e. when both photorespiration
and CO2 refixation are suppressed. Despite this photoprotective role of
photorespiration, photoinhibition was enhanced by decreasing CO2
concentration in bean leaves, especialy at elevated (30-35 degrees
C)temperatures. (C) 1997 Elsevier Science Ireland Ltd.

KEYWORDS: ASSIMILATION, CHLOROPHYLL FLUORESCENCE,
CHLOROPLAST PROTEIN, DROUGHT, LIGHT, PHOTOCHEMICAL
EFFICIENCY, PHOTORESPIRATION, PHOTOSYNTHETIC
ELECTRON FLOW, PHOTOSYSTEM, WATER-STRESS

487
Darrah, P.R. 1996. Rhizodeposition under ambient and elevated CO2
levels. Plant and Soil 187(2):265-275.

As global CO2 levels rise, can soils store more carbon and so buffer
atmospheric CO2 levels? Answering this question requires aknowledge
of the rates of C inputs to soil and of CO2 outputs via decomposition.
Below-ground inputs from roots are a major component of the C flow
into soils but are still poorly understood. In this article, new techniques
for measuring rhizodeposition are reviewed and discussed and the need
for cross-compari sons between methodsisidentified. One component of
rhizodeposition, root exudation, isexamined in moredetail and evidence
is presented which suggests that current estimates of exudate flow into
soilsareincorrect. A mechanistic mathematical model isused to explore
how exudate hows might change under elevated CO2.
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Darrigo, R.D., and G.C. Jacoby. 1993. Tree growth-climate
relationships at the northern boreal forest tree line of north-america -
evaluation of potential response to increasing carbon-dioxide. Global
Biogeochemical Cycles 7(3):525-535.

Tree growth at the northern limit of the range of boreal forests is
primarily limited by temperature-related factors. Thus the position of
this range limit, and the growth rates of trees along the northern forest
border, may undergo significant change if predictions of enhanced
greenhouse warming at northern latitudes are realized. In this paper we
evaluate treering width and maximum latewood density chronol ogies of
white spruce for three temperature-sensitive tree line sites in northern
North America: in the Brooks Range, Alaska, the Franklin Mountains,
Northwest Territories, and Churchill, Manitoba. The ring width data,
which morestrongly integratelow-frequency temperaturetrendsthan the
density series, show overall enhanced growth and inferred warming
during the period of anthropogenic increase in greenhouse gases. The
recent growth at these sites equals or exceeds that which has occurred
during earlier centuriesof moreclearly natural climatevariability. When
the ring width and density variations are estimated using temperature
and precipitation data in principal components regession analysis, no
substantial residual trends are detected which might require CO2 or
other nutrient fertilization asan additional explanation for recent growth
changes.
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Davey, P.A., AJ. Parsons, L. Atkinson, K. Wadge, and S.P. Long.
1999. Does photosynthetic acclimation to elevated CO2 increase
photosynthetic nitrogen-use efficiency? A study of three native UK
grassland speciesin open-top chambers. Functional Ecology 13:21-28.

1, The photosynthetic response to elevated CO2 and nutrient stress was
investigated in Agrostiscapillaris, Lolium perenneand Trifolium repens
grown in an open-top chamber facility for 2 years under two nutrient
regimes. Acclimation was eval uated by measuring the response of light-
saturated photosynthesis to changes in the substomatal CO2
concentration. 2. Growth at elevated CO2 resulted in reductions in
apparent Rubisco activity in vivo in all three species, which were
associated with reductions of total leaf nitrogen content on a unit area
basis for A. capillaris and L. perenne. Despite this acclimation,
photosynthesis was significantly higher at elevated CO2 for T. repens
and A. capillaris, the latter exhibiting the greatest increase of carbon
uptake at the lowest nutrient supply. 3. The photosynthetic nitrogen-use
efficiency (the rate of carbon assimilation per unit leaf nitrogen)
increased at elevated CO2, Mot purely owing to higher values of
photosynthesis at elevated CO2, but aso as a result of lower leaf
nitrogen contents. 4. Contrary to most previous studies, this
investigation indicates that elevated CO2 can stimulate photosynthesis
under a severely limited nutrient supply. Changes in photosynthetic
nitrogen-use efficiency may be a critical determinant of competition
within low nutrient ecosystems and low input agricultural systems.

KEYWORDS: C-3PLANTS, CAPACITY, COTTON, GAS-EXCHANGE,
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Davies, S.J., and L. Unam. 1999. Smoke-haze from the 1997
Indonesian forest fires: effects on pollution levels, local climate,
atmospheric CO2 concentrations, and tree photosynthesis. Forest
Ecology and Management 124(2-3):137-144.

Atmospheric composition, local climate and sapling gas exchange were
monitored to assess the short-term effects of smoke-haze from the 1997
Indonesian forest fires. Atmospheric concentrationsof particulatematter,
S02, CO, CH4 and CO2, and relative humidity were elevated, and
photosynthetically active radiation and ambient temperature were
reduced by the smoke- haze. Despite elevated CO2 levels,
photosynthesis in three tree species was reduced by the smoke-haze,
both indirectly through reduced PAR levels, and directly through
elevated aerosol and atmospheric pollutant levels. (C) 1999 Elsevier
Science B.V. All rights reserved.
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Day, F.P., E.P. Weber, C.R. Hinkle, and B.G. Drake. 1996. Effects
of elevated atmospheric CO2 on fine root length and distribution in an
oak-palmetto scrub ecosystem in central Florida. Global Change
Biology 2(2):143-148.

Atmospheric CO2 concentrationisrising and it has been suggested that
a portion of the additional carbon is being sequestered in terrestrial
vegetation and much of that in below-ground structures. The objective
of the present study was to quantify the effects of elevated atmospheric
CO2 onfineroot length and distribution with depth with minirhizotrons
in an open-top chamber experiment in an oak-palmetto scrub ecosystem
at Kennedy Space Centre, Florida, USA. Observations were made five
times over a period of one and a half years in three ambient chambers

(350 p.p.m. CO2), three CO2 enriched chambers (700 p.p.m. CO2), and
three unchambered plots. Greater root length densitieswere produced in
the elevated CO2 chambers (14.2 mm cm(-2)) compared to the ambient
chambers (8.7 mm cm(-2)). More roots may presumably lead to more
efficient acquisition of resources. Fine root abundance varied
significantly with soil depth, and there appeared to be enhanced
proliferation of fineroots near the surface (0-12 cm) and at greater depth
(49-61 cm) inthe elevated CO2 chambers. Thevertical root distribution
pattern may be a response to availability of nutrients and water. More
studies are needed to determine if increased root length under CO2
enriched conditions actually results in greater sequestering of carbon
below ground.
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Dayan, E., H. Vankeulen, J.W. Jones, |. Zipori, D. Shmuel, and H.
Challa. 1993. Development, calibration and validation of agreenhouse
tomato growth-model . 1. Description of themodel. Agricultural Systems
43(2):145-163.

A dynamic crop growth model. TOMGRO, for an indeterminate tomato
variety ispresented. Themodel describesthe phenological development
and increase in dry weight of various organs (roots, stem nodes, leaves
and fruits) from planting till maturity under variable environmental
conditions. Phenological development is governed by genetic plant
properties and environmental conditions (e.g. air temperature and CO2
level) and expressed in a plastochron index, i.e. the current stem node
number. Total dry matter accumulation is based on a quantitative
description of the carbon balance, including gross CO2 assimilation,
maintenance respiration and growth respiration. Partitioning of dry
matter increase over thevarious organsisgoverned by their relative sink
strengh, defined on the basis of a genetically determined 'potential’
growth rate, achieved under non-limiting carbohydrate supply. The
mode is both schematic and modular in set-up. This means it can be
adapted easily and most of its subroutines can be replaced easily by
othersif better descriptions become available. It can also be combined
with a more comprehensive model describing greenhouse climate and
appearsrobust for usein procedures of economic optimization of climate
conditions in greenhouses or for management purposes.
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Daymond, A.J., T.R. Wheeler, P. Hadley, R.H. Ellis, and J.I.L.
Morison. 1997. The growth, development and yield of onion (Allium
cepal) in response to temperature and CO2. Journal of Horticultural
Science 72(1):135-145.

Stands of two cultivars (cv. Hysam and Site) of onion (Allium cepal.)
weregrown in theheld within polyethylene-covered tunnel salong which
atemperature adient was imposed. Pairs of tunnels were maintained at
either 374 or 532 mu mol mol(-1) CO2. The rates of progress from
transplanting to bulbing, and from bulbing to harvest maturity, were
positive linear functions of mean temperature for each cultivar. At a
given temperature, the time of bulbing was earlier, but the duration of
bulb growth longer, at elevated compared with norma CO2. Canopy
architecture was not affected by CO2, temperature or cultivar; an
estimate of 0.25 for the canopy light extinction coefficient was common
to all trestment combinations. Radiation use efficiency was greater at
elevated compared with normal CO2 in the period up to bulbing, but was
the same at both CO2 concentrations during subsequent bulb growth.
Total crop dry weight at bulbing was increased by 32-44% due to



clevated CO2. Bulb yidds at harvest maturity declined with
progressively warmer temperatures and to a greater extent in cv. Site
than cv. Hysam. Enrichment with CO2 increased bulb yieldsby 29-37%
and by 35-51% in cvs Hysam and Site, respectively. From comparison
of the temperature rise needed to offset entirely the yield increases of
each cultivar dueto elevated CO2, it isconcluded that current estimates
of climate change should be beneficia for bulb onion production,
particularly for long- season cultivars.
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DeAngelis, P.,and G.E. Scar ascia-M ugnozza. 1998. Long-term CO2-
enrichment in a Mediterranean natural forest: An application of large
open top chambers. Chemosphere 36(4-5):763-770.

Itiscrucia to be ableto anticipate the possible effects of environmental
changes on the Mediterranean woodland communities given their
essential roleon protecting landsthat are under astrong pressure by man
and climate. Predictions of the effects of increasing CO2 concentration
on plants have been inferred by short- and long-term studies, conducted
at different scales and by different technologies. Open Top Chambers
(OTCs) are experimental facilitiesthat have been widely used to expose
field grown plants to different pollutant gases, and more recently to
elevated [CO2]. In this paper, we present the natural site and the
experimental system (six large OTCs enclosing clumps of natural
vegetation) that we have been utilizing for 3 years, to assess the impact
of elevated [CO2] on a Mediterranean natural forest community. The
results show that large OTCs can be usefully used to simulate CO2
doubling even under the harsh environmental conditions of the
mediterranean region. (C) 1998 Elsevier Science Ltd.
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Debevec, E.M., and S.F. Maclean. 1993. Design of greenhousesfor the
manipulation of temperature in tundra plant-communities. Arctic and
Alpine Research 25(1):56-62.

Passive greenhouses can be used to elevate the temperature of natural
communities, but they also introduce other effects. Wetested the effects
of potential greenhouse materials-clear polyethylene plastic film,
polyester fabric, and rigid fiberglass panels-on light transmission,
photosynthesis of Salix planifolia, elevation of air and soil temperature,
and thaw depth. Plastic had the greatest light transmittance and caused
theleast depression of photosynthesis (- 5%). Greenhouses covered with
plastic elevated daily maximum and daily mean air temperatures by an
average of 7.8 and 2.0- degrees-C and depressed daily minimum
temperature by 1.1- degrees-C compared with the control. Plastic is
impervious to gases and may alter CO2 concentration and humidity
within greenhouses. Fiberglass had lower transmittance, especially of
short wavelength radiation. Fabric had the lowest light transmission and
reduced photosynthesisby 10%, but it hasthe advantage of permeability
to CO2 and water vapor. Greenhouses covered with fabric, alone,
produced only a small effect (daily mean temperature elevated 0.4-
degrees-C above controls). A mixed greenhouse design (plastic and
fabric) raised daily mean temperatures by 0.9-degrees-C and may
minimize adverse effects on gas diffusion. Because of the effect of the
materials on amount and spectral distribution of radiation and on
photosynthesis, the appropriate treatment control for any greenhouse
design is an open plot shaded with the same material. Soil temperature
at 10 cm depth was elevated in all greenhouses, but no effect on depth
of thaw was detected.
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Debruin, H.A.R., and C.M.J. Jacobs. 1993. Impact of co2 enrichment
on theregional evapotranspiration of agroecosystems, atheoretical and
numerical modeling study. Vegetatio 104:307-318.

This paper gives a brief overview of factors determining
evapotranspiration of vegetated surfaces. It indicates which of these
factors are sengitive to CO2 enrichment. A qualitative analysis is
presented of theimpact of large scale climate changes. Datain literature
indicatethat the surfaceresi stance of vegetated areas may changewithin
the range -25 % and +50 % if the atmospheric CO2-concentration
doubles. The impact of such changes on regional scale transpiration is
evaluated using a numerical model in which theinteraction between the
evapotranspiration and the Planetary Boundary Layer is accounted for.
It is concluded that the impact of CO2 enrichment on the transpiration
at the regional scale is relatively small for aerodynamically smooth
surfaces (between +7 % and -11 %). For aerodynamically rough surfaces
the effects are somewhat larger (between +15 % and -21 %).
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Deepak, S.S,, and M. Agrawal. 1999. Growth and yield responses of
whesat plants to elevated levels of CO2 and SO2, singly and in
combination. Environmental Pollution 104(3):411-419.

Wheat plants (Triticum aestivum L. cv. Malviya 234) were exposed to
600 ppm of carbon dioxide (CO2) and 0.06 ppm sul phur dioxide (SO2),
singly and in combination for 8 h daily (8 am. to 4 p.m.) from
germination to maturity in open top chambers (OTCs) infield conditions
to investigate their individual as well as interactive influence on plant
growth and yield. Exposure of plants to 0.06 ppm SO2 significantly
reduced plant height, leaf area, biomassand yield. Elevated CO2, on the
other hand, stimulated the growth and yield of plants. Combination of
CO02 and SO2 showed a similar response pattern as that of CO2 alone.
Pattern of biomass allocation also varied in response to different
treatments. RGR was significantly increased due to CO2 and CO2 +
SO2 treatments, whereas the same reduced due to SO2 exposure.
Root/shoot ratio decreased significantly due to CO2 and CO2 + SO2
treatment at 45 days age. CO2 modified the responses of plantsto SO2.
Combined exposure of SO2 and CO2 stimulated the growth as well as
theyield maximally. Thissuggeststhat the CO2 enrichment has not only
reduced the adverse effect of low level of SO2, but at the same timethe
extra carbon provided by CO2 enrichment took the advantage of air
borne sulphur as nutrient and showed maximum increment in growth
and yield. (C) 1999 Elsevier Science Ltd. All rights reserved.
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Dehaan, B.J., M. Jonas, O. Klepper, J. Krabec, M.S. Krol, and K.
Olendrzynski. 1994. An atmosphere-ocean model for integrated
assessment of global change. Water, Air, and Soil Pollution 76(1-
2):283-318.

This paper describes the atmosphere-ocean system of the integrated
model IMAGE 2.0. The system consists of four linked models, for



atmospheric composition, atmospheric climate, ocean climate and for
ocean biosphereand chemistry. Thefirst model isglobally averaged, the
latter arezonally averaged with additional resolutioninthevertical. The
model s reflect acompromise between describing the physical, chemical
and bi ol ogi cal processesand moderatecomputational requirements. The
system is validated with direct observations for current conditions
(climate, chemistry) and is consistent with results from General
Circulation Model experiments. The system is used in the integrated
setting of the IMAGE 2.0 model to give transient climate projections.
Global surface temperature is smulated to increase by 2.5 K over the
next century for socio- economic scenarios with continuing economic
and population growth. In a scenario study with reduced ocean
circulation, the climate system and the global C cycle are found to be
appreciably sensitive to such changes.
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Delatorre, A., B. Delgado, and C. Lara. 1991. Nitrate-dependent O2
evolution in intact leaves. Plant Physiology 96(3):898-901.

Evolution Of O2 by illuminated intact detached leaves from barley
(Hordeum vulgare L. cv Athos) and pea (Pisum sativum L. cv Lincoln)
in a CO2-saturating atmosphere was enhanced when KNO3 (1-2.5
millimolar) had been previously supplied through the transpiration
stream. The extra O2 evolution observed after feeding KNO3 increased
with the light intensity, being maximal at near saturating photon flux
densitiesand resulting in no changesin theinitial slope of the O2 versus
light-intensity curve. No stimulation Of O2 evolution was otherwise
observed after feeding KCI or NH4CI. The data indicate that nitrate
assimilation uses photosynthetically generated reductant and stimulates
the rate of noncyclic electron flow by acting as a second electron-
accepting assimilatory process in addition to CO2 fixation.
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delaVina, G., F. Pliego-Alfaro, S.P. Driscoll, V.J. Mitchell, M.A.
Parry, and D.W. Lawlor. 1999. Effects of CO2 and sugars on
photosynthesisand composition of avocado leavesgrownin vitro. Plant
Physiology and Biochemistry 37(7-8):587-595.

The effects of micropropagation conditions on avocado (Persea
americana Mill.) have been measured in leaves and plants cultured in
vitro. The consequences of the type and concentration of sugar in the
medium and of carbon dioxide concentration in the atmosphere on the
rates of photosynthesis and amounts of ribulose 1,5-biphosphate
carboxylase-oxygenase (EC 4.1.1.39; Rubisco) and total solubleprotein
(TSP) weremeasured. At thehighest sucrosesupply (87.6 mM), Rubisco
content was substantially decreased in leaves, and even more when
elevated CO2 (1 000 mu mol mol(-1)) was supplied. Maximum
photosynthetic rate (P-max) was significantly decreased when plants
developed in high sucrose and elevated CO2. However, Rubisco
concentration wassignificantly greater when glucosewas supplied at the
same molar concentration or when the concentration of sucrose was
small (14.6 mM), and no differences were observed due to the CO2
concentration in the air in these treatments. Theratio of Rubisco to total
soluble protein (Rubisco/TSP) was dramatically decreased in plants
grown in the highest concentration of sucrose and with elevated CO2.
Leaf areaand ratio of leaf fresh weight/(stem + root) fresh weight, were
greater in plants grown with CO2, enriched air. However, upon
transplanting, survival was poorer in plants grown on low sucrose/high
CO2 compared to those grown on high sucrose/high CO2. (C) Elsevier,
Peris.
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Delesalle, V.A., and S. Blum. 1994. Variation in germination and
survival among families of sagittaria-latifoliain responseto salinity and
temperature. International Journal of Plant Science 155(2): 187-195.

We studied seed germination and seedling growth in eight maternal
families of Sagittarialatifolia (Alismataceae), afreshwater perennial, in
response to salinity (four levels) and temperature effects (two levels) in
thegreenhouse. Salinity decreased germination, delayed emergence, and
decreased survival and growth rates. The negative effects of salinity on
germination were greater at the high-temperature regime, but the effects
on growth were greater at the low-temperature regime. Some seedswere
capable of germinating and surviving (with minimal growth) even in
0.8% NaCl solution. Families also differed in their response to salinity
but not to temperature. In particular, high salinities had little effect on
the germination of some families. Growth rate always decreased with
increasing salinity, but again the magnitude of the effect differed among
maternal families. Our data show that S. latifolia can germinate but
cannot grow well under low-salinity conditions; thus, S. latifolia might
be minimaly affected by short-term salt intrusions. In order to
understand how plant populations respond to disturbances, such as
increased salinity or increased temperature, we need to consider the
source, either environmental or genetic, of maternal effects.
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GERMINATION, SIZE
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Delgado, E., R.A.C. Mitchell, M.A.J. Parry, S.P. Driscall, V.J.
Mitchell, and D.W. Lawlor. 1994. Interacting effects of co2
concentration, temperature and nitrogen supply on the photosynthesis
and composition of winter-whest leaves. Plant, Cell and Environment
17(11):1205-1213.

Winter wheat (Triticum aestivum L., cv. Mercia) was grown at two
different atmospheric CO, concentrations (350 and 700 mu mol mol(-1))
two temperatures [ambient temperature (i.e. tracking the open air) and
ambient +4 degrees C] and two rates of nitrogen supply (equivalent to
489 kg ha(-1) and 87 kg ha(- 1)). Leaves grown at 700 mu mol mol(-1)
CO2 had dlightly greater photosynthetic capacity (10% mean increase
over the experiment) than those grown at ambient CO2 concentration,
but there were no differences in carboxylation efficiency or apparent
guantum yield. The amounts of chlorophyll, soluble protein and
ribulose-1,5-bisphosphate carboxyl ase/ oxygenase (Rubi sco) per unit leaf
area did not change with long-term exposure to elevated CO2
concentration. Thus winter wheat, grown under simulated field
conditions, for which total biomass was large compared to normal field
production, did not experienceloss of components of the photosynthetic
system or loss of photosynthetic competence with elevated CO2
concentration. However, nitrogen supply and temperature had large
effects on photosynthetic characteristics but did not interact with
elevated CO2 concentration. Nitrogen deficiency resulted in decreases
in the contents of protein, including Rubisco, and chlorophyll, and
decreased photosynthetic capacity and carboxylation efficiency. An
increase in temperature also reduced these components and shortened
the effective life of the leaves, reducing the duration of high
photosynthetic capacity.
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Delmas, R.J. 1998. Ice-core records of global climate and environment
changes. Proceedings of the Indian Academy of Sciences-Earth and
Planetary Sciences 107(4):307-319.

Precipitation accumulating on the Greenland and Antarctic ice sheets
recordsseveral key parameters(temperature, accumulation, composition
of atmospheric gases and aerosols) of primary interest for documenting
the past global environment over recent climatic cycles and the
chemistry of the preindustrial, atmosphere. Several deep ice cores from
Antarctica and Greenland have been studied over the last fifteen years.
In both hemispheres, temperature records (based on stable isotope
measurements in water) show the succession of glacial and interglacial
periods. However, detailed features of the climatic stages are not
identical in Antarctica and in Greenland. A tight link between global
climate and greenhouse gas concentrations was discovered, CO2 and
CH4 concentrations being lower in glacial conditions by about 80 and
0.3 ppmv, respectively, with respect to their pre-industrial levels of 280
and 0.65 ppmv. Coldest stages are also characterized by higher sea-salt
and crustal aerosol concentrations. In Greenland, contrary to Antarctica,
ice-age ice is alkaline. Gas-derived aerosol (in particular, sulfate)
concentrationsaregenerally higher for glacial periods, but not similar in
both the hemispheres. Marine and continental biomass-related species
aresignificant in Antarcticaand Greenlandice, respectively. Finally, the
growing impact of anthropogenic activities on the atmospheric
composition is well recorded in both polar regions for long-lived
compounds (in particular greenhousegases), but mostly in Greenland for
short-lived pollutants.
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Delucia, E.H., R.M. Callaway, and W.H. Schlesinger. 1994.
Offsetting changes in biomass allocation and photosynthesis in
ponderosa pine (pinus-ponderosa) in response to climate-change. Tree
Physiology 14(7-9):669-677.

We examined the effect of climate on aboveground biomass allocation
of ponderosa pine (Pinus ponderosa) by measuring trees in digunct
forest stands growing on the same substrate at high-elevation montane
sites and low-elevation desert sites. Climatic differences between the
sites were comparable to the difference between present and future
climates of interior North America that is expected to result from a
doubling of atmospheric CO2 concentration. Relative to the montane
populations, the desert populations allocated a greater proportion of
biomass to sapwood (functional xylem) at the expense of foliage. The
leaf/sapwood arearatio and percent of aboveground biomassin sapwood
for trees of the same height were 0.201 m2 cm-2 and 58% for montane
trees and 0.104 m2 cm-2 and 71% for desert trees. In a phytotron
experiment, increasesin net photosynthesisand net assimilation ratefor
seedlings grown under future conditions of high CO2 and temperature
were offset by a decrease in leaf arearatio. As was observed for large
trees at different elevations, increased temperatures caused an increase
in biomassallocation to stemin the phytotron seedlings. Thus, CO2- and
temperature-driven shifts in biomass allocation negated the effect on
growth of the CO2- driven increasein carbon assimilation rate. Our data
from the controlled growth chamber and field experiments suggest that
futureclimate conditions, including elevated atmospheric CO2, may not
stimulate growth and productivity of ponderosa pine.
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Delucia, E.H.,R.M. Callaway, E.M. Thomas, and W.H. Schlesinger.
1997. Mechanisms of phosphorus acquisition for ponderosa pine
seedlingsunder high CO2 and temperature. Annal sof Botany 79(2):111-
120.

To test the hypothesis that elevated atmospheric CO2 and elevated
temperature, simulating current and predicted future growing season
conditions, act antagonistically on phosphorus acquisition of ponderosa
pine, seedlingsweregrown in controlled-environment chambersin atwo
temperature (25/10 degrees C and 30/15 degrees C)xtwo CO2 (350 and
700 mu I(-1)) experimental design. Mycorrhizal seedlings were watered
daily with a nutrient solution with P added in organic form as inositol
hexaphosphate (64ppm P). Thus seedlingswerechallenged to use active
forms of P acquisition. Elevated CO2 increased the relative growth rate
by approx. 5% which resulted in an approx. 33% increase in biomass
after 4 months. There was no main effect of temperature on growth.
Increased growth under elevated CO2 and temperaturewas supported by
increases in specific absorption rate and the specific utilization rate of
P. The contribution of mycorrhizae to P uptake may have been greater
under simulated future conditions, as elevated CO2 incressed the
number of mycorrhizal roots. There was no main effect of temperature
on root phosphatase activity, but elevated CO2 caused a decrease in
activity. The inverse pattern of root phosphatase activity and
mycorrhizal infection across treatments suggests a physiological
coordination between these avenues of P acquisition. The concentration
of oxalatein the soil increased under elevated CO2 and decreased under
elevated temperature. This small molecular weight acid solubilizes
inorganic P making it available for uptake. Increased mycorrhizal
infection and exudation of oxalateincreased P uptakein ponderosapine
seedlings under elevated CO2, and there was no net negative effect of
increased temperature. The increased carbon status of pine under
elevated CO2 may facilitate uptake of limiting P in native ecosystems.
(C) 1997 Annals of Botany Company.
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DelLucia, E.H., J.G. Hamilton, S.L. Naidu, R.B. Thomas, J.A.
Andrews, A. Finzi, M. Lavine, R. Matamala, J.E. Mohan, G.R.
Hendrey, and W.H. Schlesinger. 1999. Net primary production of a
forest ecosystem with experimental CO2 enrichment. Science
284(5417):1177-1179.

The concentration of atmospheric carbon dioxide was increased by 200
microliters per Liter in aforest plantation, where competition between
organisms, resource Limitations, and environmental stresses may
modulate biotic responses. After 2 yearsthe growth rate of the dominant
pinetreesincreased by about 26 percent relative to trees under ambient
conditions. Carbon dioxideenrichment alsoincreased Litterfall and fine-
root increment. Thesechangesincreased thetotal net primary production
by 25 percent. Such anincreasein forest net primary production globally
would fix about 50 percent of the anthropogenic carbon dioxide
projected to be released into the atmosphere in the year 2050. The
response of this young, rapidly growing forest to carbon dioxide may
represent the upper Limit for forest carbon sequestration.
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Del ucia, E.H., and W.H. Schlesinger. 1999. Effect on the biosphere
of elevated atmospheric CO2 - Response. Science 285(5435): 1852.
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DelLuis, I.,J.J. Irigoyen, and M. Sanchez-Diaz. 1999. Elevated CO2
enhances plant growth in droughted N-2-fixing alfalfa without
improving water status. Physiologia Plantarum 107(1):84-89.

The long-term interaction between elevated CO2 and soil mater deficit
was analysed in N-2-fixing alfalfa plantsin order to assess the possible
drought tolerance effect of CO2. Elevated CO2 could delay the onset of
drought stress by decreasing transpiration rates, but this effect was
avoided by subjecting plants to the same soil water content. Nodulated
afalfa plants subjected to ambient (400 mu mol mol(-1)) or elevated
(700 mu mol mol(-1)) CO2 were either men watered or partially watered
by restricting water to obtain 30% of the water content at field capacity
(approximately 0.55 g water cm(-3)). The negative effects of sop water
deficit on plant growth were counterbalanced by elevated CO2. In
droughted plants, elevated CO2 stimulated carbon fixation and, as a
result, biomass production was even greater than in well-watered plants
grown in ambient CO2. Below-ground production was preferentially
stimulated by elevated CO2 in droughted plants, increasing nodule
biomass production and theavailability of photosynthatestothenodul es.
Asaresult, total nitrogen content in droughted plantswas higher thanin
well-watered plants grown in ambient CO2. The beneficia effect of
elevated CO2 was not correlated with a better plant water status. It is
concluded that elevated CO2 enhances growth of droughted plants by
stimulating carbon fixation, preferentially increasing the availability of
photosynthatesto bel ow-ground production (roots and nodules) without
improving water status. This means that elevated CO2 enhances the
ability to produce more biomass in N-2-fixing alfalfa under given soil
water stress, improving drought tolerance.

KEYWORDS: ACCLIMATION, ATMOSPHERIC CARBON-DIOXIDE,
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Demmers-Derks, H., R.A.C. Mitchell, V.J. Mitchell, and D.W.
Lawlor. 1998. Response of sugar beet (Beta vulgaris L.) yield and
biochemical composition to elevated CO2 and temperature at two
nitrogen applications. Plant, Cell and Environment 21(8):829-836.

Effects on sugar beet (BetavulgarisL.) of current and elevated CO2 and
temperature alone and in combination and their interactions with
abundant and deficient nitrogen supply (HN and LN, respectively) have
been studied in three experiments in 1993, 1994 and 1995. Averaged
over al experiments, elevated CO2 (600 mu mol mol(-1) in 1993 and
700 mu mol mol-l in 1994 and 1995) increased total dry mass at final
harvest by 21% (95% confidenceinterval (Cl) = 21, 22) and 11% (Cl =
6, 15) and root dry mass by 26% (CI = 19, 32) and 12% (CI = 6, 18) for
HNand LN plants, respectively. Warmer temperaturedecreased total dry
mass by 11% (Cl = - 15, - 7) and 9% (Cl = - 15, - 5) and root dry mass
by 7% (Cl = - 12, - 2) and 7% (CI = - 10, 0) for HN and LN plants,
respectively. There was no significant interaction between temperature
and CO2 on total or root dry mass. Neither elevated CO2 nor
temperaturesignificantly affected sucroseconcentration per unit root dry
mass. Concentrationsof glycinebetaine and of amino acids, measured as
alpha-amino-N, decreased in elevated CO2 in both N applications;
glycinebetaine by 13% (Cl = - 21, - 5) and 16% (Cl = - 24, - 8) and
alpha-amino-N by 24% (Cl = - 36, - 11) and 16% (Cl = - 26, - 5) for HN
and LN, respectively. Warmer temperatureincreased alpha-amino-N, by
76% (Cl = 50, 107) for HN and 21% (Cl = 7, 36) for LN plants, but not
glycinebetaine.
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DeMothes, M.A.G. 1996. Effects of enhanced CO2 concentration on
whesat photosynthesis and long- and short-term stomatal behaviour.
Photosynthetica 32(2):193-202.

Wheat (Triticum aestivum L.) plants were cultivated in a growth
chamber at normal (35 Pa = ¢(35)) and increased (70 Pa = ¢(70)) CO2
partial pressure. Environmental conditionsother than CO2 concentration
were similar for the ¢(35) and the ¢(70) plants. For the ¢(35) and the
¢(70) plants stomatal density was similar. When both variants were
measured at growth conditions, the net photosynthetic rate (P-N) Of
¢(70) plantswas 44 % higher and stomatal conductanceto water vapour
pressure (g(s)) was 22 % lower than those of the c(35) plants, while the
relation between internal partial pressure of CO2 (pci) and external
partial pressure (pea) was similar for both variants. Plants were also
submitted to a sequence of incrementsin CO2 concentration (from 10
Pa up to saturating CO2 concentration) at saturating photosynthetically
activeradiation (PAR). Following 1.5 h at saturating CO2 concentration
and PAR, CO2 concentration was decreased stepwise. Both variants
showed hysteresisin theresponse of P-N, transpiration rate (E), g(s) and
water use efficiency (WUE) to pci. While CO2 concentration was
incremented, P-N and g(s) were linearly related indicating that
mesophyll activity and g(s) were correlated. At saturating CO2
concentration and PAR, end product feedback inhibition on
photosynthesis disrupted this correlation for both variants. Plants were
also submitted to asequence of incrementsin PAR (from 40 mu mol m(-
2), s(-1) up to saturating PAR) at saturating CO2 concentration.
Following 1.5 h at saturating CO2 concentration and PAR, PAR was
decreased stepwise. While both variants showed hysteresis in the
response of P-N, E and g(s), the ¢(35) plants showed also hysteresisin
the response of pci/pca and WUE to PAR. Stomatal conductance and
activity of mesophyll remained co-ordinated during the whole
experiment for the ¢(70) plants, whilefor the ¢(35) plantsthe correlation
between g(s) and mesophyll activity present during step-up PAR
response was disrupted at saturating CO2 concentration and PAR.
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DeMothes, M.A.G., M. Baumgarten, and D. Knoppik. 1996.
Hysteresis in the response of photosynthesis to CO2 and saccharide
pools of wheat leaves grown a norma and enhanced CO2.
Photosynthetica 32(2):181-191.

Wheat plants were cultivated in a growth chamber at 35 Pa (c(35)
variant) and 70 PaCO2 partial pressure (c(70) variant) during the whole
vegetation period. The response of net photosynthetic rate (P-N) Of the
nag leaf of both variantsto successiveincreasesin CO2 partial pressure
(step-up curve) showed hysteresis when the direction of the sequence
was reversed (step-down curve) after 1.5 h at saturating CO2 partial
pressure and photosynthetically active radiation (PAR). Saccharose,
glucose and fructose accumulated during the measurement of a step-up
CO2 curvefor the ¢(35) and c(70) plants as the export rate was not able
to keep pace with the rate of saccharide synthesis. Remaining 1.5 h at
saturating CO2 partial pressure and PAR, the saccharose pool increased
further for both variants while glucose and fructose decreased reaching
the values at growth conditions. The electron transport rate decreased
after 1.5 h at saturating CO2 partial pressure and PAR for the two
variants dueto end product feedback. Glucose and fructose contentsfell
50 % below the initial contents when partial pressure of CO2 was
lowered stepwise. The ¢(35) plants showed adoublefold increasein the
content of saccharose at the end point of the hysteresis curve. Contents



of saccharose for the ¢(70) variant in contrast were similar to theinitial
values.
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Demothes, M.A.G., and D. Knoppik. 1994. Effects of long-term
enhanced co2 partial-pressure on gas- exchange parameters and
saccharide pools of wheat leaves. Photosynthetica 30(3): 435-445.

Wheat plants were cultivated in agrowth chamber at normal (35 Pa, ¢35
plants) and enhanced (70 Pa, c70 plants) CO2 partial pressure. In C35
plants the net photosynthetic rate (P(N)) of flag leaves and the
concentrations of saccharides such as sucrose, glucose, fructose and
starch wereincreased. Thec70 plants possessed higher chlorophyll (Chl)
a and Chl b contents. The CO2 response of P(N) at saturating
photosynthetically active radiation (PAR) was very similar for both
variants. At the highest CO2 concentration saccharides accumulated in
both variants as aconsequence of decreased export rate. The response of
P(N) to PAR at saturating CO2 concentrations was similar in the two
variants. On the other hand, the response of water vapour pressure
conductance (gH20) to PAR in ¢35 plants followed a hyperbolic
response to PAR, whilein the c70 plantsit was linearly related to PAR
up to the mean PAR used for growth. In this variant gH20 seemed to
change parallelly to changes in the mesophyll demand for CO2 caused
by PAR.
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CARBON DIOXIDE, ELEVATED CO2, PHOTOSYNTHESIS,
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Denelzen, M.G.J., and J. Rotmans. 1993. Modeling climate related
feedback processes. Journal of Environmental Science and Health Part
A- Environmental Science and Engineering & Toxic and Hazardous
Substance Control 28(9):2095-2151.

Feedback mechanisms play a crucia role in the climate system,
amplifying or dampening the climate response to enhanced
concentrations of greenhouse gases from anthropogenic perturbations.
Many of these feedbacks are known, but most of them only potentially.
This article evaluates the role of a number of these feedback processes
within the climate system. In order to assess their impact, the feedbacks
which at present can be quantified reasonably are built into the
Integrated Model to Assess the Greenhouse Effect (IMAGE). Unlike
previous studies, this study describes the scenario- and time-dependent
role of biogeochemical feedbacks. A number of simulation experiments
are performed with IMAGE to project climate changes. Besides
estimates of their absolute importance, the relative importance of
individual biogeochemical feedbacks is considered by calculating the
gain for each feedback process. This study focuses on feedback
processes in the carbon cycle and the methane (semi-) cycle. Modeled
feedbacks are then used to balance the past and present carbon budget.
This results in substantially lower projections for atmospheric carbon
dioxide than the Intergovernmental Panel on Climate Change (IPCC)
estimates. The differenceis approximately 18% from the 1990 level for
the IPCC "Business-as-Usual" scenario. Furthermore, the IPCC's "best
guess' value of the CO2 concentration in the year 2100 falls outside the
uncertainty range estimated with our balanced modeling approach. For
the IPCC "Business-as- Usud" scenario, the calculated total gain of the
feedbacks within the carbon cycle appears to be negative, aresult of the
dominant role of the fertilization feedback. This study also shows that
if temperature feedbacks on methane emissions from wetlands, rice
paddies, and hydrates do materialize, methane concentrations might be

increased by 30% by 2100. The total effect of the methane feedbacks
and the carbon dioxide feedbacks modeled can be expressed in the
carbon dioxide- equivalent concentrations. Our simulated CO2-
equivalent concentrations are lower than the IPCC estimates.

KEYWORDS ATMOSPHERIC CO2, ECOSYSTEMS, GLOBAL
CLIMATE, GREENHOUSE, ICE CORE, INCREASE, METHANE
EMISSIONS, PAST 2 CENTURIES, SENSITIVITY, SMULATION

514

Deng, R., and D.J. Donnelly. 1993. In-vitro hardening of red raspberry
by co2 enrichment and reduced medium sucrose concentration.
Hortscience 28(10): 1048-1051.

Micropropagated 'Festival' red raspberry (RubusidaeusL.) shootswere
rooted in specially constructed plexiglass chambersin ambient (340 +/-
20 ppm) or enriched (1500 +/- 50 ppm) CO2 conditions on a medium
containing 0, 10, 20, or 30 g sucrose/liter. Plantlet growth and leaf
(CO2)-C-14 fixation rates were evaluated before and 4 weeks after ex
vitro transplantation. In vitro CO2 enrichment promoted in vitro
hardening; it increased root count and length, plantlet fresh weight, and
photosynthetic capacity but did not affect other variablessuch as plantlet
height, dry weight, or leaf count and area. No residual effects of invitro
CO2 enrichment were observed on 4-week-old transplants. Sucrose in
the medium promoted plantlet growth but depressed photosynthesisand
reduced in vitro hardening. Photoautotrophic plantlets were obtained on
sucrose-free rooting medium under ambient and enriched CO2
conditionsand they performed better ex vitro than mixotrophic plantlets
grown with sucrose. Root hairs were more abundant and longer on root
tips of photoautotrophic plantlets than on mixotrophic plantlets. The
maximum CO2 uptake rate of plantlet leaves was 52% that of
greenhouse control plant leaves. This did not change in the persistent
leaves up to 4 weeks after ex vitro transplantation. The photosynthetic
ability of persistent and new leaves of 4-week-old ex vitro transplants
related neither to in vitro CO2 nor medium sucrose concentration.
Consecutive new leaves of transplantstook up more CO2 than persistent
leaves. The third new leaf of transplants had photosynthetic rates up to
90% that of greenhouse control plant leaves. These results indicate that
in vitro CO2 enrichment was beneficial to in vitro hardening and that
sucrose may be reduced substantially or eliminated from red raspberry
rooting medium when CO2 enrichment is used.
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Deng, R.,and D.J. Donnelly. 1993. In-vitro hardening of red raspberry
through co2 enrichment and relative-humidity reduction on sugar-free
medium. Canadian Journal of Plant Science 73(4):1105-1113.

Micropropagated shoots of red raspberry (RubusidaeusL. 'Comet’) were
rooted on modified Murashige-Skoog medium lacking sucrose, in
specialy ‘constructed plexiglass chambers, under ambient (340 +/- 20
ppm) or enriched (1500 +/- 50 PPM) CO2 and ambient (ca. 100 %) or
reduced (90 +/- 5 %) relative humidity. Cultured plantlets were
evaluated for their survival, rooting and relative vigor, leaf and root
number, stem and root length, total leaf area, total fresh and dry weight,
gas exchange rate, and stomatal features, prior to transplantation to soil
and at intervals for 6 wk ex vitro. In vitro CO2 enrichment promoted
plantlet growth, rooting and both the survival and early growth of
transplants. CO2 enrichment increased stomatal aperture of plantlet
leaves but did not apparently increase water stress at transplantation.
Reduced in vitro RH did not affect plantlet growth but decreased
stomatal aperturesand stomatal index on leavesof cultured plantletsand
promoted both the survival and early growth of transplants. In vitro CO2



and RH levelsdid not affect the photosynthetic rate of either plantletsor
transplants. Only the stomata on leaves of plantlets from the ambient
CO2 and reduced RH treatment were functional. Normal stomatal
function was not observed in persistent leaves of transplants from the
other treatments, even 2 wk after transplantation. In vitro CO2
enrichment acted synergistically with RH reductioninimproving growth
of plantlets both in vitro and ex vitro. Hardened red raspberry plantlets
obtained through CO2 enrichment and RH reduction survived direct
transfer to ambient greenhouse conditions without the necessity for
specialized ex vitro acclimatization treatment.
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PLANTLETSINVITRO, SOIL, STRAWBERRY
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Deng, X., and F.I. Woodwar d. 1998. The growth and yield responses
of Fragaria ananassa to elevated CO2 and N supply. Annals of Botany
81(1):67-71.

Strawberry plants (FragariaananassaDuchesnevar. Elsanta) weregrown
in pots at two concentrations of carbon dioxide (partial pressures of 39
and 56 Pa) and with three rates of nitrogen supply (0.04, 0.4 and 4 mM
as nutrient solution) to study their individual and interactive effects on
plant growth and fruit yield. Nitrogen deficiency reduced total dry
biomass and relative growth rate (RGR), mainly through reductionsin
leaf arearatio (LAR) and plant N concentration (PNC), although both
the net assimilation rare (NAR) and root weight ratio (RWR) increased.
Elevated CO2 increased the N productivity (NP) but reduced the LAR.
High CO2 increased thefruit yield by 42% at high N supply and by 17%
at low N supply. The CO2 yield enhancement occurred through an
increase in the flower and fruit number of individual plants. This
resulted in an increase in the fruit weight ratio (FWR) of plants at high
CO2. Nitrogen deficiency reduced thefruit yield by about 50% through
decreases in fruit size, fruit set and the number of fruits. However, N
deficiency increased the proportion of total plant dry biomass allocated
to fruits. There were no significant interactions between CO2 and N
supply onyield. (C) 1998 Annals of Botany Company.
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denHertog, J., |. Stulen, F. Fonseca, and P. Delea. 1996. Modulation
of carbon and nitrogen allocation in Urticadioicaand Plantago major by
elevated CO2: Impact of accumulation of nonstructural carbohydrates
and ontogenetic drift. Physiologia Plantarum 98(1): 77-88.

Doubling theatmospheric CO2 concentration from 350to 700 mu | I(-1)
increased therelativegrowth rate (RGR) of hydroponically grown Urtica
dioica L. and Plantago major ssp. pleiosperma Pilger only for the first
10-14 days. Previous experiments with P. major led to the conclusion
that RGR did not respond in proportion to the rate of photosynthesis.
The present paper is focussed on the analysis of the impact of changes
in leaf morphology, dry matter partitioning, dry matter chemical
composition and ontogenetic drift on this discrepancy. Soon after the
start of the treatment, carbohydrate concentrations were higher at
elevated CO2; areaction that waslargely dueto starch accumulation. An
increasein the percentage of leaf dry matter and decreasesin the specific
leaf area (SLA) and the shoot nitrogen concentration were correlated
with an increase in the total nonstructural carbohydrate concentration
(TNC). A combination of accumulation of soluble sugarsand starch and
ontogenetic drift explainsthe decreasein SLA at theelevated CO2 level.
A similar ontogenetic effect of elevated CO2 was observed on the
specific root length (SRL). Other variables such as shoot nitrogen
concentration and percentage leaf dry matter were not affected by

correction of data for TNC levels. The net diurnal fluctuation of the
carbohydrate pool in P. major was equal for both CO2 concentrations,
indicating that the growth response to elevated CO2 may be ruled by
variables other than photosynthesis, as for instance sink strength.
Elevated CO2 did not greatly influence the partitioning of nitrogen
between soluble and insoluble, reduced N and nitrate, nor the allocation
of dry matter between leaf, stem and root. The finding that the root to
shoot ratio (R/S) was not affected by elevated CO2 impliesthat, in order
to maintain a balanced activity between roots and shoot, no shift in
partitioning of dry matter upon doubling of the atmospheric CO2
concentration is required. Our data on R/S are in good agreement with
the response of R/S to high CO2 predicted by models based on such a
theorem.
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Denhertog, J., |. Stulen, and H. Lambers. 1993. Assimilation,
respiration and alocation of carbon in plantago major as affected by
atmospheric co2 levels - a case-study. Vegetatio 104:369-378.

The response of Plantago major ssp. pleiosperma plants, grown on
nutrient solution in a climate chamber, to a doubling of the ambient
atmospheric CO2 concentration was investigated. Total dry matter
production was increased by 30 % after 3 weeks of exposure, dueto a
transient stimulation of the relative growth rate (RGR) during the first
10 days. Thereafter RGR returned to the level of control plants.
Photosynthesis, expressed per unit leaf area, was stimulated during the
first two weeks of the experiment, thereafter it dropped and nearly
reached theleve of the control plants. Root respiration was not affected
by increased atmospheric CO2 levels, whereas shoot, dark respiration
was stimulated throughout the experimental period. Dry matter
allocation over leaves stemsand roots was not affected by the CO2 level.
SLA was reduced by 10%, which can partly be explained by an
increased dry matter content of the leaves. Both in the early and later
stages of the experiment, shoot respiration accounted for alarger part of
the carbon budget in plants grown at elevated atmospheric CO2. Shifts
in the total carbon budget were mainly due to the effects on shoot
respiration. Leaf growth accounted for nearly 50 % of the C budget at all
stages of the experiment and in both treatments.
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den Hertog, J., |. Stulen, F. Posthumus, and H. Poorter. 1998.
Interactiveeffectsof growth-limiting N supply and elevated atmospheric
CO2 concentration on growth and carbon balance of Plantago major.
Physiologia Plantarum 103(4): 451-460.

To assess the interactions between concentration of atmospheric CO2
and N supply, the response of Plantago major ssp. pleiospermaPilger to
a doubling of the ambient CO2 concentration of 350 mu | I(-1) was
investigated in a range of exponential rates of N addition. The relative
growth rate (RGR) as a function of the internal plant nitrogen
concentration (Ni), was increased by elevated CO2 at optimal and
intermediate N-i. Therateof photosynthesis, expressed per unit leaf area
and plotted VVersusN-i, wasincreased by 20-30% at elevated CO2 for N-
i above 30 mg N g(-1) dry weight. However, the rate of photosynthesis,
expressed on a leaf dry matter basis and plotted versus N-i, was not
affected by the CO2 concentration. Theallocation of dry matter between
shoot and root was not affected by the CO2 concentration at any of the
N addition rates. This is in good agreement with theoretical models,
based on a balance between the rate of photosynthesis of the shoot and



the acquisition of N by the roots. The concentration of total
nonstructural carbohydrates (TNC) was increased at elevated CO2 and
a N limitation, resulting in a shift in the partitioning of photosynthates
from structural to nonstructural and, in terms of carbon balance,
unproductive dry matter. The increase in concentration of TNC led to a
decrease in both specific leaf area (SLA) and Ni at all levels of nutrient
supply, and was the cause of the increased rate of photosynthesis per
unit leaf area. Correction of the relationship between RGR and Ni for the
accumulation of TNC made the effect of elevated CO2 on the
relationship between RGR and Ni disappear. We conclude that the shift
in therelationship between RGR and Ni was due to the accumul ation of
TNC and not due to differences in physiological variables such as
photosynthesis and shoot and root respiration, changes in leaf
morphology or alocation of dry matter.
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Denmead, O.T., F.X. Dunin, S.C. Wong, and E.A.N. Greenwood.
1993. Measuring water-use efficiency of eucalypt trees with chambers
and micrometeorological techniques. Journal of Hydrology 150(2-
4):649-664.

Enclosure appears to be the only feasible way to examine the gas
exchange of small groups of trees or to answer questions about the
effects of increased atmospheric CO2 on the assimilation, evaporation
and water use efficiency of forests. To be effective, enclosures must
necessarily change the microclimate, but few studies have been made of
the consequences. In this paper, the assimilation, evaporation and water
use efficiency of a community of Eucalyptus trees inside a ventilated
chamber are compared with the same attributes for the surrounding
forest. Assimilation and evaporation for the chamber were measured by
the depletion in CO2 and the enrichment in water vapour of air passing
through the chamber. For the forest, assimilation and evaporation were
determined by micrometeorological techniques based on the energy
balance, and for CO2, additional chamber measurements of the soil
efflux. Water use efficiencies were calculated as the ratio of mol CO2
assimilated to mol water evaporated. There are some important
microclimatic differences between chamber and forest: net radiation is
reduced by about 30% in the chamber, the vapour pressure deficit of the
chamber air is lower, and the light climate there tends to be diffuse
rather than direct. Despite these differences, evaporation rates for both
chamber and forest were generally similar, perhaps dueto compensating
effects in the chamber from higher boundary layer conductances
(because of greater ventilation rates) and higher stomatal conductances
(because of increased humidity). However, assimilation rates and water
useefficienciesweremarkedly different for thetwo communitiesin clear
sky conditions, with higher values of both being recorded in thechamber
for most of the daylight hours. Only on cloudy days, when the light
climate was diffuse in both chamber and forest, were similar
assimilation rates and water use efficiencies observed. This behaviour
seemsto be attributablein part to thelight climatein the chamber being
predominantly diffuse and that in the forest predominantly direct.
Diffuselight enhancesthe photosynthesis of lower leavesin the canopy.
This contention is supported by model calculations of canopy
assimilation under diffuse and direct radiation which produced
qualitatively the same light response functions as observed for chamber
and forest. The study suggests that the use of chambers for exploring
questions of forest productivity and water use efficiency must be
circumspect. The act of enclosure, by itself, can change the daily water
use efficiency of the tree community by as much as 50%.
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Degardins, Y., A. Gosselin, and M. Lamarre. 1990. Growth of
transplants and invitro-cultured clones of asparagusin responseto CO2
enrichment and supplemental lighting. Journal of the American Society
for Horticultural Science 115(3): 364-368.
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Devakumar,A.S.,M.S.S. Shayee, M. Udayakumar,and T.G. Prasad.
1998. Effect of elevated CO2 concentration on seedling growth rateand
photosynthesisin Heveabrasiliensis. Journal of Biosciences 23(1):33-
36.

To study the effect of elevated CO2 concentration on plant growth and
photosynthesis, two clones of Heveabrasiliensiswere grown in polybags
and exposed to elevated concentration (700+/-25 ppm) for 60 days.
There was higher biomass accumulation, leaf area and better growth
when compared to ambient air grown plants. From A/Ci curvesitisclear
that photosynthetic ratesincreaseswith increasein CO2 concentrations.
After 60 days of exposureto higher CO2 concentration, adecreaseinthe
carbon assimilation rate was noticed.
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Devakumar, A.S., M. Udayakumar,and T.G. Prasad. 1996. A simple
technique to expose tree seedlings to elevated CO2 for increased initial
growth rates. Current Science 71(6):469-472.

Initial growth rates of most tree species that are used in afforestation
programmes are very low. Therefore, polybag planted seedlings haveto
be maintained in the nurseriesfor along period of time. Growing plants
in an elevated CO2 atmosphere increases the growth rates as well as
biomass production in many annual crop and tree species. Higher
temperature and relative humidity in association with elevated CO2
concentration helps to boost the biomass and leaf area production. We
demonstrate here an easy and cost-effective method for obtaining
elevated CO2 concentrations for better growth of tree seedlings in the
nursery.
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de Wild, H.P.J., E.J. Woltering, and H.W. Peppelenbos. 1999.
Carbon dioxide and 1-MCP inhibit ethylene production and respiration
of pear fruit by different mechanisms. Journal of Experimental Botany
50(335):837-844.

Ethylene production in relation to O-2 partia pressure of whole pear
fruit stored at 2 degrees C could be described by a Michadlis-Menten
equation. Thiswas indicated by the use of a gas exchange model. The
maximum ethylene production rate was strongly inhibited while the K-
mO2 value (1.25 kPa) was not affected by elevated CO2. Ethylene
production was also inhibited by 1-MCP, an inhibitor of ethylene
perception. Thereductionin ethylene production by CO2 wassimilar for
1-MCPtreated and untreated pears. Elevated CO2, therefore, must have
had an influence on ethylene production other than through ethylene
perception. A possible site of inhibition by CO2 is the conversion of
ACC to ethylene. The O-2 uptakeratein relation to O-2 partial pressure
of whole pear fruit could be described by a Michaelis-Menten equation.
The O-2 uptake rate was inhibited by elevated CO2 at alevel similar to
theinhibition of ethyleneproduction. AgaintheK-mO2 value (0.68 kPa)



was not affected by CO2. Using 1-MCP treatments it was shown that
therewasno direct effect of inhibited ethylene production on O-2 uptake
rate.
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Deyton, D.E., C.E. Sams, and J.C. Cummins. 1992. Application of
dormant oil to peach-trees modifies bud twig internal atmosphere.
Hortscience 27(12):1304-1305.

Treatments of single applications of 0%, 3%, 6%, 9%, or 12% dormant
oil were sprayed on peach (Prunus persica L. Batsch) trees on 6 Feb.
1990. A repesat application of 6% oil plus6% oil applied 6 dayslater was
also made. Internal CO2 concentrations of oil-treated buds and twigs
were higher than the control the day after treatment and continued to be
higher for 6 days. The second application of 10% oil prolonged the
elevated CO2 concentration. Applications of 9% or 12% oil delayed
flower bud development and bloom. The repeated application of 6% oil
delayed bud development and bloom more than a single application of
6% oil. Damage to fruit buds increased as oil concentration increased,
but repeated application of 6% oil resulted in less damage than asingle
application of 12% ail.
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Dhakhwa, G.B., and C.L. Campbell. 1998. Potential effects of
differential day-night warming in global climate change on crop
production. Climatic Change 40(3-4):647-667.

Recent studies on the nature of global warming indicate the likelihood
of an asymmetric change in temperature, where night- time minimum
temperature increases more rapidly than the daytime maximum
temperature. We used a physically based scenario of asymmetric
warming combined with climate change scenarios from General
Circulation Models (GCMs) outputsand the EPIC (Erosion Productivity
Impact Calculator) plant process model to examine the effects of
asymmetric temperature change on crop productivity. Our results
indicated that the potential effects of global change on crop productivity
may be less severe with asymmetric day-night warming than with equal
day- night warming.
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VARIABILITY, YIELD
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Dhakhwa, G.B., C.L. Campbell, SK.LeDuc, and E.J. Cooter. 1997.
Maize growth: assessing the effects of global warming and CO2
fertilization with crop models. Agricultural and Forest Meteorology
87(4):253-272.

Projected future climate change scenarios derived from two General
Circulation Models (GCMs): Geophysical Fluid Dynamics Laboratory
(GFDL) and United Kingdom Meteorological Office (UKMO), and two
crop models: Crop Estimation through Resources and Environmental
Synthesis(CERES), and Erosi on/Productivity Impact Calculator (EPIC),
were considered to assess the climate change impact on the yield and
biomass of maize. Climate change scenarios included changes in
temperature, precipitation and solar radiation from two GCMs
interpolated to 1 degrees x1 degrees grid cellsin the central Piedmont in

North Carolina. Changesin mean monthly temperatureand preci pitation
from the GCM swere used to adjust observed daily climate recordsfrom
1949-1988. Thereis convincing evidencethat futuretemperaturelinked
to global warming might be characterized by asymmetric change
between daily daytime maxima and daily nighttime minima. Two
hypotheses regarding how GCM temperature would alter observational
record were examined. The first hypothesis assumed that daytime and
nighttime warming occurs symmetrically, i.e., maximum and minimum
temperatures are raised equally. The second hypothesis assumed that
nighttime minima change is three times greater than daytime maxima
change and the change in mean diurna temperature range is
approximately equal to the change in daily mean temperature. For the
equal day-night warming scenario, when only the effects of climate
change (i.e., changes in temperature, precipitation and solar radiation)
were considered, simulations with CERES and EPIC indicated
substantial losses in maize grain yield and total above ground biomass
with both the GCM scenarios. For the asymmetric warming, the
reduction in biomass and yield due to climate change was less than that
obtained with symmetric warming. Simulated maize yield and biomass
with CERES and EPIC increased when only effects due to CO2-
fertilization were considered. Theinclusion of CO2 fertilization effects
with those due to climate change resulted in higher biomass and yield
compared to values obtai ned with effects of climate change alone. When
CERES was used with the GFDL scenario, and the effects of CO2
fertilization and the climate change were combined, no difference in
simulated yield was found between the two hypotheses; only an 8%
differencein aboveground biomasswasfound whenthe UKM O scenario
was used. When EPIC was used, the differential day-night warming
hypothesis resulted in 9-13% less reduction in biomass and yield than
did the use of the equal day-night warming hypothesis. (C) 1997
Elsevier Science B.V.
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Dhillion, S.S., J. Roy, and M. Abrams. 1996. Assessing theimpact of
elevated CO2 on soil microbial activity in a Mediterranean model
ecosystem. Plant and Soil 187(2):333-342.

Thefate, aswell asthe consequencefor plant nutrition, of theadditional
carbon entering soil under elevated CO2 is largely determined by the
activity of soil microorganisms. However, most elevated CO2 studies
have documented changes (generally increases) in microbial biomass
and total infection by symbiotic organisms, which isonly afirst step in
the understanding of the modification of soil processes. Using a
Mediterranean model ecosystem, we complemented these variables by
analyzing changesin enzymatic activities, hyphal lengths, and bacterial
substrate assimilation, to tentatively identify the specific components
affected under elevated CO2 and those which suggest changes in soil
organic matter pools. We aso investigated changes in the functional
structures of arbuscular mycorrhizas. Most of the microbial variables
assessed showed significant and substantial increaseunder elevated CO?
of the same order or less than those observed for root mass and length.
Theincreasein dehydrogenase activity indicatesthat thelarger biomass
of microbes was accompanied by an increase in their activity. The
increase in hyphal length (predominantly of saprophytic fungi), and
xylanase, cellulase and phosphatase activities, suggests an overall
stimulation of organic matter decomposition. The higher number of
substrates utilized by microorganisms from the soil under elevated CO2
was significant for the amine/amide group. Total arbuscular and
vesicular mycorrhizal infection of rootswas higher under elevated CO2,
but the proportion of functional structures was not modified. These
insights into the CO2-induced changes in soil biological activity point
towards potential areas of investigation complementary to a direct



analysis of the soil organic matter pools.
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Diaz, S. 1995. Elevated CO2 responsiveness, interactions at the
community level and plant functional types. Journal of Biogeography
22(2-3):289-295.

Plant responsiveness to elevated carbon dioxide (CO2) is a relevant
dimension for the definition of functional types in the face of global
change. Most traits reported to be associated with high CO2
responsiveness are derived from laboratory experimentson individually
grown species. This paper suggests that physiological traits such as
photosynthetic pathway and internal sink strength are necessary, but not
enough for the prediction of plant responsesin mixed stands. A number
of examples from the literature are presented to illustrate how
predictions based on single-species experiments may not match the
behaviour of multi-speciesassemblages. Individual attributesassociated
to the interaction of the species with other members of the community
should be also considered. Morphogenetic and architectural traits, as
well as characteristics related to other trophic levels, such as the
presence of root symbionts or the preferential allocation to growth or
defences against herbivory, may beuseful for abetter prediction of plant
responsiveness to high CO2 in the field.
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Diaz, S. 1996. Effects of elevated [CO2] at the community level
mediated by root symbionts. Plant and Soil 187(2):309-320.

This review examines the effects of elevated [CO2] on plant symbioses
with mycorrhizal fungi and root nodule bacteria, with emphasis on
community and ecosystem processes. The effects of elevated [CO2] on
the relationships between single plant species and root symbionts are
considered first. There is some evidence that plant infection by and/or
biomass of root symbiontsare stimulated by elevated [CO2], but growth
enhancement of the host seemingly depends on itsdegree of dependence
on symbiosis and on soil nutrient availability. Second, the effects of
elevated [CO2] on the relationships between plant multispecies
assemblages and soil, and likely impacts on above-ground and
belowground diversity, are analysed. Experimental and modelling work
have suggested the existence of complex feedbacks in the responses of
plants and the rhizosphere to CO2 enrichment. By modifying C inputs
from plants to soil, elevated [CO2] may affect the biomass, the
infectivity, and the species/i solate composition of root symbionts. This
has the potential to alter community structure and ecosystem
functioning. Finaly, the incorporation of type and degree of symbiotic
dependence into the definition of plant functional types, and into
experimental work within the context of global change research, are
discussed. More experimental work on the effects of elevated [CO2] at
the community/ecosystem level, explicitly considering the role of root
symbioses, is urgently needed.
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Diaz, S, and M. Cabido. 1997. Plant functional types and ecosystem
function in relation to global change. Journal of Vegetation Science
8(4):463-474.

Plant functional types (PFTs) bridge the gap between plant physiology
and community and ecosystem processes, thus providing a powerful tool
in climate change research. We aimed at identifying PFTs within the
flora of central-western Argentina, and to explore their possible
consequences for ecosystem function. We analyzed 24 vegetative and
regenerative traits of the 100 most abundant species along a steep
climatic gradient. Based on plant traits and standard multivariate
techniques, weidentified eight PFTs. Our results confirmed, over awide
range of climatic conditions, the occurrence of broad recurrent patterns
of association among plant traitsreported for other floras; namely trade-
offs between high investment in photosynthesis and growth on the one
hand, and preferential allocation to storage and defence on the other.
Regenerative traits were only partially coupled with vegetative traits.
Using easily-measured plant traits and individual species cover in 63
sites, we predicted main community- ecosystem processes along the
regional gradient. We hypothesized likely impacts of global climatic
change on PFTsand ecosystemsill situ, and analysed their probabilities
of migrating in response to changing climatic conditions. Finaly, we
discuss the advantages and limitations of this kind of approach in
predicting changesin plant distribution and i n ecosystem processes over
the next century.
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Diaz, S., M. Cabido, M. Zak, E.M. Carretero, and J. Aranibar.
1999. Plant functional traits, ecosystem structure and land-use history
along a climatic gradient in central-western Argentina. Journal of
Vegetation Science 10(5):651-660.

This paper deals with theoretical concepts, methodological steps, and
case studiesrelated to the use of plant functional traitsin the assessment
of vegetation responsesto climateand land use. Trait-environment links
are considered, and special emphasis is put on the links between
vegetation structure and ecosystem function, and on the role of
disturbance history in determining vegetation responses to land use at
present. As abasisfor discussion, published and new case studies from
central-western Argentina are presented. Similar plant traits measured
with different levels of precision are utilized in the description of
ecosystem structure in different land-use situations along a steep
regional climatic gradient. The general protocol followed in the case
studies represents a data-driven, non-hierarchical, low-tech approach,
that can be applied to a wide range of spatial scales, from plots to
regions. Climatic factors (including extreme events and seasonality),
disturbance frequency and intensity, and disturbance history are
suggested as key factors to be considered in global comparisons of
vegetation responses to land use and in predictive models of ecosystem
dynamics.
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Diaz, S.,L.H. Fraser, J.P. Grime, and V. Falczuk. 1998. Theimpact
of elevated CO2 on plant-herbivoreinteractions: experimental evidence
of moderating effects at the community level. Oecologia 117(1-2):177-
186.



Surprisingly little research has been published on the responses to
elevated [CO2] at thecommunity level, where herbivores can select their
preferred food. We investigated the combined effects of atmospheric
[CO2] and herbivory on synthesi sed plant communitiesgrowing on soils
of different fertility. Factorial combinations of two [CO2] (350 or 700
mu | 1(-1)), two fertility (fertilised or non-fertilised), and two herbivory
(herbivores present or absent) trestments were applied to a standard
mixture of seven fast- and eight slow- growing plants in outdoor
microcosms. Theherbivoresused werethegrain aphid (Sitobion avenae)
and the garden snail (Helix aspersa). We measured plant biomass, foliar
nitrogen and soluble tannin concentration, aphid fecundity, and snail
growth, fecundity, and feeding preferences over one growing season.
Elevated [CO2] did not have a significant impact on(1)the combined
biomass of fast-growing or slow-growing plants, (2) herbivore feeding
preferences, or (3) herbivore fitness. There was, however, a significant
biomass increase of Carex flacca (which represented in all cases less
than 5% of total live biomass), and some chemical changes in
unpalatable plants under elevated [CO2]. The herbivory treatment
significantly increased the biomass of slow-growing plants over fast-
growing plants, whereas fertilisation significantly increased the
abundanceof fast-growing plantsover slow- growing plants. Predictions
on the effects of elevated [CO2] based on published single-species
experiments were not supported by the results of this microcosm study.

KEYWORDS: ATMOSPHERIC CO2, CALCAREOUS GRASSLAND,
CARBON DIOXIDE, CHEMICAL-COMPOSITION,
DECOMPOSTION, EXPERIMENTAL MICROCOSMS, INSECT
HERBIVORE, PERFORMANCE, RELATIVE GROWTH-RATE,
RESPONSES

534

Diaz, S, J.P. Grime, J. Harris, and E. McPherson. 1993. Evidence
of a feedback mechanism limiting plant-response to elevated carbon-
dioxide. Nature 364(6438):616-617.

IN short-term experiments under productive laboratory conditions,
nativeherbaceousplantsdiffer widely intheir potential toachievehigher
yieldsat elevated concentrations of atmospheric carbon dioxidel-8. The
most responsive species appear to be large fast-growing perennials of
recently disturbed fertile soils7,8. These types of plants are currently
increasing in abundanced but it is not known whether thisis an effect of
rising carbon dioxide or is due to other factors. Doubts concerning the
potential of natural vegetation for sustained response to rising carbon
dioxide have arisen from experiments on infertile soils, where the
stimulus to growth was curtailed by mineral nutrient limitations2,3,10.
Here we present evidence that mineral nutrient constraints on the
fertilizer effect of elevated carbon dioxide can aso occur on fertile soil
and in the earliest stages of secondary succession. Our dataindicate that
there may be a feedback mechanism in which elevated carbon dioxide
causes an increase in substrate release into the rhizosphere by non-
mycorrhizal plants, leading to mineral nutrient sequestration by the
expanded microflora and a consequent nutritional limitation on plant
growth.
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Dickson, R.E., M.D. Coleman, D.E. Riemenschneider, J.G.
Isebrands, G.D. Hogan, and D.F. Karnosky. 1998. Growth of five
hybrid poplar genotypes exposed to interacting elevated CO2 and O-3.
Canadian Journal of For est Resear ch-Revue Canadienne De Recherche
Forestiere 28(11):1706-1716.

A widevariety of hybrid poplar clonesarebeing introduced for intensive
culture biomass production, but the potential clonal or genotypic

responseto increasing tropospheric carbon dioxide (CO2), ozone (O-3),
and their interactions are unknown. To study these effects, we exposed
fivedifferent hybrid Populus clonestoincreased concentrations of CO2,
0O-3, and CO2 + O-3 in open-top chambers for one growing season and
determined growth responses. Exposure to elevated CO2 increased
height growth, dry mass, and basal area; exposure to O-3 decreased all
three of these growth responses. Exposure impact differed among the
different plant parts (leaf, stem, and roots) and among the crones. These
differences were associated with different growth strategies or carbon
allocation patternsinherent in the different clones. The fastest growing
clones had the greatest response to O-3 treatment. The addition of CO2
to the O-3 exposure counteracted the negativeimpact of O-3inall plant
components except leaf mass (e.g., CO2 + O-3 plant mass equaled
control plant mass) in al of the clones. But correspondingly, added O-3
negated increased growth from CO2. Genetic variation in response to
atmospheric pollutants must be considered even in closely related
genotypes found in Populus culture.
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Didham, R.K. 1998. Altered leaf-litter decomposition ratesin tropical
forest fragments. Oecologia 116(3):397-406.

The effects of forest fragmentation on leaf-litter decomposition rates
were investigated for the first time in an experimentally fragmented
tropical forest landscapein Central Amazonia. Leaf-litter decomposition
rates were measured at seven distances (0-420 m) along forest edge-to-
interior transectsin two 100-ha fragments, two continuous forest edges,
and at an identical series of distances along two deep continuous forest
transects, aswell as at the centers of two 1-ha and two 10-ha fragments.
Decomposition ratesincreased significantly towards the edge of 100-ha
forest fragments. Litter turnover timeswere 3-4 timesfaster within 50 m
of the edge of 100-hafragmentsthan normally found in deep continuous
forest. In contrast, there was no significant change in the rate of leaf-
litter decomposition from the interior to the edge of continuous forest.
It is difficult to account for these very different edge responses.
Decomposition rates were not correlated with air temperature
differentials, evaporative drying rates, litter depth, biomass or moisture
content, or withtotal invertebratedensities, either withinindividual edge
transects or across al sites. The difference in edge response may be due
to chance, particularly the patchy removal of vast quantities of litter by
litter-feeding termites, or may be a real, area-dependent phenomenon.
Clearly, however, forest fragmentation increases the variability and
unpredictability of litter decomposition rates near forest edges. In
addition to edge effects, decomposition. rates were strongly affected by
decreasing fragment area. While sites at the centers of 10-haand 100-ha
forest fragments and continuous forest had equivalent decomposition
rates, rates were markedly lower at the centers of 1-ha fragments. Litter
turnover times were 2-3 times slower in I-ha fragments than in
continuousforest, and up to 13 times slower than at 100-ha edges. Litter
structure and nutrient cycling dynamics are inevitably altered by forest
fragmentation.
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Diemer, M.C., and C. Korner. 1996. Lifetimeleaf carbon balances of
herbaceous perennial plants from low and high altitudes in the central
Alps. Functional Ecology 10(1):33-43.



1. A combination of demographic analysis of leaf growth, age- specific
CO2 gasexchangeand microclimatewereemployedto calculatelifetime
sums of net photosynthesis and dark respiration, in order to obtain leaf
carbon balances (Q(c)) of dtitudinally digunct Ranunculus and Geum
species, as well as two altitudinal populations of Potentilla crantzii. If
carbon costs for construction of leaf tissue areincluded, leaves fixed a
lifetime carbon surplus ranging from 0.4 to 2.0 mmol CO2 cm(-2)
independent of altitude, thereby exceeding initia investments by the
plant three- to sixfold. 2. Thelack of aconsistent difference between the
Q(c) of high and related low elevation taxa with similar leaf arearatios
(LAR) challenges the view that carbon gain impairs growth and
persistence of herbaceousperennialsin harsh alpineclimatesto agreater
extent than at low elevation. 3. Evidence from a sensitivity analysis of
our carbon balance model as well asrank correlations indicate that the
primary determinant of a leaf's carbon balance is its longevity. A
comparison of leaf carbon balance datafromtheliterature on wild plants
of thetemperate zone suggeststhat daily carbon gain on alesf areabasis
is higher in herbaceous plants, compared to deciduous woody shrubs,
which could explain the predominance of the herbaceous growth form
at high atitudes.

KEYWORDS: COST, LONGEVITY, PHOTOSYNTHETIC
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Diemer, M. 1992. Population-dynamics and spatial arrangement of
ranunculus- glacidis L, an apine perennial herb, in permanent plots.
Vegetatio 103(2): 159-166.

In 1986 sixteen permanent plots (625 cm2 each) were established in
scree slopes dominated by Ranunculus glacialis at Mt. Glungezer,
Austria (2600 m elevation) in order to document the population
dynamics of herbaceous perennials near the upper atitudinal limits of
plant existence. The abundance and sizes of individual R. glaciais
shoots, their leaf numbers and reproductive status were evaluated over
a6-year period. On South-facing slopesthe population sizes of adult and
juvenile shoots remained constant over the years, while seedling
numbers fluctuated significantly. Overall density of all developmental
stagesof R. glacialiswas significantly lower on North-facing slopesand
year-to-year fluctuations were greater, than on thermally-favorable
Southern slopes. The spatial pattern of adult shoots and seedlings was
clumped, while juvenile shoots had a random or clumped distribution.
Fertilization had no effects on population dynamics. Proposed
greenhouse effects, e.g. increasesin CO2 and temperature, should result
in population growth on North-facing slopes and may increase mortality
on South-facing sites.
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Diemer, M.W. 1994. Mid-season gas-exchange of an alpine grassland
under elevated co2. Oecologia 98(3-4):429-435.

Ecosystem net CO2 uptake, evapotranspiration (ET) and night- time
CO2 efflux were measured in an alpine grassland dominated by Carex
curvula, treated with doubled ambient partial pressure of CO2 viaopen-
top chambers. One quarter of the plots were treated with mineral
nutrients to simulate the effect of lowland nitrogen deposition rates.
Depending upon fertilizer supply, ecosystem net CO2 uptake per ground
area in full sunlight (NCE(max)) was 41-81% higher in open-top
chambers supplied with doubled ambient partial pressure (p(a)) of CO2
than in plots receiving ambient CO2. Short-term reversals of the CO2
level suggest that the extent of downward adjustment of canopy
photosynthesis under elevated CO2 was 30-40%. ET tended to decline,
whilewater useefficiency (WUE), expressed asthe NCE(max):ET ratio,
increased morethan twofold under elevated CO2. Night-time ecosystem

CO2 efflux did not respond to changes in CO2 p(a). NCE(max) and
night-time CO2 efflux were more responsive to mineral fertilizer than
the doubling of CO2. This suggests that in these alpine plant
communities, atmospheric nutrient input may induce equal or greater
effects on gas exchange than increased CO2.

KEYWORDS: ATMOSPHERIC CO2, BALANCE, CARBON DIOXIDE,
COMMUNITIES, ECOSYSTEMS, RESPONSES, TUSSOCK TUNDRA
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Diemer, M. 1996. The incidence of herbivory in high-elevation
populations of Ranunculus glacialis: A re-evaluation of stress-tolerance
in alpine environments. Oikos 75(3):486-492.

Growing conditions in the upper alpine zone are characterized by low
temperature, low partial pressures of CO2 and, in the temperate zone, a
short growing period. The plants which have evolved under these
conditions presumably share a number of characteristics that were
ascribed to stress-tolerance, namely slow growth, extended longevity,
resource limitation and low palatability to herbivores. Hence chronic
biomass removals by herbivores should be a thresat to plant persistence
in alpine environments. as predicted by Grime's C-S-R theory. | tested
this hypothesis on populations of an apine buttercup, Ranunculus
glacialis. A survey along an dtitudinal transect in the Central Alps of
Austriaindicated that between 15 and 26% of the R. glacialis plantsin
each population examined exhibited signs of herbivory damage. Merely
asmall population, isolated by glaciers, at the highest site (3310 mas.l.)
showed no traces of herbivory. Ar two sites (2600 m and 3180 m a.sll.)
twenty plants each were tagged and examined for a two- year period.
Herbivory damage was considerable: on an average nearly 25% of a
plant's total leaf area was removed in 1987. primarily by snow mice
(Microtusnivalis). Inflorescencesof 65-85% of all flowering plantswere
removed as well. Ar the lower sire (2600 m, roughly 600 m above the
treeline) up to 5 g dry matter and 140 mg nitrogen m(-2) were consumed
in one season. Despite the magnitude of these losses both reproductive
investment and the number of leaves initiated per plant did not change
appreciably in the subsequent year. Since populationsof R. glacialisare
ableto support populations of herbivoresat thealtitudinal limitsof plant
growth without obvious reductionsin vigor,these plants and other food
species (e.g. Oxyria digyna) cannot fit the stress-tolerator scheme
proposed by Grime. The widespread occurrence of herbivory at high
elevations and plant traits challenge the concept of stress- tolerance as
itiscommonly applied to alpine environments.

KEYWORDS: AVAILABILITY, DYNAMICS, GRADIENTS, HERB,
LEAF, LIFE, PLANTS, SEED, ZONE
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Diemer, M. 1997. Effects of eevated CO2 on gas exchange
characteristics of alpine grassland. Acta Oecologica-International
Journal of Ecology 18(3):177-182.

Theecosystem-level gas exchange characteristics of an alpinegrassland
treated with a combination of elevated CO2 and moderate additions of
NPK fertilizer during the third season of experimental treatments are
described. Mid-season maximum daytime net ecosystem CO2 flux
(NEC)increased significantly under elevated CO2 (+45%), whereas
nighttime NEC was unaffected by the CO2 treatment. Since daytime
NEC under elevated CO2 underwent a seasonal decline, only moderate
carbon surpluses accumulated under elevated CO2. The observed
seasonal decline in daytime NEC may be due to reduced sink strength
once maximum aboveground biomassisattained, and appearstobeareg
ulatory mechanism of ecosystem carbon accumulation. Moderate
additions of NPK fertilizer stimulated both day- (+39%) and nighttime
NEC (+29%) due to increased plant biomass, independent of CO2
treatment. Yet there is no indication that enhanced mineral nutrient



status will increase ecosystem responsiveness to elevated CO2.
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Diemer, M., and C. Korner. 1998. Transient enhancement of carbon
uptakein an alpinegrassland ecosystem under elevated CO2. Arctic and
Alpine Research 30(4):381-387.

We investigated the carbon uptake and release of a Central European
alpine grassland community subjected to doubled ambient CO2 during
the third (1994) and fourth (1995) season of CO2 enrichment. Within
thisperiod net carbon uptake under el evated CO2 declined successively,
providing evidence of carbon saturation in this high-elevation
environment. Third year data were used to calculate a CO2 balance for
the 13-wk growing season and indicated that the grassland still served
as net carbon sink in 1994. Integrated over the growth period, plots
exposed to doubled ambient CO2 fixed 22% more CO2 than control
treatments receiving ambient CO2. Increased carbon uptake under
elevated CO2 was entirely due to a stimulation of daytime net CO2
uptake, since nighttime CO2 release remained unaffected. However,
enhancement of net canopy CO2 uptake showed a distinct seasonal
response: following substantial net CO2 gains from snowmelt until
attainment of peak biomass (ca. 6 wk), the relative effect of elevated
CO2 declined over the remainder of the season. In contrast to controls,
the C balance became negative under CO2 enrichment during the final
weeks of the growth period. Estimates of wintertime respiratory CO2
losses of unfertilized plots (ca, 9 mo during which soils remain thawed
under the snow) indicate a release of 73 to 89% of the amount of CO2
fixed during the snow-free period. Under elevated CO2 an estimated
mean surplus of 41 g C m(-2) accreted during the third year of CO2
enrichment, which we hypothesize must been transferred belowground,
sinceaboveground biomassremai ned unchanged. M oderateadditi onsof
mineral fertilizer (NPK) alone had a strong positive effect on seasonal
net CO2 balance (57% increase) mediated by enhanced plant biomass.
NPK- treated plots under elevated CO2 had a 38% higher seasonal CO2
balance, relative to NPK-plots at ambient CO2 concentration. Fourth-
year (1995) data indicate no further stimulation of daytime net
ecosystem CO2 flux under elevated CO2, both in unfertilized plots and
plots treated with NPK. Hence, it is unlikely that alpine grasslands will
serve as carbon sinksin a CO2-rich world in the long term.

KEYWORDS: ATMOSPHERIC CO2, CLIMATE, ENRICHMENT,
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Dietz, T.,and E.A. Rosa. 1997. Effects of population and affluence on
CO2 emissions. Proceedings of the National Academy of Sciencesof the
United States of America 94(1):175-179.

Wedeveloped astochastic version of the Impact = Population Affluence
Technology (IPAT) model to estimate the effects of population,
affluence, and technology on national CO2 emissions. Our results
suggest that, for population, there are diseconomies of scale for the
largest nations that are not consistent with the assumption of direct
proportionality (log- linear effects) common to most previous research.
In contrast, the effects of affluence on CO2 emissions appear to reach a
maximum at about $10,000 in per-capitagross domestic product and to
decline at higher levels of affluence. These results confirm the general
value of the IPAT model as a starting point for understanding the
anthropogenic driving forces of global change and suggest that
population and economic growth anticipated over the next decade will
exacerbate greenhouse gas emissions.
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Diiorio, A.A., R.D. Cheetham, and P.J. Weathers. 1992. Carbon-
dioxide improves the growth of hairy roots cultured on solid medium
and in nutrient mists. Applied Microbiology and Biotechnology
37(4):463-467.

The effect of varying CO2 concentrations on the growth of beet and
safflower hairy roots was measured for tissues cultured in nutrient mists
and on solid media in chambers fed mixtures of humidified air
supplemented with different CO2 concentrations. Hairy root tissue
grown on solid media in air enriched with CO2 showed increased
growth, as measured by dry weight increasesvsair-fed controls. Growth
increased with CO2 enrichment as much as 2.5 timesmorethan the air-
fed control for safflower at 1.0 % CO2 and 1.4 times more than the air-
fed control for beetsat 1.5 % CO2 over a 12-day period. Beet hairy root
tissue was also cultured aeroponically in nutrient mists. Beet hairy root
cultured in nutrients mists enriched with 1.0 % CO2 showed a 15 %
increase in biomass over a 7-day period vs tissue cultured in nutrient
mists (with ambient air) or in shake flasks. The stimulation of root
growth via CO2 enrichment reduced the time required for biomass
accumulation.
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Dijkstra, P., A.H.M.C. Schapendonk, K. Groenwold, M. Jansen, and
S.C. Van de Geijn. 1999. Seasonal changes in the response of winter
wheat to elevated atmospheric CO2 concentration grown in Open-Top
Chambers and field tracking enclosures. Global Change Biology
5(5):563-576.

Winter wheat was grown at ambient and elevated (ambient plus 350 mu
L L-1) CO2 concentrations in open top chambers and in field-tracking
sun-lit climatized enclosures (elevated is 718 mu L L-1). There was no
significant effect of CO2 concentration on sheath, leaf and root biomass
and leaf areain the early spring (January to April). 24-h canopy CO2
exchange rate (CCER) was not significantly affected either. However,
elevated CO2 concentration increased CCER at midday, decreased
evapotranspiration rate and increased instantaneous water-use-
efficiency during early spring. Leaf, sheath and root nitrogen
concentration per unit dry weight decreased and nonstructural
carbohydrate concentration increased under elevated CO2, and N-
uptake per unit ground area decreased significantly (-22%) towards the
end of this period. These results contrast with results from the final
harvest, when grain yield and biomass were increased by 19% under
elevated CO2. N concentration per dry weight was reduced by 5%, but
N-uptake per unit ground area was significantly higher (+11%) for the
elevated CO2 treatment. 24-h and midday-CCER increased significantly
more in late spring (period of 21 April to 30 May) (respectively by +
40% and 53%) than in the early spring (respectively 5% and 19%) in
response to elevated CO2. Midday evapotranspiration rate was reduced
less by elevated CO2 in the late spring (-13%) than in early spring (-
21%). The CO2 response of midday and 24-h CCER decreased again (+
27% and + 23% resp.) towards the end of the growing season. We
conclude that the low response to CO2 concentration during the early
spring was associated with a growth-restriction, caused by low
temperature and irradiance levels. The reduction of nitrogen
concentration, theincrease of nonstructural carbohydrate, and the lower
evapotranspiration indicated that CO2 did have an effect towards the
end of early spring; but not on biomass accumulation. Regression
analysis showed that both irradiance and temperature affected the
response to CO2.
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Ding, L., C.H. Zhang, K.Z. Bai, and T.Y. Kuang. 1997. Relation
between seed size in different plant species and response of their
seedlings to double CO2. Chinese Science Bulletin 42(4):331-333.
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Dippery, J.K., D.T. Tissue, R.B. Thomas, and B.R. Strain. 1995.
Effects of low and elevated co2 on C-3 and C-4 annuals.1. Growth and
biomass allocation. Oecologia 101(1): 13-20.

In order to study C-3 and C-4 plant growth in atmospheric CO2 levels
ranging from past through predicted future levels, Abutilon theophrasti
(C-3) and Amaran thus retroflexus (C-4) were grown from seed in
growth chambers controlled at CO2 partial pressures of 15 Pa (below
Pleistocene minimum) 27 Pa (pre-industrial), 35 Pa (current) and 70 Pa
(predicted future). After 35 days of growth, CO2 had no effect on the
relative growth rate, total biomass or partitioning of biomassin the C-
4 species. However, the C-3 species had greater biomass accumulation
withincreasing CO2 partial pressure. C-3 plantsgrownin 15PaCO2 for
35 days had only 8% of thetotal biomass of plants grown in 35 PaCO2.
In 15 Pa CO2, C-3 plants had lower relative growth rates and lower
specificleaf massthan plantsgrown in higher CO2 partial pressures, and
aborted reproduction. C-3 plants grown in 70 Pa CO2 had greater root
mass and root-to-shoot ratios than plants grown in lower CO2 partial
pressures. These findings support other studies that show C-3 plant
growth is more responsive to CO2 partial pressure than C-4 plant
growth. Differencesin growth responsesto CO2 level s of the Pleistocene
through the future suggest that competitive interactions of C-3 and C-4
annuals have changed through geologic time. This study also provided
evidence that C-3 annuals may be operating near a minimum CO2
partial pressure for growth and reproduction at 15 Pa CO2.

KEYWORDS: ATMOSPHERIC CO2, CARBON DIOXIDE,
COMPETITION, ENRICHMENT, PERENNIALS, PHOTOSYNTHES'S,
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Dixon, M., D. Lethiec, and J.P. Garrec. 1995. The growth and gas-
exchange response of soil-planted norway spruce [ picea-abies (L) karst]
and red oak (quercus-rubra L) exposed to elevated co2 and to naturally-
occurring drought. New Phytologist 129(2):265-273.

Norway spruce and red oak trees were planted directly into the soil and
exposed to 700 mu mol mol(-1) CO2 in open-top chambers. Therewere
largeinter-specific differencesin responseto naturally occurring drought
during the second pesar of exposure to elevated CO2. Both species had
decreased assimilation rates. CO2-treated red oak had no loss of
photosynthetic enhancement when undroughted, whereas CO2- treated
Norway spruce showed a relative increase in assimilation rates only
when droughted. Theeffect of CO2 onradial growth of both specieswas
less marked in the second growing season, but this may have been a
result of different biomass partitioning as Norway spruce shoot
extension had a different pattern of growth in elevated CO2. Stomatal
density and chlorophyll content were largely unaffected by the CO2
treatment. A precise method for measuring Norway spruce needle
surface area was also developed.
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Dixon, R.K. 1995. Agroforestry systems - sources or sinks of
greenhouse gases. Agroforestry Systems 31(2):99-116.

The prominent role of forestry and agroforestry systemsin the flux and
long-term storage of carbon (C) intheterrestrial biosphere hasincreased
global interest in these land-use options to stabilize greenhouse gas
(GHG) emissions. Preliminary assessments suggest that some
agroforestry systems (e.g., agrosilvicultural) can be CO2 sinks and
temporarily store C, while other systems (e.g., ruminant-based
silvopastoral systems) are probably sources of GHG (e.g., CH4).
Agroforestry;systems can be significant sources of GHG emissions,
especially at low latitudes. Practices such astillage, burning, manuring,
chemical fertilization, and frequent disturbance can lead to emission of
CO2, CH4, and N20 from soils and vegetation to the atmosphere.
Establishment and management of agroforestry systems incompatible
with prevailing edaphic and climatic conditions can accelerate soil GHG
emissions. Non-sustainable agroforestry systems are quickly degraded,
and woody and herbaceous crops can become significant GHG sources.
Silvopastoral systems can result in soil compaction and erosion with
significant loss of labile C and N compounds to the atmosphere.
Ruminant-based silvopastoral systems and rice paddy agrisilvicultural
systems are well documented sources of CH4 which significantly
contribute to the global CH4 budget. Early assessments of national and
global terrestrial CO2 sinks reveal two primary beneficial attributes of
agroforestry systems: 1) direct near-term C storage (decadesto centuries)
in trees and soils, and, 2) potential to offset immediate GHG emissions
associ ated with deforestation and subsequent shifting agriculture. Within
the tropical latitudes, it is estimated that one ha of sustainable
agroforestry can provide goods and services which potentially offset 5-
20 ha of deforestation. At a global scale, agroforestry systems could
potentially be established on 585-1275 x 10(6) ha of technically suitable
land, and these systems could store 12-228 (median 95) Mg C ha(-1)
under current climate and edaphic conditions.
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Dixon, R.K., S. Brown, R.A. Houghton, A.M. Solomon, M.C.
Trexler, and J. Wisniewski. 1994. Carbon pools and flux of global
forest ecosystems. Science 263(5144):185-190.

Forest systems cover more than 4.1 x 10(9) hectares of the Earth's land
area. Globally, forest vegetation and soils contain about 1146 petagrams
of carbon, with approximately 37 percent of this carbon in low-latitude
forests, 14 percent in mid-latitudes, and 49 percent at high latitudes.
Over two- thirds of the carbon in forest ecosystemsis contained in soils
and associated peat deposits. In 1990, deforestation in the low latitudes
emitted 1.6 +/- 0.4 petagrams of carbon per year, whereas forest area
expansion and growth in mid- and high- latitude forest sequestered 0.7
+/- 0.2 petagrams of carbon per year, for anet flux to the atmosphere of
0.9 +/- 0.4 petagrams of carbon per year. Slowing deforestation,
combined with an increase in forestation and other management
measures to improve forest ecosystem productivity, could conserve or
sequester significant quantities of carbon. Future forest carbon cycling
trends attributable to losses and regrowth associated with global climate
and land-use change are uncertain. Model projections and some results
suggest that forests could be carbon sinks or sources in the future.
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Buksha. 1999. Simulations of forest system response and feedbacks to
global change: experiences and results from the US Country Studies
Program. Ecological Modelling 122(3):289-305.

Large shiftsin the response and feedbacks of forest systems areimplied
by models and systems analysis driven by global change scenarios of
general circulation models (GCMs). Prior climate change analyses and
modeling efforts have been reported at aglobal scalein afew developed
countries, but relatively few national assessmentshave been successfully
completed in developing countries. Under the auspices of the U.S.
Country Studies Program, analysts from 55 countries employed a
common set of methods and models to characterize current carbon (C)
poolsin forests, future impacts of global change on forest distribution,
and management optionsfor conserving and sequestering carbon dioxide
(CO2) in forest systems. The analysis revealed that the response and
feedbacks of forest systemsto global climate changewill be profound in
the 55 countries studied on five continents. Globally, forest vegetation
and soils contain about 1146 Pg C, with approximately 37% of thisCin
low-latitude forests, 14% in mid-latitudes, and 49% at high latitudes.
The impacts of future global change on forest distribution and
productivity will bemost significant at high latitudes, with more modest
changes in distribution and productivity at low latitudes. Future
opportunities to conserve and sequester CO2 in forest systems are
potentially significant, but land-use practices and global change will
influence the size of this C pool and CO2 sink. In the future, a greater
proportion of forests at all latitudes could become a greenhouse gas
(GHG,) sourceif sustained management and conservation policiesarenot
employed. Thetiming and magnitude of future changesin forest systems
are dependent on global environmental factors (for example, global
change, biogeochemical Sulphur and Nitrogen cycles), as well as on
human factors such asdemographi cs, economic growth, technology, and
resourcemanagement policies. (C) 1999 Elsevier ScienceB.V. All rights
reserved.
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Dixon, R.K., J.K. Winjum, and P.E. Schroeder. 1993. Conservation
and sequestration of carbon - the potential of forest and agroforest
management-practices. Global Environmental Change-Human and
Policy Dimensions 3(2):159-173.

Forests play amajor role in Earth's carbon cycle through assimilation,
storage, and emission of CO2. Establishment and management of boreal,
temperate, and tropical forest and agroforest systems could potentially
enhance sequestration of carbonin theterrestrial biosphere. A biological
and economic analysis of forest establishment and management options
from 94 nations revealed that forestation, agroforestry, and silviculture
could be employed to conserve and sequester one Petagram (Pg) of
carbon annually over a 50-year period. The marginal cost of
implementing these options to sequester 55 Pg of carbon would be
approximately $10/Mg.
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Dixon, R.K., and J. Wisniewski. 1995. Global forest systems: An
uncertai n responseto atmospheric pollutantsand global climatechange?
Water, Air, and Soil Pollution 85(1):101-110.

Forest systems cover more than 4.1 x 10(9) ha of the Earth'sland area.
The future response and feedbacks of forest systems to atmospheric
pollutants and projected climate change may be significant. Boreal,
temperate and tropical forest systems play a prominent role in carbon

(C), nitrogen (N) and sulfur (S) biogeochemical cycles at regional and
global scales. The timing and magnitude of future changes in forest
systemswill depend on environmental factors such asachanging global
climate, an accumulation of CO2 in the atmosphere, and increase global
mineralization of nutrientssuch asN and S. Theinteractive effectsof all
thesefactorson theworld'sforest regionsare complex and not intuitively
obviousand arelikely to differ anong geographic regions. Although the
potential effects of some atmospheric pollutants on forest systems have
been observed or simulated, large uncertainty exists in our ability to
project future forest distribution, composition and productivity under
transient or nontransient global climate change scenarios. The potential
to manage and adapt forests to future global environmental conditions
varies widely among nations. Mitigation practices, such as liming or
fertilization to ameliorate excess NOx or SOx or forest management to
sequester CO2 are now being applied in selected nations worldwide.
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Docherty, M., D.K. Hurst, J.K. Holopainen, J.B. Whittaker, P.J.
Lea, and A.D. Watt. 1996. Carbon dioxide-induced changes in beech
foliage cause female beech weevil larvae to feed in a compensatory
manner. Global Change Biology 2(4):335-341.

The phenology of Fagus sylvatica was unaffected by exposure to an
atmosphere of elevated CO2 (600 mu L L(-1)) after two years of
fumigation. Non-significant changesin nitrogen and phenolic content of
the leaves decreased the nutritional status of beech for female larvaein
elevated CO2 such that they responded by eating in a compensatory
manner; males were unaffected. Rates of development, mortality and
adult biomass of Rhynchaenus fagi were no different from those in
ambient CO2 concentrations (355 mu L L(-1)). It is possible that, with
the changes in leaf chemistry affecting the females, fecundity will be
altered, with important consequences for populations of beech weevil.
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Docherty, M., F.A.Wade, D.K. Hurst, J.B. Whittaker,and P.J. L ea.
1997. Responses of tree sap-feeding herbivoresto elevated CO2. Global
Change Biology 3(1):51-59.

Five species of sap-feeding homoptera were studied on Fagus sylvatica
and Acer pseudoplatanus and exposed to elevated concentrations of
carbon dioxide (600 mu L L(-1)). The concentration of total soluble
amino acids in foliage of F. sylvatica was unaffected by growing
saplings in elevated atmospheric CO2 concentrations. Although
experiments on individual aphids indicated poorer performance of
Phyllaphisfagi (fewer, smaller nymphsproduced), resultant populations
did not differ from those in ambient (350 mu L L(-1)) conditions. The
area of beech foliage stippled by the leafhopper Fagocyba cruenta was
similar at ambient and elevated CO2 concentrations. The concentration
of total amino acidsand that of serineof A. pseudoplatanusfoliage were
significantly lower at elevated CO2 concentrations. However, the
relative growth rates of two aphid species Drepanosiphum platanoidis
and Periphyllus testudinaceus and one leafhopper Ossiannilssonola
callosa were not significantly different in elevated CO2. No evidence
was found that, under the conditions of these experiments, populations
of aphids and leafhoppers will change as concentrations of CO2
increase.
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Doi, M., H. Oda, N. Ogasawar a, and T. Asahira. 1992. Effectsof co2
enrichment on the growth and development of invitro cultured plantlets.
Journal of the Japanese Society for Horticultural Science 60(4):963-
970.

Plantlets of Caladium bicolor (C3 plant), Saccharum officinarum (C4
plant), and Phalaenopsishybrid (CAM plant) at the preparation stagefor
acclimatization (the final stage of in vitro culture) were cultured on the
medium containing 2% sucrose. The culture vessels were kept under
continuous, 16 hr, or 8 hr lighting conditions; half of the vessels were
ventilated continuously with 0.8 +/- 0.4% CO2 enriched atmosphere;
whilethe remainder was exposed to ambient atmosphere. The growth of
plantlets was promoted with an increase in daylength under both
ambient and CO2 enriched atmospheres. When the plantlets were
supplied with adequate CO2, dry matter production increased under all
daylength treatments except Caladium cultured under continuous
lighting. This promotive effect of CO2 enrichment was especialy
noticeable in root growth. In Caladium and Phalaenopsis, the leaf
chlorophyll content of plantletscultured under CO2 enriched atmosphere
waslessthan that of leavesfrom plantlets grown in ambient atmosphere.
Although the chlorophyll was less concentrated in leaves of plantlets
growing under the CO2 enriched treatment, the rate of CO2 uptake of
these plantlets measured at the midpoint of the light period was higher
than that of leaves exposed to ambient atmosphere. Increasing the O2
concentration in culture vessels to 37% also promoted the growth of
Caladium and Dendrobium phalaenopsis (CAM plant) under CO2
enriched condition. Because of thedevel opment of photoautotrophy, the
Caladium plantlets exposed to enriched CO2 atmosphere and cultured
on sugar-free medium using ceramic wool plug system responded with
vigorous growth when transplanted into pots.
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DolcetSanjuan, R., E. Claveria, and A. Huerta. 1997. Androgenesis
in Capsicum annuum L - Effects of carbohydrate and carbon dioxide
enrichment. Journal of the American Society for Horticultural Science
122(4):468-475.

A new and simple protocol for androgenesisin bell pepper is described.
Theinitial medium, a modification of Nitsch and Nitsch's H medium,
consisted of atwo-phase system of semi- solid and liquid medium and
contained maltose as carbon source. The total humber of embryos
formed was greater with maltose at 40 g . L-1, but embryos developed
better at 10 to 20 g . L-1. Depending on the genotype, the number of
embryos and plants recovered ranged from 3 to 750 and 0.25 to 8,
respectively, per 100 flowers. Further increases in the number of
embryos (up to 3561 per 100 flowers) and plants (up to 23 per 100
flowers) could be attained by flushing cultures with air enriched with
CO2 at 900 mu L . L-1. The ploidy level and the microspore origin of
therecovered plantswere determined by flow cytometry and zymograms
for isocitrate dehydrogenase. Nearly 65% of the acclimated plants had
undergone spontaneous doubling of the chromosome number, as
confirmed by flow cytometry of leaf nuclei. Isocitrate dehydrogenase
zymograms demonstrated that plants originated from microspores and
that thetwo parental alleleswere equally represented among the haploid
and dihaploid plants.

KEYWORDS: ACTIVATED-CHARCOAL, ANTHER-CULTURE
RESPONSE, GENETIC-MARKERS, HORDEUM VULGARE L,
INDUCTION, INHERITANCE, MEDIA, PEPPER, PLANTS
SEGREGATION
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Donnelly, A., M.B. Jones, J.I. Burke, and B. Schnieders. 1999. Does
elevated CO2 protect grain yield of wheat from the effects of ozone
stress?Zeitschrift Fur Naturforschung C-A Jour nal of Biosciences54(9-
10):802-811.

This study has investigated the effects of elevated CO2 and elevated O-
3, both singly and in combination, on theyield of spring wheat (Triticum
aestivum L., cv. Minaret). Plants were grown in open-top chambers and
exposed to three CO2 concentrations (ambient, 510 and 680 ppmv) and
two O-3 concentrations (ambient and ambient +50 or +90 ppbv) either
from anthesis onwards or for the full growing season. To date,
experiments that have investigated the interactive effects of these gases
have shown avariety of responses, ranging from an amelioration of the
damaging effects of high O-3 to agreater sensitivity to O-3, at elevated
CO2. Theeffectson grain yield and yield components were determined.
Our results confirm that elevated CO2 provides some protection to a
whesat crop against the damaging effects of O-3 On grain yield.
However, the level of protection varies from one growing season to the
next and also appearsto berelated particularly to thetiming of exposure
to elevated O-3.

KEYWORDS ATMOSPHERIC CO2, CARBON DIOXIDE, DRY-
MATTER, LEAF-AREA, OPEN-TOP CHAMBERS, PLANT GROWTH,
SPRING WHEAT, TRITICUM-AESTIVUM L, TROPOSPHERIC
OZONE, WATER-STRESS
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Dorais, M., J. Charbonneau, and A. Gosselin. 1993. Gas-exchangein
greenhousetomatoesgrown under supplemental light. Canadian Journal
of Plant Science 73(2):577-585.

This study reports on in situ gas-exchange measurements in tomatoes
grown under a sequentia intercropping system with supplemental
lighting provided by high-pressure sodium-vapour lamps. A
supplemental photosynthetic photon flux (PPF) of 150 mumol m-2 s-1
significantly increased theamount of light energy penetrating the canopy
of intercropped tomato seedlings. During the day, the supplemental 150
mumol m-2 s-1 light regime increased the photosynthetic rate of leaves
5 and 10 by 67%, while at night the increases were 93 and 12%,
respectively. Regression analysis of the photosynthetic rate of leaves 5
and 10 as a function of PPF received accounts for 58 and 45% of the
variation, respectively. Hierarchical analysis demonstrated a significant
linear relationship between PPF received during the day and
photosynthetic activity of leaves 5 and 10 accounting for 46 and 28%,
respectively, of the variance in the model. Regression analysis of the
photosynthetic activity as a function of PPF recelved at night accounts
for 41 and 32 %, respectively, of thevariation in the photosynthetic rate
of leaves 5 and 10. Using a high level of supplemental lighting during
the day or at night had no significant effect on stomatic conductance or
on the transpiration rate of leaves.

KEYWORDS CO2- ENRICHMENT, LEAF, PHOTOINHIBITION,
PHOTOSYNTHESIS, PRODUCTIVITY, RESPONSES,
TRANSPIRATION, TRANSPORT, YIELD
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Downing, J.P., and D.A. Cataldo. 1992. Natura sinks of co2 -
technical synthesisfrom the palmas-del- mar workshop. Water, Air, and
Soil Pollution 64(1-2):439-453.

Natural CO2 sinksin terrestrial and marine environments areimportant
components of the global carbon cycle, yet the sign and magnitudes of
key fluxes among them are unknown. Theresults of the Palmas Del Mar
Workshop - Natural Sinks of CO2 presented in this special issueand its
companion hard-bound volume of Water, Air, & Soil Pollution, provide



a synthesis of current research on the carbon cycle, CO2 sinks and
associ ated processes and fluxes, and critical research needsto assessthe
potential role of forest and land-use management in carbon
sequestration. The papersin thisvolume present data, observations, and
model simulations that demonstrate: 1) the existence of natural CO2
sinks that could mitigate a significant amount of CO2 emissions from
fossil-fuel combustion; 2) probable, human-caused imbalances in C
exchanges among vegetation, soils, and the atmosphere; 3) enhanced C
storage in vegetation in response to excess atmospheric CO2; 4) strong
interactions among carbon, nutrient and hydrological cycles; and 5) an
excessof carbon production over consumption in several, largemanaged
forests. Although it appears unlikely that the search for the "missing" C
sink required to balance the C budget will end in the open ocean, new
estimates of C storage in mangrove wood and pesat, suggest that coastal
ecosystems have the capacity to store significant amounts of carbon in
vegetation and sediments. Convincing analyses are also presented
indicating thetechnical and economical feasibility of managing existing
lands to sequester additional carbon. Long-term field studies of CO2
fertilization effects and carbon cycling by plants and soils in
geographically important systems, nativeforests, and coastal ecosystems
will go along way toward meeting the research needs identified at the
workshop.
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Downton, W.J.S.,, and W.J.R. Grant. 1994. Photosynthetic and
growth-responses of variegated ornamental species to elevated co2.
Australian Journal of Plant Physiology 21(3):273-279.

Variegated and completely green cultivarsof oleander (Nerium oleander
L.) and willow myrtle (Agonis flexuosa (Willd.) Sweet) were grown in
controlled environment cabinetsfor 3 and 5 months, respectively, under
either ambient levels of CO2 or with supplementary CO2 to a partial
pressure of 800 mu bar. Photosynthesis of entirely green leaves and the
green portions of variegated leaves on both species was greatly
stimulated by high CO2 and there was no evidence of downward
adjustment (acclimation) of photosynthetic ratesto high CO2 during the
experiment. Dark respiration rates of these leaves were lowered by high
CO2. Theyellow portions of willow myrtle leaves showed alow level of
photosynthetic activity which was stimulated by high CO2; however,
dark respiration rates showed little responseto elevated CO2. Green and
yellow areas on variegated | eaves of willow myrtle had much lower dark
respiration rates than completely green leaves, but this difference was
not evident for oleander. Y ellow portionsof oleander leavesshowed little
evidence of photosynthetic capacity. This was also confirmed by alow
photochemical efficiency as determined by chlorophyll fluorescence. A
major effect of variegation wasto slow overall plant growth compared
with completely green plants. The respective 3-fold and 6-7-fold
differences in biomass between fully green and variegated cultivars of
oleander and willow myrtle was closely related to estimated net carbon
gain per day by the plant canopy. Variegation for both species averaged
close to 50:50, green:yellow areas. Variegated plants developed about
twice the leaf area ratio and specific leaf area compared with their
completely green counterparts. The relative growth response to high
CO2 was significantly greater for the variegated plants compared to the
completely green plants.

KEYWORDS: ACCLIMATION, CARBON DIOXIDE, DARK
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Drake, B.G. 1992. A field-study of the effects of elevated CO2 on
ecosystem processes in a Chesapeake Bay wetland. Australian Journal
of Botany 40(4-5):579-595.

Open top chambers are being used in along-term project to determine
the effects of elevated CO2 on ecosystem processes on a Chesapeake
Bay wetland. Three communities are studied: mono-specific stands of
the C3 sedge, Scirpus olneyi, and the C4 grass, Spartina patens, and a
mixed community of these two species and the C4 grass, Distichlis
spicata. Treatment began in the spring of 1987 and will continuethrough
the 1994 growing season. During the first 4 years of exposure, elevated
CO2 had the following effects on mono-specific stands of the C3 sedge,
Scirpus olneyi: increased quantum yield and photosynthetic capacity,
reduced dark respiration, increased numbers of shoots, roots and
rhizomes, reduced nitrogen concentration of all tissues, increased
nitrogen fixation and increased ecosystem carbon accumulation. In a
mixed community of the sedge and C4 grass species, Spartina patens
and Distichlis spicata, biomass of the C3 component increased over
100% and this was accompanied by decreased biomass in the C4
component of the community. Elevated CO2 reduced water loss,
increased water potential and delayed senescence in all three species.
Many factors contributed to CO2 stimulated carbon accumulationinthe
plant community dominated by the C3 sedge, Scirpusolneyi, including:
sustained high photosynthetic capacity, decreased respiration, delayed
senescence, and allocation of the additional carbon to roots and
rhizomes. The complex interaction of these diverse responses suggests
that the rising atmospheric CO2 may have a significant impact on
€COSystem processes.

KEYWORDS: ATMOSPHERIC CO2, CANOPY PHOTOSYNTHESIS,
CARBON-DIOXIDE ENRICHMENT, ELECTRON-TRANSPORT
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BISPHOSPHATE, SOYBEAN CANOPIES, TRANSPIRATION
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Drake, B.G. 1992. Theimpact of rising co2 on ecosystem production.
Water, Air, and Soil Pollution 64(1-2):25-44.

A fundamental property of green plantsisthat therate of photosynthesis
isdependent in the ambient CO2 concentration. Thereis overwhelming
experimental evidencethat thiseffect increases plant productionin most
C3 Plants: hundreds of experiments with many species show that plant
growth increases an average 30% to 40% for a doubling of the present
normal ambient CO2 concentration (Kimball, 1986). External
environmental factors, such as temperature and the availability of
nutrients, modify this response. The greatest stimulation of
photosynthesi sand growth can beexpected to occur at high temperatures
and much smaller responses at low temperature. Factors which restrict
growth, such as low nutrients, will reduce but usually do not eliminate
the stimulation of production with increasing CO2 even when nitrogen
is severly limiting. There are also reports of direct effects of ambient
CO2 concentration on dark respiration which show that there is an
immediate reduction in therate of CO2 efflux or O2 consumption when
the CO2 around plant tissues is increased. There have been very few
long-term field studies of the effects of increased CO2 on whole plants
and ecosystem processes but the data from these studies are consistent
in showing an increase in plant production with an increase in CO2
concentration of the ambient air.

KEYWORDS: ABSCISIC- ACID, CARBON-DIOXIDE ENRICHMENT,
ELEVATED ATMOSPHERIC CO2, GAS-EXCHANGE, LONG-TERM
EXPOSURE, PHOTOSYNTHETIC INHIBITION, SOYBEAN LEAVES,
STOMATAL CONDUCTANCE, TRANSPIRATION RESPONSES
TUSSOCK TUNDRA
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Drake, B.G., J. Azcon-Bieto, J. Berry, J. Bunce, P. Dijkstra, J.
Farrar, R.M. Gifford, M.A. Gonzalez-Méeler, G. Koch, H. Lambers,



J. Siedow, and S. Wullschleger. 1999. Does el evated atmospheric CO2
concentration inhibit mitochondrial respiration in green plants? Plant,
Cell and Environment 22(6):649-657.

Thereisabundant evidencethat areduction in mitochondrial respiration
of plants occurs when atmospheric CO2 (C-a) is increased. Recent
reviews suggest that doubling the present C-awill reduce therespiration
rate [per unit dry weight (DW)] by 15 to 18%. The effect has two
components: an immediate, reversible effect observed in leaves, stems,
and roots of plants as well as soil microbes, and an irreversible effect
which occurs as aconsequence of growth in elevated C-aand appearsto
be specific to C-3 species. The direct effect has been correlated with
inhibition of certain respiratory enzymes, namely cytochrome-c-oxidase
and succinate dehydrogenase, and theindirect or acclimation effect may
be related to changes in tissue composition. Although no satisfactory
mechanisms to explain these effects have been demonstrated, plausible
mechanisms have been proposed and await experimental testing. These
are carbamylation of proteins and direct inhibition of enzymes of
respiration. A reduction of foliar respiration of 15% by doubling present
ambient C-a would represent 3 Gt of carbon per annum in the global
carbon budget.

KEYWORDS: CARBON-DIOXIDE CONCENTRATION, CHEMICAL-
COMPOSITION, CONSTRUCTION COSTS, DARK RESPIRATION,
GAS-EXCHANGE, GROWTH, LEAF RESPIRATION, LOLIUM-
PERENNE, MAINTENANCE RESPIRATION, WHEAT LEAVES
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Drake, B.G., M.A. GonzalezMeler, and S.P. Long. 1997. More
efficient plants: A consequence of rising atmospheric CO2? Annual
Review of Plant Physiology and Plant Molecular Biology 48:609-639.

The primary effect of the response of plantsto rising atmospheric CO2
(C-a) is to increase resource use efficiency. Elevated C-a reduces
stomatal conductance and transpiration and improves water use
efficiency, and a the same time it stimulates higher rates of
photosynthesis and increases light- use efficiency. Acclimation of
photosynthesis during long-term exposure to elevated C-a reduces key
enzymesof the photosynthetic carbon reduction cycle, and thisincreases
nutrient use efficiency. Improved soil-water balance, increased carbon
uptake in the shade, greater carbon to nitrogen ratio, and reduced
nutrient quality for insect and animal grazers are all possibilities that
have been observed in field studies of the effects of elevated C-a. These
effects have major consequences for agriculture and native ecosystems
in aworld of rising atmospheric C-a and climate change.

KEYWORDS BETULA-PENDULA ROTH, CARBON-DIOXIDE
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LIRIODENDRON-TULIPIFERA L, LONG-TERM EXPOSURE,
PHASEOLUS-VULGARIS L, RIBULOSE-1;5-BISPHOSPHATE
CARBOXYLASE-OXYGENASE, SOURCE-SINK RELATIONS, WATER-
USE EFFICIENCY
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Drake, B.G.,and P.W. L eadley. 1991. Canopy photosynthesisof crops
and nativeplant-communitiesexposed tolong-term elevated CO2. Plant,
Cell and Environment 14(8):853-860.

There have been seven studies of canopy photosynthesis of plantsgrown
in elevated atmospheric CO2: three of seed crops, two of forage crops
and two of native plant ecosystems. Growth in elevated CO2 increased
canopy photosynthesis in all cases. The relative effect of CO2 was
correlated with increasing temperature: the least stimulation occurred in
tundra vegetation grown at an average temperature near 10-degrees-C
and the greatest in rice grown at 43-degrees-C. In soybean, effects of
CO2 were grester during leaf expansion and pod fill than at other stages

of crop maturation. Inthelongest running experiment with elevated CO2
treatment to date, monospecific stands of a C3 sedge, Scirpus olneyi
(Grey), and a C4 grass, Spartina patens (Ait.) Muhl., have been exposed
to twice normal ambient CO2 concentrations for four growing seasons,
in open top chambers on a Chesapesake Bay salt marsh. Net ecosystem
CO2 exchangeper unit green biomass (NCE(b)) increased by an average
of 48% throughout the growing season of 1988, the second year of
treatment. Elevated CO2 increased net ecosystem carbon assimilation by
88% in the Scirpus olneyi community and 40% in the Spartina patens
community.

KEYWORDS: ATMOSPHERIC CARBON-DIOXIDE, CO2-
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SALT-MARSH, SOYBEAN PHYSIOLOGY, TEMPERATURE,
TRANSPIRATION RESPONSES, TUSSOCK TUNDRA
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Drake, B.G., M.S. Muehe, G. Peresta, M.A. GonzalezM eler, and R.
Matamala. 1996. Acclimation of photosynthesis, respiration and
ecosystem carbon flux of a wetland on Chesapeake Bay, Maryland to
elevated atmospheric CO2 concentration. Plant and Soil 187(2):111-
118.

Acclimation of photosynthesis and respiration in shoots and ecosystem
carbon dioxide fluxes to rising atmospheric carbon dioxide
concentration (C-a) was studied in a brackish wetland. Open top
chambers were used to create test atmospheres of normal ambient and
elevated C-a(=normal ambient+34 Pa CO2) over mono-specific stands
of the C-3 sedge Scirpusolneyi, the dominant C-3 speciesin thewetland
ecosystem, throughout each growing season since April of 1987.
Acclimation of photosynthesis and respiration were evaluated by
measurements of gasexchangein excised shoots. Theimpact of devated
C-aon the accumulation of carbon in the ecosystem was determined by
ecosystem gas exchange measurements made using the open top
chamber asacuvette. Elevated C-aincreased carbohydrate and reduced
Rubisco and soluble protein concentrations as well as photosynthetic
capacity(A) and dark respiration (R-d; dry weight basis) in excised
shoots and canopies (leaf area area basis) of Scirpus olneyi,
Nevertheless, the rate of photosynthesis was stimulated 53% in shoots
and 30% in canopies growing in elevated C-a compared to normal
ambient concentration. Elevated C-ainhibited R-d measured in excised
shoots (-19 to -40%) and in seasonally integrated ecosystem respiration
(R-g; -36t0-57%). Growth of shootsin elevated C- awas stimulated 14-
21%, but this effect was not statistically significant at peak standing
biomassin midseason. Although the effect of elevated C-aon growth of
shootswasrelatively small, the combined effect of increased number of
shootsand stimulation of photosynthesis produced a30% stimulationin
seasonally integrated gross primary production (GPP). The stimulation
of photosynthesisand inhibition of respiration by elevated C-aincreased
net ecosystem production (NEP=GPP-R-€) 59% in 1993 and 50% in
1994. While this study consistently showed that elevated C-a produced
asdgnificant increasein NEP, we have not identified a correspondingly
large pool of carbon below ground.

KEYWORDS: ENRICHMENT, ESTUARINE MARSH, EXPOSURE,
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Drake, S.R. 1994. Elevated carbon-dioxide storage of anjou pearsusing
purge- controlled atmosphere. Hortscience 29(4):299-301.

'‘Anjou’ pears (Pyrus communis L.) were placed in controlled-
atmosphere (CA) storage immediately after harvest (<24 hours) or after
al10-day delay inrefrigerated storage, and held therefor 9 monthsat 1C.
Oxygen in al atmospheres was 1.5% and CO2 was at either 1% or 3%.



Atmospheresin theflow-through system were computer-controlled at +/-
0.1%. After removal from CA storage, pearswereevaluated immediately
and after ripening at 21C for 8 days. Pears stored in 3% CO2 were
firmer, greener, and displayed less scald, internal breakdown, and stem-
end decay than pears stored in 1% CO2. In addition, no internal
discoloration of '‘Anjou’ pears was evident when held with 3% CO2.
'‘Anjou’ pears held in 3% CO2 retained the ability to ripen after long-
term storage. A 10-day delay in atmosphere establishment had little or
no influence on the long-term keeping quality or ripening ability of
'Anjou’ pears.

KEYWORDS: DANJOU PEAR
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Drake, S.R. 1999. Quality of '‘Bosc' pears as influenced by elevated
carbon dioxide storage. Journal of Food Quality 22(4):417-425.

'‘Bosc' pears (Pyrus communis L.) were placed in a purgetype
controlled-atmosphere (CA) storage immediately after harvest (<24 h)
and held for 180 days at IC. Oxygen in all atmospheres was 1.5% and
CO2 was 1%, 3% or 5%. Pears were evaluated immediately after
removal from CA storage and after ripening for an additional 7 days at
21 C. Pears stored in 3% CO2 were firmer, had a superior finish, with
significantly reduced decay and internal breakdown than pearsstored in
1% CO2. In 3% CO2, pearsretained the ability to ripen after long-term
storage. A 10 day delay in atmosphere establishment had little or no
influence on the long-term keeping quality or ripening ability of '‘Bosc
'‘pears. Firmness, soluble solids content and starch either alone or
together were good indices of maturity for 'Bosc 'pears.
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Drake, S.R.,and D.C. Elfving. 1999. Responseof threestrainsof 'Gala
apples to high carbon dioxide prior to controlled atmosphere storage.
Fruit Varieties Journal 53(1):16-21.

Thepostharvest fruit quality of threestrains ('Royal Gala: 'Imperial Gala
and 'Crimson Gala) of apples was evaluated over two or three storage
seasons. To determine the influence of carbon dioxide treatment on
storage quality, appleswerestored in normal controlled atmosphere (1%
0-2 & 1% CO2), or treated with 12% CO2 for 7 or 14 days prior to
normal CA and evaluated after 90 or 150 days of storage. The use of
12% CO2 prior to storage helped to maintain firmness of 'Royal Gala
applesin 1 of 3 seasons. Firmness of 'Imperial Gala' and 'Crimson Gala
apples was not influenced by high CO2 treatment, regardless of storage
season. Other quality factors (color, soluble solids, acidity and
carbohydrates) were not influenced to the extent that high CO(2)would
be a viable option for the quality enhancement of 'Gala apples during
storage, regardless of strain. Use of norma CA maintained 'Gala apple
quality for 150 days of storage. Harvest date had a major influence on
'‘Gala apple quality. A delay of one week reduced firmness and acidity,
but enhanced color and content of sucrose, glucose and fructose in
'Royal Gala: 'Imperial Gala' and 'Crimson Gala apples.
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Drake, SR., and A. Yazdaniha. 1999. Short-term controlled
atmosphere storage for shelf-life extension of apricots. Journal of Food
Processing and Preservation 23(1):57-70.

Shelf-life of 'Perfection’ and 'Rival' apricots can be enhanced with the
use of controlled atmosphere (CA) storage. Apricots were harvested at
commercial maturity and immediately stored in CA at 1 or 2% O-2 and

3,6,9, 12 or 15 % CO2 for 30, 45 and 60 days. No differencesin fruit
quality were evident between O-2 atmospheres of 1 and 2 %, except that
fruit stored in 1 % O-2 displayed less rot development and higher acid
content. Apricots stored in 9 % or less CO2 displayed reduced external
and internal color, inadequate finish, increased internal breakdown and
more rot development with unacceptable firmness retention for
additional handling. Apricots stored in 12 or 15 % CO2 retained
firmness and displayed enhanced finish with reduced rots and very little
internal breakdown with storage duration of 60 days. Color was much
slower to develop in apricots stored in 12 or 15 % CO2 for all storage
periods.
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Drennan, P.M ., and P.S. Nobel. 1996. Temperature influences on root
growth for Encelia farinosa (Asteraceae), Pleuraphis rigida (Poaceae),
and Agave deserti (Agavaceae) under current and doubled CO2
concentrations. American Journal of Botany 83(2):133-139.

Tohelp evaluateroot distribution patterns, €l ongation rates of individual
roots were measured as a function of soil temperature for Encelia
farinosa (a C-3 species), Pleuraphis rigida (C-4), and Agave deserti
(CAM), sympatric codominants in the northwestern Sonoran Desert.
M easurements were made at current and doubled CO2 concentrations
under winter and summer conditions of air temperature (day/night
temperatures of 17 C/10 C and 33 C/22 C, respectively). The three
species had different optimal temperatures for root elongation (T-opt)
under winter conditions (25 C for E. farinosa, 35 C for P. rigida, and 30
Cfor A. deserti); T-opt increased by 2-3 C under summer conditionsfor
al three species. The limiting temperatures for elongation also
acclimated from winter to summer conditions. The rate of root
elongation at T-opt was higher under summer than winter conditionsfor
E. farinosa (3 vs. 6 mm d(-1)) and P. rigida (20 vs. 14 mm d(-1)),
reflecting conditions for maximum photosynthesis; no difference
occurred for A. deserti (9 vs. 10 mm d(-1)). Decreased elongation rates
at extreme temperatures were associated with less cell division and
reduced cell extension. The doubled CO2 concentration increased
averagedaily root elongation ratesfor A. deserti under both winter (7%)
and summer (12%) conditions, reflecting increased cell extension, but
had no effect for the other two species. Simulations of root elongation as
afunction of soil temperatures showed that maximum elongation would
occur at different depths (16-20 cm for E. farinosa, 4-8 cm for P. rigida,
and 0-4 cmfor A. deserti) and during different seasons (winter to spring
for E. farinosa, spring to summer for P. rigida, and all year for A.
deserti), contributing to their niche separation. Shading of the soil
surfacemoderated daily variationsin soil temperature, reducing seasonal
root elongation for winter and spring and increasing elongation for
summer. Shading also altered root distribution patterns, e.g., optimal
rooting depth for A. deserti and especially P. rigidaincreased for a hot
summer day.

KEYWORDS: C-4, CAM PLANT, CARBON DIOXIDE, COMPETITION,
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Drennan, P.M., and P.S. Nobel. 1998. Root growth dependence on soil
temperature for Opuntiaficus- indica: influences of air temperature and
a doubled CO2 concentration. Functional Ecology 12(6):959-964.

1. Root elongation as a function of soil temperature was determined for
the CAM succulent Opuntiaficus-indica, under threedifferent day/night
air temperatures (15 degrees C/5 degrees C, 25 degrees C/15 degrees C
and 35 degrees C/25 degrees C) and an ambient (360 mu mol mol(-1))
vs a doubled CO2 concentration (720 mu mol mol(-1)) at 25 degrees



C/15 degrees C, the optimum temperature for net CO2 uptake. 2. Root
elongation occurred at soil temperatures from 12 degrees C (at 15
degrees C/5 degrees C) to 43 degrees C (at 35 degrees C/25 degrees C)
with optimum temperatures of 27-30 degrees C, similar to other CAM
succulents and consistent with the distribution of this shallow-rooted
speciesin warm regions. Although adoubled CO2 concentration did not
alter the optimum or limiting soil temperatures, increases of up to 5
degrees C in these temperatures accompanied the 20 degrees C increase
in day/night air temperatures. 3. Root elongation rates at optimum soil
temperatures ranged from 5.4 mm day(-1) (15 degrees C/5 degrees C),
through 6.6 mm day(-1) (25 degrees C/15 degrees C), to 10.4 mm day(-
1) (35 degrees C/25 degrees C) with a 25% increase under a doubled
CO2 concentration. Highest root elongation rates at 35 degrees C/25
degrees C may reflect changing root vs shoot sink strengthsin a species
with a highly plastic root system. 4. At limiting soil temperatures, the
length of the cell division zone was reduced by an average of 20% and
cell length at the mid-point of-the elongation zone by 10%. Increased
root elongation rates under a doubled CO2 concentration reflected
increased cell elongation. 5. Thetemperature responsefor therootsof O.
ficus-indica and stimulation of elongation by a doubled CO2
concentrationindicatethat root growth for thishighly productive species
should be enhanced by predicted global climate change.
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Dube, SL., and W. Vidaver. 1992. Photosynthetic competence of
plantlets grown-invitro - an automated-system for measurement of
photosynthesisinvitro. Physiologia Plantarum 84(3):409-416.

An aseptic gas exchange and hydroponic system (AGEHS) has been
developed in an attempt for characterization of physiological
requirements for photoautotrophic growth in vitro and alleviation of the
needs for ex vitro acclimatization. The AGEHS monitors and controls
several parameters relevant to plant growth. Shootlets of
Chrysanthemum, x morifolium Ramat. cv. Envy were treated with flow
of air or CO2-enriched air under controlled relative humidity, elevated
photosynthetic photon flux density (PPFD) and hydroponic irrigation.
After 15 days of treatment, plantlets gained more than 3 times as much
dry weight as those from a conventional culture tube treatment. This
study showsthat it is possible to favour photoautotrophic growth when
elevated PPFD, enhanced air-exchangeand hydroponic mediumflow are
provided concurrently. This enhancement is achievable through careful
increments of light quanta, balanced with increments of humidified air
flow and/or CO2 content in air which seem to be necessary to avoid
potential photoinhibition and premature water exhaustion from gelled
media

KEYWORDS: ACCLIMATIZATION, CO2- ENRICHMENT, CULTURE,
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Duchein, M.C., A. Bonicel, and T. Betsche. 1993. Photosynthetic net
co2 uptake and leaf phosphate concentrations in co2 enriched clover
(trifolium-subterraneum L) at 3 levels of phosphate nutrition. Journal of
Experimental Botany 44(258):17-22.

Net CO2-uptake of setsof clover plants (Trifolium subterraneum L. was
measured over threeweeksin ambient air and in ahighly CO2-enriched
atmosphere (400 Pa CO2). Phosphate (P) in the nutrient solution was
varied between 0-05 mol m-3 P (reduced P) and 2.0 mol m-3 P (high P).
In ambient air, the daily increments of the daily rate of net CO2-uptake
(DICU; aparameter related to relative growth) were higher at reduced P
than at high P. Stimulation by high CO2 of net CO2-uptakein the first

day was less at reduced P than at high P. In the following days, high
CO2 markedly inhibited DICU at reduced P, and thus growth
stimulation by high CO2 ceased after between 4 and 12 d. By contrast,
at high P, DICU increased morethan 2- fold upon CO2-enrichment, and
thus growth stimulation by high CO2 was maintained. Intermediate
resultswere obtai ned with half-strength Hoagland's solution (0-5 mol m-
3 P). Leaf pools of inorganic ortho P, soluble esterified P, and total P
declined markedly in high CO2 when P-nutrition had been reduced.
Considerable decline also occurred in high CO2 when P- nutrition had
been increased suggesting that P-uptake was not well tuned with net
CO2-uptake (growth). It is proposed that high CO2 can perturb the P-
metabolism of clover, the impairment being less at high levels of P-
nutrition. With regard to high CO2 as a growth stimulus, these results
demonstrate that increasing P-nutrition to a level supraoptimal in
ambient air can considerably improve the growth of a C3-plant in high
Cco2.
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Duff, G.A., C.A. Berryman, and D. Eamus. 1994. Growth, biomass
allocation and foliar nutrient contents of 2 eucalyptus species of the wet
dry tropics of australia grown under co2 enrichment. Functional
Ecology 8(4):502-508.

1. Seeds of Eucalyptus tetrodonta and E. miniata were sown in
duplicated air-conditioned tents which were ventilated with either
ambient or CO2-enriched (700 mumol mol-1) air. Growth, foliar nutrient
content, soluble protein and biomass allocation were investigated over
the subsequent 32-week experimental period. 2. It was found that CO2
enrichment significantly increased the total biomass and tree height of
E. tetrodonta, but had no effect on total biomass or tree height of E.
miniata. 3. Allocation of biomass to main-stem wood and main- stem
leaf mass increased and allocation to branch wood and branch leaves
declined, under CO2 enrichment for E. tetrodonta. No change in
alocation patterns for E miniata was observed in response to CO2
enrichment. 4. Foliar nitrogen, manganeseand phosphoruscontentswere
decreased under CO2 enrichment in E tetrodonta, but therewas no effect
of CO2 concentration in E. miniata. Soluble protein contents were not
affected by CO2 enrichment in either species. These results are
discussed in relation to the competitive relationship between these two
speciesin northern Australia.
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Dufrene, E., J.Y. Pontailler, and B. Saugier. 1993. A branch bag
technique for simultaneous co2 enrichment and assimilation
measurements on beech (fagus-sylvatica L). Plant, Cell and
Environment 16(9):1131-1138.

A cheap CO2 enrichment system was designed to perform continuous
gasexchange measurementsof branches of mature European beech trees
(Fagussylvatical.). Branchesweregrown at ambient (350 cm(3) m(-3))
and elevated CO2 (700 cm(3) m(-3)) during the whole 1992 leafy
period. Leaksresulting from airtightness defaultsin the system appeared
to be low enough to measure accurately net CO2 assimilation and
transpiration rates during the day. However, the CO2 exchange rates
during the night (respiration) were too low to alow accurate
measurements. Elevated CO2 had a great effect on the net assimilation
rate of branches via its influence on both the C-3 photosynthetic
pathway and the shade-tolerance of beech frees (85% increase). The
A/C-a curves showed no acclimation effect to high CO2, both control
and enriched branchesincreasing their net assimilation in the sameway.
The decrease of net assimilation rates in mature leaves was similar for



both control and enriched branches. The pattern of daily transpiration
rates remained the same for both control and enriched branches, hence
we can assume that there was no visible CO2 effect on stomata.
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Dugal, A., S. Yelle, and A. Gosselin. 1990. Influence of CO2
enrichment and its method of distribution on the evolution of gas
exchangesin greenhouse tomatoes. Canadian Journal of Plant Science
70(1):345-356.
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Dugas, W.A.,M.L. Heuer, D. Hunsaker, B.A. Kimball, K.F. Lewin,
J. Nagy, and M. Johnson. 1994. Sap flow measurements of
transpiration from cotton grown under ambient and enriched co2
concentrations. Agricultural and Forest Meteorology 70(1-4):231-245.

Increasing atmospheric CO2 concentration has many implications for
agriculture and forestry, one of which is the effect it will have on
transpiration (T). The objective of thiswork wasto quantify T of cotton
(Gossypium hirsutum L.) grown in the field under ambient (370 mumol
mol-1) and enriched (550 mumol mol-1) CO2 concentrations.
Measurements were made in 1990 and 1991 a the Maricopa
Agricultural Center, Arizona. Constant- power sap flow gauges were
used to measure T. In 1990, three plants and in 1991, 10 plants were
simultaneously instrumented with gaugesin each of the CO2 treatments.
Leaf area of plants with gauges was measured. T measured by sap flow
was compared with evapotranspiration (ET) calculated by water balance
in 1990 and with T calculated by water balance in 1991. Soil
evaporation was measured using microlysimeters in 1991, and was
found to be essentially equal (approximately 0.8 mm day-1, or about
10% of T) in the two CO2 treatments. There were no consistent
differences in leaf area of plants with gauges between the two CO2
treatments. Sap flow, for periods from 15 min to 2 weeks, was not
significantly different between the two CO2 treatments in either year,
except for afew daysin 1990. In 1991, the coefficient of variation of
daily sap flow across plants was the same (about 30%) for both CO2
treatments throughout the year. The water balance ET (1990) and T
(1991) were similar to sap flow in both years, and also showed no effect
of CO2 treatment. These results show that for this crop, grown under
well-watered and high-fertility conditions, therewasno effect of CO2 on
T, on aper unit ground areaor per plant basis. Theseresults arerelevant
for assessing the effects of increasing atmospheric CO2 concentrations
on transpiration by cotton.
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Dugas, W.A., SA. Prior, and H.H. Rogers. 1997. Transpiration from
sorghum and soybean growing under ambient and elevated CO2
concentrations. Agricultural and Forest Meteorology 83(1-2):37-48.

The increasing concentration of carbon dioxide in the atmosphere
([CO2]) has several direct effects on plants and these effects may be
different for C-3 and C-4 plants. Our objective was to measure hourly
and daily whole-plant transpiration rates from the C-4 plant grain
sorghum (Sorghum bicolor (L.) Moench) and the C-3 plant soybean
(Glycinemax (L.) Merr.) grown under ambient (359 mu molCO(2) mol (-
1) dry atmospheric air) and elevated (705 mu molmol(-1)) [CO2] values.

Transpiration measurements were made for 22 daysin August 1994 at
Auburn, Alabama, USA, using stem flow gauges on plants growing in
open top chambers, n = 8 for each [CO2] and species. Leaf area
averaged dightly morethan 0.1m(2) per plant for sorghum and about 0.2
m(2) per plant for soybean, Averages (15 minand daily) of transpiration,
per unit leaf area, were consistently greater from plants growing under
the ambient [CO2,] for both sorghum and soybean. Average daily
transpiration from plants growing under the elevated [CO2] was
significantly smaller (P = 0.05) on al but 2 days for soybean and on 9
of the 22 days of measurements for sorghum. Average daily sorghum
transpiration was 1128 gm(-2) day(-1) and 772 gm(-2) day(-1) from
plants growing under an ambient and elevated [CO2], respectively.
Corresponding soybean averageswere 731 gm(-2) day(-1) and 416 gm(-
2) day(-1). Thetranspiration reduction under elevated [ CO2] wasgreater
for the C-3 plant soybean than for the C-4, plant sorghum. Theseresults
support previous studies showing that transpiration, per unit leaf area,
from sorghum and soybean will both be reduced if atmospheric [CO2]
continues to increase, although the reduction may be greater for C-3,
plants.
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Dukes, J.S., and H.A. Mooney. 1999. Does global changeincreasethe
success of biological invaders? Trends in Ecology and Evolution
14(4):135-139.

Biological invasions are gaining attention as a major threat to
biodiversity and an important element of global change. Recent research
indicates that other components of global change, such as increasesin
nitrogen deposition and atmospheric CO2 concentration, favor groups
of species that share certain physiological or life history traits. New
evidence suggests that many invasive species sharetraitsthat will allow
them to capitalize on the various elements of global change. Increasesin
the prevalence of some of these biological invaders would alter basic
ecosystem propertiesin ways that feed back to affect many components
of global change.
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Duquesnay, A., N. Breda, M. Stievenard, and J.L. Dupouey. 1998.
Changes of tree-ring delta C-13 and water-use efficiency of beech
(Fagus sylvatica L.) in north-eastern France during the past century.
Plant, Cell and Environment 21(6):565-572.

We investigated variation in intrinsic water-use efficiency during the
past century by analysing delta(13)C in tree rings of beech growing in
north-eastern France. Two different silvicultural systems were studied:
high forest and coppice- with-standards, We studied separately effects
related to the age of the tree at the time the ring was formed and effects
attributableto environmental changes. At young ages, delta(13)C shows
an increase of more than 1 parts per thousand. However, age-related
trends differ in high forest and coppice- with-standards. Changes in
microenvironmental variables during stand maturation, and
physiological changesrelated to structural development of thetreeswith
ageing, could explain these results. During the past century, delta(13)C
in tree rings shows a pattern of decline that is not paralleled by air
delta(13)C changes. Isotopic discrimination has significantly decreased
from 18.1 to 16.4 parts per thousand in high forest and varied
insignificantly between 17.4 and 16.9 parts per thousand in coppice-



with-standards, As a consequence, intrinsic water-use efficiency has
increased by 44% in high forest and 23% in coppice-with-standards
during the past century. These results accord with the increased water-
useefficiency observed in controlled experimentsunder aCO2-enriched
atmosphere. However other environmental changes, such as nitrogen
deposition, may be responsible for such trends.
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During, H., and M. Harst. 1996. Stomatal behaviour, photosynthesis
and photorespiration of in vitro-grown grapevines: Effects of light and
CO2. Vitis 35(4): 163-167.

To improve photosynthesis and growth of grapevines cultivated in vitro
(Seyval blanc and SO 4) effectsof light intensity, spectral irradianceand
CO2 concentration on stomatal behaviour, CO2 fixation and
photorespiration were studied. Stomata were shown to respond to
changesof light intensity but, unlikephotosynthesis, their reactionswere
delayed and stomatal closure was incomplete in the dark. In contrast,
alterations of the CO2 concentration in the headspace (50-2200 ppm)
did not cause stomatal reactions. Photosynthesis vs, light intensity
relationshipsindicated lower light compensation points, higher quantum
yield and higher rates of light- saturated photosynthesis with "Fluora"
lamps (maximal spectral irradiance a 460 and 680 nm) compared to
"projector" lamps (maximal spectral irradiance at 620 nm).
Photosynthesis vs. intercellular CO2 concentration relationships
indicated varietal differences, the carboxylation efficiency and rates of
photosynthesis at CO2 saturation being distinctly higher in the more
vigorous variety SO 4 compared to Seyval blanc. Under the usual light
conditions of our in vitro culture (50-60 mu mol quanta . m(-2). s(-1),
Fluora) the headspace CO2 concentration ranged from 145 to 155 ppm
while at the end of a 10-hour dark period it increased to values >3000
ppm. Rates of photorespiration werehigh (>50 % of photosynthesis) due
totherdativelow CO2 concentrations and, presumably, dueto elevated
O-2 concentrations in the headspace. It is concluded that the often
observed low rates of photosynthesis of in vitro plantlets are mainly due
tolow light intensity and CO2 concentration in the heedspace, the latter
depending on the low rates of gas diffusion between ambient air and
headspace.
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Dury, SJ.,J.E.G. Good, C.M. Perrins, A. Buse, and T. Kaye. 1998.
The effects of increasing CO2 and temperature on oak leaf palatability
and the implications for herbivorous insects. Global Change Biology
4(1):55-61.

Rising levels of atmospheric CO2 are expected to perturb forest
ecosystems, although theextent to which specific ecological interactions
will be modified is unclear. This research evaluates the effects of
elevated CO2 and temperature, alone and in combination, on the leaf
nutritional quality of Pendunculate oak (Qeurcus robur L.), and the
implicationsfor herbiverousinsect defoliatorsarediscussed. A 3degrees
C temperature rise reduced leaf nutritional quality, by reducing foliar
nitrogen concentration and increasing condensed tannin content.
Doubling atmospheric CO2 temporarily increased total phenalics, but
also reduced leaf toughness. The nutritional quality of the second leaf
flush (lammas growth) was considerably reduced at elevated CO2. It is
concluded that larval development of spring-feeding defoliators and
hence adult fecundity may be adversely affected by increased
temperatures.
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Eamus, D. 1991. Theinteraction of rising CO2 and temperatures with
water-use efficiency. Plant, Cell and Environment 14(8):843-852.

Recent data concerning the impact of elevated atmospheric CO2 upon
water use efficiency (WUE) and the related measure, instantaneous
transpiration efficiency (ITE), are reviewed. It is concluded from both
short and long-term studies that, at the scale of the individual leaf or
plant, an increase in WUE or ITE is generally observed in response to
increased atmospheric CO2 levels. However, the magnitude of this
increase may decline with time. The opinion that elevated CO2 may
substantially decrease transpiration at the regional scale is discussed.
The mechanisms by which elevated CO2 may cause a change in these
measures are discussed in terms of stomatal conductance, assimilation
and respiration responses to eevated CO2. Finally, recent experimental
data and model outputs concerning the impact of the interaction of
increased temperature with elevated CO2 on WUE, ITE and yield are
reviewed. It is concluded that substantially more dataisrequired before
reliable predictions about the regional scale response of WUE and
catchment hydrology can be made.
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Eamus, D. 1996. Tree responses to CO2 enrichment: CO2 and
temperature interactions, biomass allocation and stand-scale modeling.
Tree Physiology 16(1-2):43-47.

In this review, | focus on modeling studies of tree responses to CO2
enrichment. First, | examine leaf-scale models of assimilation with
respect to theinteraction between low temperature and CO2 enrichment.
Second, because changes in allocation within a tree may be significant
in determining the growth response of treesto CO2 enrichment and low
temperatures, | review models of the control of alocation in plants.
Finally, models of stand-scale processes are discussed with respect to
their ability to make reliable estimates of likely vegetation responses to
predicted climate change. | conclude that our ability to make reliable
predictions is hindered by our lack of understanding of severa
processes, namely: the interaction between increased atmospheric CO2
concentration and low temperatures; the control of allocation in plants;
and the modeling of stand-scale processes.
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Eamus, D., C.A. Berryman, and G.A. Duff. 1993. Assimilation,
stomatal conductance, specific leaf-area and chlorophyll responses to
elevated co2 of maranthes corymbosa, a tropical monsoon rain-forest
species. Australian Journal of Plant Physiology 20(6): 741-755.

Seeds of Maranthes corymbosa Blume, amonsoon rain forest species of
northern Australia, were sown under ambient or elevated CO2
concentrations in tropical Australia. Seedlings were grown under
conditions of photon flux density, temperature and atmospheric vapour
pressuredeficit whichfollowed ambient variationsasclosdy aspossible.
Specific leaf area, chlorophyll, stomatal density, stomatal conductance



and assimilation responses to photon flux density were measured after
30 weeks growth. Gas exchange characteristics were divided into
morning and afternoon data sets and analysed separately. Stomatal
density decreased and leaf area:dry weight ratio decreased in response
to elevated CO2. In contrast there was no effect of elevated CO2 upon
chlorophyll (total or ratio of a:b). Apparent quantum yield and rates of
light saturated assimilation (A(max)) increased in response to elevated
CO2. Therewasasignificant declinein apparent quantumyield for both
treatmentsbetween morning and afternoon. Stomatal conductance (g(s))
declined in response to elevated CO2. There was no significant
difference in g(s) between morning and afternoon for ambient grown
trees, but g(s) declined significantly between morning and afternoon for
elevated CO2 grown trees. Instantaneous transpiration efficiency (ITE)
was higher for elevated CO2 grown trees compared with control trees.
Therewas asignificant increasein ITE between morning and afternoon
datafor ambient grown trees; in contrast asignificant declinein ITE was
observed for elevated CO2 grown trees between morning anf afternoon
data sets. The slope of the regression between assimilation rate and
stomatal conductance increased for plants grown under elevated CO2.
These data are discussed and compared with the responses of plants
adapting to different photon flux densities.
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Eamus, D., C.A. Berryman, and G.A. Duff. 1995. The impact of co2
enrichment on water relationsin maranthes- corymbosaand eucalyptus-
tetrodonta. Australian Journal of Botany 43(3):273-282.

Seeds of Maranthes corymbosa Blume and Eucalyptus tetrodonta
F.Muell were sown under ambient or CO2 enriched conditions (two
replicate tents per treatment) in tropical Australiaand allowed to grow,
rooted in the ground, for 20 months. For both species, periodic
measurements of leaf water potential, stomatal conductance and leaf
temperature were made on four replicate leaves on each of four replicate
trees within each tent. Measurements were made in November (M.
corymbosa) and June (E. tetrodonta). At the sametime, atmospheric wet
and dry bulb temperatures were recorded and hence leaf-to-air vapour
presuredifference (LAVPD) calculated. M easurements of pre-dawn leaf
water potential were also made on E. tetrodonta. Leaves were also taken
tothelaboratory, rehydrated to full turgor and pressure-volume analyses
undertaken. For M. corymbosa, leaf water potential was lower
throughout the day for control leaves compared to leaves growing in
CO2 enriched air. Similarly, predawn leaf water potential waslower for
control E. tetrodonta trees than for trees grown with CO2 enrichment.
However, mid- morning and mid-afternoon val ues of |eaf water potential
for E. tetrodontawere dightly lower for plants growing in CO, enriched
air compared to control plants. In both species, stomatal conductance
was consistently lower for trees grown in CO2 enriched air than for
controls. Whole plant hydraulic conductivity of both species was
significantly lower for trees grown in CO2 enriched air than for control
trees. For both species, maximum turgor and bulk volumetric elastic
modulus increased and osmotic potential at zero turgor decreased for
trees grown in CO2 enriched air.
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Eamus, D., G.A. Duff, and C.A. Berryman. 1995. Photosynthetic
responses to temperature, light flux-density, co2 concentration and
vapor-pressure deficit in eucalyptus tetrodonta crown under co2
enrichment. Environmental Pollution 90(1):41-49.

Seeds of Eucalyptus tetrodonta were sown under ambient or CO2
enriched (700 mu | litre(-1)) conditionsin tropical Australia. Four sets
of measurements were made, the first two after 12 months, on trees
growing either in pots or planted in the ground. The third and fourth set
weremade after 18 and 30 months exposureto CO2 enrichment, on trees
growing intheground After 12 monthsexposureto CO2 enrichment, the
rate of light-saturated assimilation (A(max)) of plants growing in the
ground was determined. Responses of CO2 assimilation to variationsin
|eaf temperature, |eaf-to-air vapour,pressuredeficit (LAVPD), Eight flux
density and CO2 concentration were also measured in the laboratory
using plants growing in large pots. There was no significant difference
in A(max) between pot and ground located plants. Assimilation of E.
tetrodonta was relatively insensitive to changes in LAVPD for both
ambient and CO2 enriched plants but the temperature optimum of
assimilation was increased in plants grown and measured under CO2
enrichment. Plants grown with CO2 enrichment had an increased rate of
light-saturated assimilation and apparent quantum yield |-vas
significantly inn eased by CO2 enrichment. rn contrast, carboxylation
efficiency was decreased significantly by CO2 enrichment. After 18
months growth with CO2 enrichment, there was no sign of adeclinein
assimilation | ate compared to measurements undertaken after 12
months, At low LAVPD values, assimilation rate was not influenced by
CO2 treatment but at moderate to high LAVPD, plants grown under
CO2 enrichment exhibited alarger assimilation rate than control plants.
Specificleaf areaand chlorophyll contentsdecreased in responseto CO2
enrichment, whilst foliar soluble protein contents and chlorophyll a/b
ratioswere unaffected by CO2 treatment. Changesin solubleprotein and
chlorophyll contentsin response to CO2 enrichment did not account for
changes in assimilation between treatments. After 30 months exposure
to CO2 enrichment, the rate of light-saturated assimilation was
approximately 50% larger than controlsand thisenhancement waslarger
than that observed after 18 months exposure to CO2 enrichment.
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Eamus, D., and M. Murray. 1991. Photosynthetic and stomatal
conductance responses of norway spruce and beech to ozone, acid mist
and frost - a conceptual-model. Environmental Pollution 72(1):23-44.

Two-year-old beech and Norway spruce seedlings were exposed to a
combination of ozone and acid mist treatmentsin open-top chambersin
Scotland during the months of July through to September 1988.
Replicate pairs of chambers received charcoal- filtered air (control),
ozone-enriched air (140 nl ozone litre- 1) or 140 nl ozonelitre-1 plusa
synthetic acid mist (pH 2.5) composed of ammonium nitrate and
sulphuric acid. Field measurements of assimilation and stomatal
conductance were made during August. In addition, measurements of
assimilation and conductance were made during September in the
laboratory. Light response curves of assimilation and conductance were
determined using a GENSTAT non-rectangular hyperbolic model.
During February 1988/9 the Norway spruce were subject to a four day
warming period at 12-degrees-C and the light response of assimilation
determined. The same plants were then subject to a 3-h night-time frost
of -10-degrees-C. The following day the time-course of the recovery of
assimilation wasdetermined. It wasfound that ozonefumigation did not
influence the light response of assimilation of beech trees in the field,
although stomatal conductance was reduced in the ozone-fumigated
trees. The rate of light-saturated assimilation of Norway spruce was
increased by ozone fumigation when measured in the field.
M easurements of assimilation of Norway spruce made during thewinter
showed that prior to rewarming there was no difference in the rate of
light-saturated assimilation for control and ozone-fumigated trees.
However, the ozone plusacid mist- treated treesexhibited asignificantly



higher rate. The 4-day period of warming to 12-degrees-C increased the
rate of light-saturated assimilation in al treatments but only the ozone
plus acid mist-treated trees showed a significant increase. Following a
3-h frost to -10-degrees-C the control trees exhibited a reduction in the
rate of light-saturated assimilation (A(max)) to 80% of the pre-frost
value. In comparison, following the frost, the ozone-fumigated trees
showed an A(max) of 74% of the pre-frost value. The ozone plus acid
mist-treated trees showed an A(max) of 64% of the pre- frost trees. The
time taken for A(max) to attain 50% of the pre-frost value increased
from 30 min (control) to 85 min for ozone-fumigated treesto 190 min
(ozone plus acid mist). These results are discussed in relation to the
impact of mild, short- term frosts, which are known to occur with greater
frequency than extreme, more catastrophic frost events. A simple
conceptual framework is proposed to explain the variable results
obtained in the literature with respect to the impact of ozone upon tree
physiology.
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Easterling, W.E., P.R. Crosson, N.J. Rosenberg, M.S. McKenney,
L.A. Katz, and K.M. Lemon. 1993. Agricultural impacts of and
responses to climate-change in the missouri-iowa-nebraska-kansas
(mink) region. Climatic Change 24(1-2):23-61.

The climate of the 1930swas used as an analog of the climate that might
occur in Missouri, lowa, Nebraska and Kansas (the MINK region) asa
consequence of global warming. Theanal og climatewasimposed on the
agriculture of the region under technological and economic conditions
prevailing in 1984/87 and again under a scenario of conditions that
might prevail in 2030. The EPIC model of Williams et a. (1984),
modified to allow consideration of the yield enhancing effects of CO2
enrichment, was used to evaluate the impacts of the analog climate on
the productivity and water use of some 50 representative farm
enterprises. Before farm level adjustments and adaptations to the
changed climate, and absent CO2 enrichment (from 350 to 450 ppm),
production of corn, sorghum and soybeans was depressed by the analog
climate in about the same percent under both current and 2030
conditions. Production of dryland wheat was unaffected. Irrigated wheat
production actually increased. Farm level adjustments using low-cost
currently available technologies, combined with CO2 enrichment,
eliminated about 80% of the negative impact of the analog climate on
1984/87 baseline crop production. The same farm level adjustments,
plusnew technol ogi esdevel oped in responseto the anal og climate, when
combined with CO2 enrichment, converted the negativeimpact on 2030
crop production to asmall increase. Theanal og climatewould havelittle
direct effect on animal productionin MINK. The effect, if any, would be
by way of the impact on production of feed-grains and soybeans. Since
this impact would be small after on-farm adjustments and CO2
enrichment, animal production in MINK would be little affected by the
analog climate.
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Easterling, W.E., N.J. Rosenberg, K.M. Lemon, and M.S.
McKenney. 1992. Simulations of crop responses to climate change -
effectswith present technology and currently available adjustments (the
smart farmer scenario). Agricultural and Forest Meteorology 59(1-
2):75-102.

If climate changes, farmers will have to adapt to a new set of climate
constraints. In this paper we examine the efficacy of strategies for

dealing with climate change that are currently available to farmers and
that are inexpensive to use; we refer to this group of strategies as
‘adjustments’. Adjustment schemes of various kinds were identified for
us by agricultural experts in the Missouri-lowa-Nebraska-Kansas
(MINK) states. These can involve changes in land use, changes in
variety and crop sdection, changesin planting and harvesting practices,
and changes in fertility and pest management. Using the erosion
productivity impact calculator (EPIC) model on a small set of
representative farms, we tested adjustments of these kinds. The
simulations show that earlier planting, longer- season cultivars and the
use of furrow diking for moisture conservation would offset some of the
yield losses induced by climate change in warm-season crops. Longer-
season varieties of wheat (a cool-season crop) and shorter-season
varietiesof theperennialswheatgrassand alfalfawerealso effective. The
adjustments to climate change diminished yield lossesin all crops but
irrigated whesat. Despite the positive effects of adjustments, however,
yields of all dryland warm-season crops remained lower than control
levels. The adjustments also increased demand for irrigation water.
Carbon dioxide enrichment had the same incremental effect on crop
yields with or without adjustments (see the fourth paper in this issue),
except in the case of alfalfa and sorghum, where a CO2- adjustment
interaction was found. We conclude that currently available techniques
would partially offset the yield reductions caused by a 1930s-like
climate, but that in most crops the yield reductions would still be
substantial.
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Edwards, N.T., and R.J. Norby. 1998. Below-ground respiratory
responses of sugar maple and red maple saplings to atmospheric CO2
enrichment and elevated air temperature. Plant and Soil 206(1):85-97.

The research described in this paper represents a part of amuch broader
research project with the general objective of describing the effects of
elevated [ CO2] and temperatureon treegrowth, physiological processes,
and ecosystem-level processes. The specific objective of this research
was to examine the below-ground respiratory responses of sugar maple
(Acer saccharum Marsh.) and red maple (Acer rubrum L.) seedlings to
elevated atmospheric [CO2] and temperature. Red maple and sugar
maple seedlings were planted in the ground in each of 12 open-top
chambers and exposed from 1994 through 1997 to ambient air or air
enriched with 30 Pa CO2, in combination with ambient or elevated (+4
degreesC) air temperatures. Carbon dioxideefflux wasmeasured around
the base of the seedlings and from root-exclusion zones at intervals
during 1995 and 1996 and early 1997. The CO2 efflux rates averaged
0.4 mu mol CO2 m(-2) s(-1) in the root-exclusion zones and 0.75 mu
mol CO2 m(-2) s-1 around the base of the seedlings. Mineral soil
respiration in root-exclusion zones averaged 12% higher in the high
temperaturetreatmentsthan at ambient temperature, but wasnot affected
by CO2 treatments. The fraction of total efflux attributable to root +
rhizosphere respiration ranged from 14 to 61% in measurements made
around red mapleplants, and from 35 to 62% around sugar mapleplants.
Root respiration rates ranged from 0 to 0.94 mu mol CO2 s(-1) m(-2) of
soil surface in red maple and from 0 to 1.02 in sugar maple. In both
1995 and 1996 root respiration rates of red maple were highest in high-
CO2 treatments and lowest in high temperature treatments. Specific red
mapleroot respiration rates of excised rootsfrom near the soil surfacein
1996 were also highest under CO2 enrichment and lowest in high
temperature treatments. In sugar maple the highest rates of CO2 efflux
were from around the base of plants exposed to both high temperature
and high-CO2, even though specific respiration rateswerelowest for this
species under the high temperature and CO2 enrichment regime. In both
species, patterns of response to treatments were similar in root
respiration and root mass, indicating that the root respiration responses
were duein part to differencesin root mass. The results underscore the
need for separating the processes occurring in therootsfromthosein the



forest floor and mineral soil in order toincrease our understanding of the
effects of global climate change on carbon sequestration and cycling in
the below-ground systems of forests.
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Egli, P., and C. Korner. 1997. Growth responsesto elevated CO2 and
soil quality in beech- spruce model ecosystems. Acta Oecologica-
International Journal of Ecology 18(3):343-349.

Growth responses of beech (Fagus sylvatica L.) and Norway spruce
(Picea abies Karst.) to elevated atmospheric CO2 (366 and 550 mu |
CO02 I(-1)) and increased wet deposition of nitrogen (2.5 and 25 kg N
ha(-1) a(-1)) in combination with two soil typeswerestudied in open-top
chambers. Eight young beech and spruce trees, together with five
understory species, were established in each of 32 model ecosystems.
We present initial growth responses of trees during the first year of
treatment which may set the trends for longer term responsesto elevated
CO2. Above-ground biomass production at the system level (biometric
data) during the first year and root biomass (coring data) did not show
significant responses to elevated CO2, irrespectively of other cc-
treatments. Increased nitrogen deposition (treatment commencing by
mid-season) also had no effect on above-ground biomass, whereas end
of season root biomass was significantly increased in the high-nitrogen
treated low fertility acidic soil (74 gm(-2) inthe high-N versus 49 g m(-
2)?in the low N-treatment), but not-in the more fertile calcareous soil.
Stem diameter increment of beech was significantly increased (+9%)
under elevated CO, in the calcareous soil, but not in the acidic soil. The
opposite was found for spruce stems, which responded positively to
elevated CO2 in the acidic soil (+ 11%; P < 0.05) but nor in the
calcareous soil. These results suggest that soil type co- determines the
CO2 response of young forest trees and that these interactions are
species specific. Theseinitial differences are likely to affect long-term
responses of community structure and ecosystem functioning. Soil type
appearsto beakey factor in predictions of forest responsesto continued
atmospheric CO2 enrichment.
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Edli, P., S. Maurer, M.S. Gunthar dt-Goerg, and C. Korner. 1998.
Effectsof elevated CO2 and soil quality on leaf gasexchangeand above-
ground growth in beech-spruce model ecosystems. New Phytologist
140(2):185-196.

Responses of leaf gas exchange and above-ground growth of beech
(Fagus sylvatica L.) and Norway spruce (Picea abies Karst.) to
atmospheric CO2 enrichment (374 mu | I(-1) VS. 590 mu | I(-1)) and
increased wet deposition of N (5 vs. 50 kg N ha(-1) a(-1)) in
combination with two natural forest soil types (‘acidic' and ‘calcareous))
were studied in large open-top chambers. Eight juvenile beech and
spruce trees from different provenances, together with a ground cover
composed of five understorey species, were established in each of 32
model ecosystems. Both beech and spruce showed sustained
enhancement of photosynthesis in response to atmospheric CO2
enrichment during the first 2 yr of treatment. Nevertheless, switching
measurement CO2 concentrationsrevealed partial downward adjustment
of photosynthesis in trees grown in elevated CO2, beech generally
showing more pronounced downward adjustment than spruce. The
responsiveness of photosynthesis to CO2 enrichment did not vary
significantly among trees from different provenances. Stomatal
conductance was reduced under elevated CO2 in both tree species. In
spruce, theradial growth of the main stem and the annual production of

wood (shoot-wood dry mass of current-year lateral shoots), needle dry
mass, and assimilation area per tree were stimulated both by CO2
enrichment and increased N deposition, but were not significantly
affected by soil type by year 2. In contrast, in beech, the radial growth
of the stem and thetotal leaf number, foliage dry mass, and assimilation
area per tree were al not significantly affected by elevated CO2 and
increased N deposition when responses of the two soil types were
pooled, but were greater on calcareous than on acidic soil by year 2.
However, CO2 interacted with soil type in beech: irrespective of the N
deposition rate, saplings showed growth stimulation on the calcareous
soil but responded negatively to CO2 enrichment on the acidic soil
(where growth was dlower). Our results suggest that complex
interactions between CO2, speciesand soil quality need to be accounted
for when attempting to predict forest development in afuture CO2- rich
world.
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Ehler, N., and P. Karlsen. 1993. Optico - a model-based real-time
expert-system for dynamic optimization of co2 enrichment of
greenhousevegetablecrops. Journal of Horticultural Science68(4):485-
494.

To improve the economic yield of CO2 enrichment for greenhouse
crops, an expert system (OPTICO) was constructed. The system
continually adapts the setpoints of a standard climate computer to the
climate, the greenhouse regulation equipment and the crop's
physiological status and stage of development. Models describing air
loss and photosynthesis were used for selecting an optimized CO2
setpoint by choosing the largest positive difference between expected
income and cost. During the autumn of 1991 the sweet pepper
(Capsicum annuum L.) cv. Trophy was used as experimental plant in
two standard greenhouse compartments. One treatment used the
optimized CO2 enrichment, the other afixed CO2 level of 600 ppm. The
optimized treatment resulted in greater yield using less CO2. Theresults
stress the importance of adapting the CO2 level to the immediate
irradianceand current leaf areaand carbon partitioning behaviour of the
crop.
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Ehleringer, J.R., and T.E. Cerling. 1995. Atmospheric co2 and the
ratio of intercellular to ambient co2 concentrations in plants. Tree
Physiology 15(2):105-111.

Much attention is focused today on predicting how plants will respond
to anticipated changes in atmospheric composition and climate, and in
particular to increases in CO2 concentration. Here we review the long-
term globa fluctuations in atmospheric CO2 concentration as a
framework for understanding how current trends in atmospheric CO2
concentration fit into aselective, evolutionary context. Wethen focuson
anintegrated approach for understanding how gas exchange metabolism
responds to current environmental conditions, how it previously
responded to glacial-interglacial conditions, and how it may respond to
future changes in atmospheric CO2 concentration.

KEYWORDS: CARBON |ISOTOPE DISCRIMINATION, GAS
EXCHANGE, LAST 3 CENTURIES, LEAVES, PHOTOSYNTHESS
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EFFICIENCY, VOSTOK ICE-CORE, WATER-USE EFFICIENCY
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Ehleringer, J.R., T.E. Cerling, and B.R. Helliker. 1997. C-4
photosynthesis, atmospheric CO2 and climate. Oecologia 112(3):285-
299.

The objectives of this synthesis are (1) to review the factors that
influence the ecological, geographical, and palaeoecological
distributions of plants possessing C-4 photosynthesisand (2) to propose
a hypothesis'/model to explain both the distribution of C-4 plants with
respect to temperatureand CO2 and why C-4 photosynthesisisrelatively
uncommon in dicotyledonous plants (hereafter dicots), especialy in
comparison with its widespread distribution in monocotyledonous
species (hereafter monocots). Our goal isto stimulate discussion of the
factors controlling distributions of C-4 plants today, historically, and
under future elevated CO2 environments. Understanding the
distributions of C-3/C-4 plantsimpacts not only primary productivity,
but also the distribution, evolution, and migration of both invertebrates
and vertebrates that graze on these plants. Sixteen separate studies all
indicate that the current distributions of C-4 monocots are tightly
correlated with temperature: elevated temperatures during the growing
season favor C-4 monocots. In contrast, the seven studies on C-4 dicot
distributions suggest that a different environmental parameter, such as
aridity (combination of temperature and evaporative potential), more
closely describes their distributions. Differences in the temperature
dependence of the quantum yield for CO2 uptake (light-use efficiency)
of C-3 and C-4 species relate well to observed plant distributions and
light-use efficiency is the only mechanism that has been proposed to
explaindistributional differencesin C-3/C-4 monocots. Modeling of C-3
and C-4 light- use efficiencies under different combinations of
atmospheric CO2 and temperature predicts that C-4-dominated
ecosystems should not have expanded until atmospheric CO2
concentrations reached the lower levelsthat are thought to have existed
beginning near the end of the Miocene. At that time, palacocarbonate
and fossil data indicate a simultaneous, global expansion of C-4-
dominated grasslands. The C-4 monocots generally have a higher
guantum yield than C-4 dicots and it is proposed that leaf venation
patterns play arole in increasing the light-use efficiency of most C-4
monocots. The reduced quantum yield of most C-4 dicotsis consistent
with their rarity, and it is suggested that C-4 dicots may not have been
selected until CO2 concentrations reached their lowest levels during
glacial maxima in the Quaternary. Given the intrinsic light-use
efficiency advantage of C-4 monocots, C-4 dicotsmay havebeen limited
in their distributions to the warmest ecosystems, saline ecosystems,
and/or to highly disturbed ecosystems. All C-4 plants have a significant
advantage over C- 3 plants under low atmospheric CO2 conditions and
are predicted to have expanded significantly on a global scale during
full- glacial periods, especialy in tropical regions. Bog and lake
sediment cores aswell as pedogenic carbonates support the hypothesis
that C-4 ecosystems were more extensive during the last glacial
maximum and then decreased in abundance following deglaciation as
atmospheric CO2 levels increased.

KEYWORDS: BUNDLE-SHEATH, C-4 PHOTOSYNTHESIS,
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YIELD
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Eichelmann, H., and A. Laisk. 1994. Co2 uptake and electron-
transport rates in wild-type and a starchless mutant of nicotiana-
sylvestris - the role and regulation of starch synthesis at saturating co2
concentrations. Plant Physiology 106(2):679-687.

CO2 uptakerate, chlorophyll fluorescence, and 830-nm absorbancewere
measured in wild-type (wt) Nicotiana sylvestris (Speg. et Comes) and
starchless mutant NS 458 leaves at different light intensities and CO2
concentrations. Initial slopes of the relationships between CO2 uptake

and light and CO2 were similar, but the maximum rateat CO2 and light
saturation was only 30% in the mutant compared with the wt. O-2
enhancement of photosynthesis at CO2 and tight saturation was
relatively much greater in the mutant than in the wt. In 21% O- 2, the
electron transport rate (ETR) calculated from fluorescence peaked near
the beginning of the CO2 saturation of photosynthesis. With the further
increase of CO2 concentration ETR remained nearly constant or
declined a little in the wt but drastically declined in the mutant.
Absorbance measurements at 830 nm indi cated photosystem | acceptor
side reduction in both plants at saturating CO2 and light. Assimilatory
charge (postillumination CO2 uptake) measurementsindicated trapping
of chloroplast inorgani ¢ phosphate, supposedly in hexose phosphates, in
themutant. It isconcluded that starch synthesis gradually substitutesfor
photorespiration aselectron acceptor withincreasing CO2 concentration
inthewt but not in the mutant. It is suggested that starch synthesisisco-
controlled by the activity of the chloroplast fructose bisphosphatase.

KEYWORDS: CARBON METABOLISM, CHLOROPLAST,
FLUORESCENCE, LEAVES, MATHEMATICAL-MODEL,
PHOTOSYNTHESIS, PLASTID PHOSPHOGLUCOMUTASE,
REDUCED-ACTIVITY, STEADY-STATE, SUCROSE SYNTHESIS
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Elhottova, D., J. Triska, H. Santruckova, J. Kveton, J. Santrucek,
and M. Simkova. 1997. Rhizosphere microflora of winter whesat plants
cultivated under elevated CO2. Plant and Soil 197(2):251-259.

We studied an effect of elevated atmospheric CO2 on rhizosphere
microorganisms in a hydroponics system where young whesat plants
provided theonly sourceof Cfor microorganisms. Plantswerecultivated
inmineral solutionin sterilesilicasand and exposed to control (ambient)
and elevated (double) CO2 concentrations for periods of 13, 20, 25 and
34 days. Microbial biomass C (C content in fraction of size 0.3-2.7 mu
m) was not affected by the elevated CO2 concentration during thefirst
25 days of plant growth and wasincreased after 34 days of plant growth.
A content of poly-beta-hydroxybutyrate (PHB) reserve compounds
(measured as derivatized product of 3-hydroxy-butyric acid and N-tert-
butyldimethylsilyl-N-methyltrifluoracetamide using GC-MS) was
lowered significantly (p<0.001) in the elevated CO2 after 25 and 34
days. It was accompanied with a shift of bacterial distribution towards
the nutritional groups utilising more complex organic material (number
of CFUs on mediawith different sources of C and N). A coincidence of
several events connected with plant and microbia carbon economy
(decrease of an assimilation rate and relative growth rate of plants, small
increaseof microbial biomass, PHB decreaseand suppressionwithinthe
bacterial nutritional group requiring the most readily available source of
C and energy) was observed in the system under elevated CO2 on the
25th day. A modification of the CC-M S method for the detection of low
levels of PHB compounds in natural samples was developed. We
excluded the lipids fractionation step and we used El MS/M S detection
of themain fragment ions of the derivatized compound. This guarantees
that the ion profiles have high signal-to-noise ratio at correct retention
time. The detection limit is then about 30 pg g(-1) of sand or soil. The
rhizosphere microflora responded very sensitively to the short- term
changesin C partitioning in plants caused by the elevated CO2.

KEYWORDS: ATMOSPHERIC CO2, AZOSPIRILLUM- BRASILENSE,
CARBON, GROWTH, METABOLISM, POLY BETA
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Elkohen, A., and M. Mousseau. 1994. Interactive effects of elevated
co2 and mineral-nutrition on growth and co2 exchange of sweet chestnut
seedlings (castanea- sativa). Tree Physiology 14(7-9):679-690.

The effects of eevated atmospheric CO2 (700 mumol mol-1) and



fertilization were investigated on 2-year-old sweet chestnut (Castanea
sativa Mill.) seedlings grown outdoors in pots in constantly ventilated
open-sided chambers. Plants were divided into four groups: fertilized
controls (+F/-CO2), unfertilized controls (-F/-CO2), fertilized + CO2-
treated plants (+F/+CO2) and unfertilized + CO2-treated plants (-
F/+CO2). Dry matter accumulation and allocation were measured after
one growing season and CO2 exchange of whole shoots was measured
throughout the growing season. Shoot growth and total leaf area of
unfertilized plants were not affected by elevated CO2, whereas both
parameterswere enhanced by elevated CO2 in fertilized plants. Elevated
CO2 increased total biomass by about 20% in both fertilized and
unfertilized plants; however, biomass partitioning differed. In
unfertilized plants, elevated CO2 caused an increase in root growth,
whereas in fertilized plants, it stimulated aboveground growth. At the
whole-shoot and | eaf |evels, photosynthetic activity of both fertilized and
unfertilized plants increased in response to elevated CO2, but the
seasonal pattern of this enhancement varied with nutrient treatment. In
unfertilized plants, a downward acclimation of photosynthesis was
observed early in the season (June), and was related to reductions in
nitrogen and chlorophyll content and to starch accumulation. The
decreasein the slope of the A/Ci curve suggested adecrease in Rubisco
activity. In both fertilized and unfertilized plants, shoot respiration
decreased during the night in response to elevated CO2 until mid-July.
The decrease was not related to changes in sugar concentration.
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Elkohen, A., J.Y. Pontailler, and M. Mousseau. 1991. Effect of
doubling of atmospheric CO2 concentration on dark respirationin aerial
partsof young chestnut trees (Castaneasativamill). ComptesRendus De
L Academie Des Sciences Serie |11-Sciences De La Vie-Life Sciences
312(9):477-481.

Two-year-old sweet chestnut seedlings were grown in constantly
ventilated tunnels at ambient (350 vpm) or double (700 vpm) CO2
concentration during a full growing season. End-of-night dark
respiration of aerial parts was measured in each CO2 concentration
throughout the growing season. Dark respiration rate of enriched plants
showed anet decrease as compared to control plants during thefirst half
of the growing season. This difference decreased with time and became
negligible in the fall. Atmospheric CO2 concentration acted
instantaneously on the respiration rate: when doubled, it decreased
control plant respiration and when decreased, it enhanced CO2 enriched
plant respiration. The explanation of these findings remains
hypothetical. It is concluded that therise in carbon dioxide level of the
atmosphere will affect the carbon balance of young trees not only
through an increase in net photosynthesis during the day, but also at
night by reducing respiratory |osses.
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Elkohen, A., H. Rouhier, and M. Mousseau. 1992. Changesin dry-
weight and nitrogen partitioning induced by elevated co2 depend on soil
nutrient availability in sweet chestnut (castanea-sativa mill). Annales
Des Sciences Forestieres 49(2):83-90.

The effect of 2 levels of atmospheric carbon dioxide (ambient, ie 350
ppm, and double, ie 700 ppm) and 2 contrasting levels of mineral
nutrition on dry weight, nitrogen accumulation and partitioning were
examined in 2-year-old chestnut seedlings (CastaneasativaMill), grown
in pots outdoors throughout the vegetative season. Fertilization had a
pronounced effect on dry weight accumulation, treeheight, leaf area, and
plant nitrogen content. Carbon dioxide enrichment significantly
increased total biomass by about 20%, both on fertilized and on
unfertilized forest soil. However, the partitioning of biomass was very

different: on the unfertilized soil, only the root biomass was increased,
leading to anincreasein theroot: shoot ratio. Contrastingly, onfertilized
soil only stem biomass and diameter but not height were increased.
Carbon dioxide enrichment significantly reduced the nitrogen
concentration in all organs, irrespective of the nutrient availability.
However, the biomassincrease made up for thisreduction in such away
that the total nitrogen pool per tree remained unchanged.
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Elkohen, A., L. Venet, and M. Mousseau. 1993. Growth and
photosynthesis of 2 deciduousforest speciesat elevated carbon-dioxide.
Functional Ecology 7(4):480-486.

1. Two-year-old sweet chestnut (Castanea sativa) and beech (Fagus
sylvatica) seedlings were grown in large pots of forest soil, at ambient
(+/-350 mul 1-1) and double (700 mul I-1) atmospheric CO2
Concentration in constantly ventilated.mini- green-houses during an
entiregrowing season. 2. CO2 enrichment caused very different changes
in these two temperate deciduous species. A 20% dry weight
enhancement was obtained for sweet chestnut, and a 60% enhancement
in beech. This greater effect of elevated CO2 in beech was the result of
a significant increase of net photosynthesis of the seedlings occurring
during the whole season. However, in sweet chestnut, this increase in
photosynthesislasted only afew weeks and then an acclimation process
took place. 3. No effect of increased CO2 could be found on sweet
chestnut leaf area or leaf number, while a significant effect was found
with beech, in which total leaf area per plant increased, owing to a
greater number of growth flushes, of progressively larger leaves. 4. The
partitioning of the biomass increase due to elevated CO2 was very
different in the two species. All additional dry matter was allocated to
therootsin sweet chestnut, whileit was partitioned equally amongst all
organs of the beech seedling. 5. The reactions to elevated CO2 of
different tree species is discussed in relation to their specific growth

strategy.
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Ellert, B.H.,and H.H. Janzen. 1999. Short-terminfluence of tillageon
CO2 fluxes from a semi-arid soil on the Canadian Prairies. Soil &
Tillage Research 50(1): 21-32.

The flux of CO2 from soil determines the extent to which carbon (C)
deposited as plant litter is retained in the soil. Retention of soil C is
beneficia for soil physical, chemical and biological properties, and is
essential if soils are to be used as a repository of C to mitigate
atmospheric CO2 increases. Although tillageis assumed to haveamajor
influence on soil C retention, the extent to which tillage enhances the
transfer of soil C to the atmosphereis uncertain. We assessed the short-
term (50 h) influence of tillage on CO2 fluxes from Chernozemic soils
under atwo-year wheat (Triticum aestivum L.)-summerfallow rotation
in a semi-arid region of the Canadian Prairie, The tillage effect and its
persistence were assessed by using a portable CO2 analyzer to record
several temporal series of CO2 fluxes, along undisturbed and tilled
transects, at successive timeintervals (from -0.5 to 50 h) after asingle
pass with aheavy-duty cultivator. Immediately after tillage, CO2 fluxes
along the tilled transects increased from 2 to 4-fold above pre-tillage
fluxes, but the increases were short-lived and fluxes along undisturbed
and tilled transects were again similar within 24 h of cultivation. Total
amounts of CO2 released by a tillage operation were quantified by: 1.
linear interpolations among successive fluxes aong tilled and
undisturbed transects, and 2. by fitting amodel to successive differences
between fluxes along thetransects. Both methods estimated the amounts
of tillage-susceptible CO2 to bein therange of 3.6-7.2 kg C ha(-1). The



tillage-induced flush of CO2 wasattributed mainly to enhanced transport
of CO2 aready in the soil, but enhanced production of CO2 by
heterotrophic soil organisms also may have contributed to the flush.
Regardless of the sources of CO2 released by single tillage operations,
amounts of tillage-susceptible soil C were minor; even 10 passeswith a
cultivator would account for less than 5% of annual soil CO2 emissions
or crop residue production in these cropping systems. Our study
suggested that the short- term influence of tillage on the transfer of soil
C to amospheric CO2 is small under semi-arid conditions like those in
southern Alberta, Canada. Crown copyright (C) 1999 Published by
Elsevier Science B.V, All rights reserved.
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Ellis, R.H., P.Q. Craufurd, R.J. Summerfield, and E.H. Roberts.
1995. Linear relations between carbon-dioxide concentration and rate -
of development towards flowering in sorghum, cowpea and soybean.
Annals of Botany 75(2):193-198.

Negative linear relations were detected (P < 0.005) between the rate of
progress from sowing to panicleinitiation and CO2 concentration (210-
720 mu mol CO2 mol(-1) air) for two genotypes of sorghum [Sorghum
bicolor (L.) Moench]. Relationsbetween CO2 concentration and therate
of progressfrom sewing tofirst flowering were al so negativein soyabean
[Glycine max (L). Merrill] (P < 0.025), but positive in cowpea[Vigna
unguiculata (L.) Walp.] (P < 0.025), albeit that in both grain legumes
sensitivity wasmuch lessthan in sorghum. Thus CO2 elevation doesnot
delay flowering in all short-day species. The considerable effect of CO2
concentration on timesto panicleinitiation resulted in large differences
among the sorghum plants at this developmental stage; with increasein
CO2 concentration, plantsweretaller with slightly moreleavesand more
pronounced apical extension. At the same time after sowing however,
sorghum plants were heavier (P < 0.05) at 210 than at 360 mu mol CO2
mol(-1) air. In contrast, rel ations between the dry masses of the soyabean
and cowpea plants and CO2 concentration were positive and curvilinear
(P < 0.05). It is suggested that the impact of global environmental
change could be severefor sorghum production in the semi-arid tropics.
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Ellsworth, D.S. 1999. CO2 enrichment in a maturing pine forest: are
CO2 exchange and water status in the canopy affected? Plant, Cell and
Environment 22(5):461-472.

Elevated CO2 is expected to reduce forest water use as aresult of CO2-
induced stomatal closure, which has implications for ecosystem-scale
phenomena controlled by water availability. Leaf-level CO2 and H20
exchange responses and plant and soil water relations were examined in
a maturing loblolly pine (Pinus taeda L,) stand in a free-air CO2
enrichment (FACE) experiment in North Carolina, USA to test if these
parameters were affected by elevated CO2, Current-year foliagein the
canopy was continuously exposed to elevated CO2 (ambient CO2 + 200
mu mol mol(-1)) in free-air during needle growth and development for
lip to 400 d. Photosynthesis in upper canopy foliage was stimulated by
50-60% by elevated CO2 compared with ambient controls. This
enhancement was similar in current-year, ambient-grown foliage
temporarily measured at elevated CO2 compared with long-term
elevated CO2 grownfaliage, Significant photosynthetic enhancement by
CO2 was maintained over a range of conditions except during peak
drought. There was no evidence of water savingsin elevated CO2 plots

in FACE compared to ambient plots under drought and non-drought
conditions. This was supported by evidence from three independent
measures. First, stomatal conductance was not significantly different in
elevated CO2 versus ambient trees of P. taeda, Calculations of time-
integrated c(i)/c(a) ratios from analysisof foliar delta(13)C showed that
theseratiosweremaintained in foliage under elevated CO2. Second, soil
moisture was not significantly different between ambient and elevated
CO2 plots during drought. Third, pre-dawn and mid-day leaf water
potentials were also unaffected by the seasonal CO2 exposure, as were
tissue osmotic potentials and turgor loss points. Together the results
strongly support the hypothesis that maturing P. taeda trees have low
stomatal responsivenessto elevated CO2. Elevated CO2 effectson water
relationsin loblolly pine-dominated forest ecosystems may be absent or
small apart from those mediated by leaf area. Large photosynthetic
enhancementsin the upper canopy of P. taeda by elevated CO2 indicate
that this maturing forest may have alarge carbon sequestration capacity
with limiting water supply.

KEYWORDS. DROUGHT, ELEVATED CARBON-DIOXIDE,
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Ellsworth, D.S., R. Oren, C. Huang, N. Phillips, and G.R. Hendrey.
1995. Leaf and canopy responses to elevated co2 in a pine forest under
free-air co2 enrichment. Oecologia 104(2): 139-146.

Physiological responses to elevated CO2 at the leaf and canopy- level
werestudied in an intact pine (Pinustaeda) forest ecosystem exposed to
elevated CO2 using a free-air CO2 enrichment (FACE) technique.
Normalized canopy water-use of trees exposed to elevated CO2 over an
8-day exposure period was similar to that of trees exposed to current
ambient CO2 under sunny conditions. During a portion of the exposure
period when sky conditions were cloudy, CO2-exposed trees showed
minor (lessthan or equal to 7%) but significant reductionsin relative sap
flux density compared to trees under ambient CO2 conditions. Short-
term (minutes) direct stomatal responses to elevated CO2 were aso
relatively weak (approximate to 5% reduction in stomatal aperture in
response to high CO2 concentrations). We observed no evidence of
adjustment in stomatal conductance in foliage grown under elevated
CO2 for nearly 80 days compared to foliage grown under current
ambient CO2 so intrinsic leaf water-use efficiency at elevated CO2 was
enhanced primarily by direct responses of photosynthesis to CO2. We
did not detect statistical differencesin parameters from photosynthetic
responses to intercellular CO2 (A(net)-C-i curves) for Pinus taeda
foliage grown under elevated CO2 (550 mu mol mol(-1)) for 50-80 days
compared to those for foliage grown under current ambient CO2 from
similar-sized reference trees nearby. In both cases, leaf net
photosynthetic rate at 550 mu mol mol(-1) CO2 was enhanced by
approximately 65% compared to the rate at ambient CO2 (350 mu mol
mol(-1)). A similar level of enhancement under elevated CO2 was
observed for daily photosynthesisunder field conditions on asunny day.
Whileenhancement of photosynthesisby elevated CO2 during the study
period appears to be primarily attributable to direct photosynthetic
responses to CO2 in the pine forest, longer-term CO2 responses and
feedbacks remain to be evaluated.
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RISING CO2, SEEDLINGS, TREES, WATER-STRESS
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Ellsworth, D.S., R. Oren, C. Huang, N. Phillips, and G.R. Hendrey.
1996. Leaf and canopy responsesto elevated CO2 in a pineforest under
free-air CO2 enrichment (vol 104, pg 139, 1995). Oecologia



106(3):416.
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EIMaayar, M., B. Singh, P. Andre, C.R. Bryant, and J.P. Thouez.
1997. Theeffectsof climatic changeand CO2 fertilisation on agriculture
in Quebec. Agricultural and Forest Meteorology 85(3-4):193-208.

The agricultural sector forms an important part of the economy of
Quebec. Therisk of global increase of atmospheric CO2 concentration
and associated climatic change and their influence on agriculture need
to be assessed. Although many studieshave been conducted on the effect
of climate change on agriculture in various parts of the world, fewer
studies have focused on the combined effects of climatic change and
CO2 fertilisation on agriculture. This study, using the outputs of the
Canadian Climate Centre (CCC) general circulation model coupled with
the Food and Agricultural Organization (FAG) crop mode, attemptsto
assess the response of agricultural productivity to both direct (or
fertilisation) and indirect (or climatic) effects of increased atmospheric
CO2 concentration, for avariety of cropsincluding C-3 and C-4 ceredls,
legumes, vegetables and special crops grown in Quebec. It appears that
C-4 cereal (corn and sorghum) crops would benefit by climate change
but would be least favoured by CO2 fertilisation effect. (C) 1997
Published by Elsevier Science B.V.
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Elmeskaoui, A., J.P. Damont, M.J. Poulin, Y. Piche, and Y.
Degardins. 1995. A tripartite culture system for endomycorrhizal
inoculation of micropropagated strawberry plantletsin-vitro. Mycorrhiza
5(5):313-319.

The objective of the current investigation was to develop a reliable
method to obtain vesicular-arbuscular mycorrhizae (VAM) in
micropropagated plantlets and to determine their influence on growth,
An in vitro system for culturing the VA mycorrhizal fungus Glomus
intraradiceswith Ri T-DNA- transformed carrot rootsor nontransformed
tomato roots was used in this study as a potential active source of
inoculum for the colonization of micropropagated plantlets. After root
induction, micropropagated plantlets grown on cellulose plugs
(sorbarod) were placed in contact with the primary mycorrhizae in
growth chambers enriched with 5000 ppm CO2 and fed with aminimal
medium. After 20 daysof tripartiteculture, all plantletsplaced in contact
with the primary symbiosis were colonized by the VAM fungus. As
inoculum source, 30-day-old VA mycorrhizal transformed carrot roots
had a substantially higher infection potential than 5-, 10- or 20-day-old
VAM. Colonized plantlets had more extensive root systems and better
shoot growth than control plants. The VAM symbiosis reduced the
plantlet osmotic potential. Thisresponse may beauseful pre- adaptation
for plantlets during transfer to the acclimatization stage.

KEYWORDS ASPARAGUS, FUNGI, GROWTH, INFECTION,
INVITRO, PROPAGATION, SYMBIOSS, TRANSPORT, VA-
MYCORRHIZAL, VES CULAR-ARBUSCULAR MYCORRHIZAE
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Endo, M., and I. Ikushima. 1997. Effects of CO2 enrichment onyields
and preservability of cut flowers in Phalaenopsis. Journal of the
Japanese Society for Horticultural Science 66(1):169-174.

The effect of CO2 enrichment on Phalaenopsis cut flower production
was examined for 30 monthsthroughout fiveflowering cycles. Theplant

was cultured in three greenhouses with different CO2 levels of (A) :
control, daily mean of ambient air = 438 ppm; (B) : 700 ppm; and (C)
: 1000 ppm. 1. The fresh weight of cut flowers, the numbers of
inflorescence and flowers per 20 plants varied, depending on the CO2
concentration for each flowering cycle. 2. The preservability (vaselife)
of cut flowers always improved under higher CO2 levels. Organic acid
contents of plants were also higher under higher CO2 levels. The malic
acid content in the flowers was higher than in the younger leaf and
flower stalk at 1:00 PM and 10:00 PM; and it was also higher in the
younger leaf than in the flower stalk at 10:00 PM, but lower at 1:00 PM.
The pH value of plantswas always lower at higher ambient CO2 levels,
and lower in the younger leaf and flower stalk at 1:00 PM than at 10:00
PM, wheras at those sametimes the sugar content at the higher ambient
CO2 levels reached its maximum.
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Endo, M., and |. Ikusima. 1997. Effects of CO2 enrichment by
complete combustion of liquid petroleum gas on growth of
Doritaenopsis. Journal of the Japanese Society for Horticultural
Science 66(1):163-168.

The effects of increasing ambient CO2 levels on the growth of
developing Doritaenopsis plants in a greenhouse were studied for 840
days. Leaf area, dry weight, and content of total carbon and total
nitrogen in dry matter were measured every three months, and thetime
course of thereative growth rate (RGR) wasinvestigated. Leaf areaand
dry weight increased with increasing CO2 concentration from 438 ppm
to 946 ppm in the atmosphere. In an initial growth stage when plants
were transplanted from flasks to pots, RGR increased as the CO2 level
increased. RGR during a later vegetative growth stage was not affected
by the CO2 concentration, and its value was 0.006/day. The value of
RGR was less than that of the other C- 3, C-4, and CAM plants.
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Enoch, H.Z., and J.M. Olesen. 1993. Plant-responseto irrigation with
water enriched with carbon- dioxide. New Phytologist 125(2):249-258.

The influence of irrigation with CO2-enriched water on plant
development and yield isreviewed. Thereason for irrigation with CO2-
enriched water was - in most cases - to increase yield. The present
evaluation considersresultsfrom over ahundred studiesperformed since
the first experiment in 1866. Specia emphasis is given to the
comparison of 85 experiments made by Mitscherlich in 1910 with 358
irrigation experiments made in the last 80 years. In astatistical analysis
of these experiments, the measured plant parameter (often growth and/or
gas exchange rates) showed a highly significant mean increase of 2.9 %
in plantsirrigated with CO2-enriched water as compared with control.
Evidence of five mechanisms was found. The subterranean carbon
dioxide concentration influences: (a) the rate of nitrification and hence
of nitrogen availability; (b) therate of weathering and pH, and hencethe
availability of other plant nutrients; (c) the CO2 uptakeviarootsintothe
transpiration stream, contributing to the rate of leaf photosynthesis; (d)
the hormone levels in the plant; and (e) the rate of pesticide
decompositionin soils. After examining theavailableevidencewefound
that (a) and (b) in some experiments areimportant to plant growth, since
they change the physiochemical environment of the roots. On the other
hand, while (c) could theoretically contribute up to 5% of plant carbon
assimilation, it usually contributes less than 1%, while (d) contributes
most of the observed effects of CO2-enriched water on plants. In
addition, pesticide decomposition in soils can be delayed by supra- or
sub-optimal CO2 concentrations.
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Entry, J.A., G.B. Runion, SA. Prior, R.J. Mitchell, and H.H.
Rogers. 1998. Influence of CO2 enrichment and nitrogen fertilization
on tissue chemistry and carbon allocation in longleaf pine seedlings.
Plant and Soil 200(1):3-11.

One-year old, nursery-grown longleaf pine (Pinus palustris Mill.)
seedlings were grown in 45-L pots containing a coarse sandy medium
and were exposed to two concentrations of atmospheric CO2 (365 or
720 mu mol(-1)) and two levels of nitrogen (N) fertility (40 or 400 kg N
ha(-1) yr(-1)) within open top chambers for 20 months. At harvest,
needles, stems, coarseroots, and fineroots were separated and weighed.
Subsamples of each tissue were frozen in liquid N, lyophilized at -50
degrees C, and ground to pass a 0.2 mm sieve. Tissue samples were
analyzed for carbon (C), N, nonpolar extractives (fats, waxes, and oils
= FWO), nonstructural carbohydrates (total sugars and starch), and
structural carbohydrates (cellulose, lignin, and tannins). Increased dry
wei ghts of each tissue were observed under elevated CO2 and with high
N; however, main effects of CO2 were significant only on belowground
tissues. The high N fertility tended to result in increased partitioning of
biomass aboveground, resulting in significantly lower root to shoot
ratios. Elevated CO2 did not affect biomass allocation among tissues.
Both atmospheric CO2 and N fertility tended to affect concentration of
C compoundsin bel owground, morethan aboveground, tissues. Elevated
CO2 resulted in lower concentrations of starch, cellulose, and lignin, but
increased concentrations of FWO in root tissues. High N fertility
increased the concentration of starch, cellulose, and tannins, but resulted
inlower concentrationsof ligninand FWO in roots. Differencesbetween
CO2 concentrations tended to occur only with high N fertility.
Atmospheric CO2 did not affect allocation patterns for any compound;
however the high N treatment tended to result in alower percentage of
sugars, cellulose, and lignin belowground.
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Epron, D., E. Dreyer, C. Picon, and J.M. Guehl. 1994. Relationship
between co2-dependent o-2 evolution and photosystem-I1 activity in oak
(quercus-petraea) trees grown in the field and in seedlings grown in
ambient or elevated co2. Tree Physiology 14(7-9):725-733.

Thelight-response of the apparent quantum yield of photosynthetic O2
evolution (PHI(O2)) under non- photorespiratory conditions was
measured together with the photochemical efficiency Of PS I
(DELTAF/F(m)"), the photochemical efficiency of open PS Il reaction
centers (F(v)'/F(m)") and the photochemical fluorescence quenching
(q(p)) of leaf disks punched from oak leaves of seedlings grown in
ambient (350 mumol mol-1) or elevated (700 mumol mol- 1) CO2ina
greenhouse, and from sunlit leaves of mature oak trees (Quercus petraea
(Matt.) Liebl.). There were marked differences between seedlings and
trees. In seedlings, CO2 concentration during growth did not modify the
light response of photosynthesis or PS Il activity. There was a single
linear relationship between PHI(O2) and DELTAF/F(m)' in seedling
leaves that was independent of the CO2 concentration imposed during
growth. In contrast, this relationship was curvilinear in sunlit leaves of
adult trees. In seedling leaves, the decreasein g(p) (i.e., the proportion
of open PS Il reaction centers) largely accounted for the decrease in
DELTAF/Fm)', whereasthedecreasein DELTAF/F(m)'in sunlit leaves
of mature oak trees was dependent on both q(p) and F(v)'/F(m)".
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Epron, D., D. Godard, G. Cornic, and B. Genty. 1995. Limitation of
net co2 assimilation rate by internal resistances to co2 transfer in the
leaves of 2 tree species (fagus- sylvatica L and castanea-sativa mill).
Plant, Cell and Environment 18(1):43-51.

Using a combination of gas-exchange and chlorophyll fluorescence
measurements, low apparent CO2/0O-2 specificity factors (1300 mol
mol(-1)) were estimated for the leaves of two deciduous tree species
(Fagus sylveticaand Castanea sativa), Theselow values contrasted with
those estimated for two herbaceous species and were ascribed to a drop
inthe CO2 molefraction between theintercellular airspace (C-i) and the
catalytic site of Rubisco (C-c) due to internal resistances to CO2
transfer, C-c was calculated assuming a specificity of Rubisco value of
2560 mol mol(-1). The drop between C-i and C-c was used to calculate
the internal conductance for CO2 (g(i)), A good correlation between
mean values of net CO2 assimilation rate (A) and g(i) was observed
within aset of dataobtained using 13 woody plant species, including our
own data, We report that the relative limitation of A, which can be
ascribed to internal resistances to CO2 transfer, was 24-30%, High
internal resistances to CO2 transfer may explain the low apparent
maximal rates of carboxylation and electron transport of some woody
plant species calculated from A/C-i curves.
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Epron, D., R. Liozon, and M. Mousseau. 1996. Effects of elevated
CO2 concentration on leaf characteristics and photosynthetic capacity
of beech (Fagus sylvatica) during the growing season. Tree Physiology
16(4):425-432.

Two-year-old beech (Fagus sylvatica L.) saplings were planted directly
in the ground at high density (100 per m(2)), in an experimental design
that realistically mimicked field conditions, and grown for two yearsin
air containing CO2 at either ambient or an elevated (ambient + 350
ppm) concentration. Plant dry mass and leaf area were increased by a
two-year exposure to elevated CO2. The saplings produced
physiologically distinct types of sun leaves associated with thefirst and
second growth flushes. Leaves of the second flush had ahigher leaf mass
per unit areaand less chlorophyll per unit area, per unit dry massand per
unit nitrogen than leaves of thefirst flush. Chlorophyll content expressed
per unit nitrogen decreased over timein plants grown in elevated CO2,
which suggests that, in elevated CO2, less nitrogen was invested in
machinery of the photosynthetic light reactions. In early summer, the
photosynthetic capacity measured at saturating irradiance and CO2 was
dlightly but not significantly higher in saplings grown in elevated CO2
than in saplings grown in ambient CO2. However, a decrease in
photosynthetic capacity was observed after July in leaves of saplings
grown in CO2-enriched air. Theresults demonstrate that photosynthetic
acclimation to elevated CO2 can occur in field-grown saplings in late
summer, at the time of growth cessation.
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Erhardt, A., and H.P. Rusterholz. 1997. Effects of elevated CO2 on
flowering phenology and nectar production. Acta Oecologica-
International Journal of Ecology 18(3):249-253.



Effects of elevated CO2 on flowering phenology and nectar production
werestudied infiveimportant nectar plants of calcareousgrassiands, i.e.
Lotus corniculatus, Trifolium pratense, Betonica officinalis, Scabiosa
columbariaiaand Centaureajacea. Glasshouse experiments showed that
flowering probability was significantly enhanced in C. jacea. B.
officinalis flowered earlier and L. corniculatus produced more flowers
under elevated CO2. In contrast, the number of flowers decreased in T.
pratense. The amount of nectar produced per flower was not affected in
the investigated legumes (T. pratense, L. corniculatus), but was
significantly reduced in the other forbs. Elevated CO2 did not
significantly affect nectarsugar concentration and sugar composition.
However, S. columbaria and C: jacea produced significantly less total
sugar per flower under elevated CO2. The nectar amino acid
concentration remained unaffected in all investigated plant species
whereas the total of amino acids produced per flower was significantly
reduced in all nan-legumes. In addition, the amino acid composition
changed significantly in al investigated species except for C. jacea. The
observed effects are unexpected and are a potential threat to flower
visitorssuch asmost butterflieswhich haveno alternativefood resources
except nectar. Changesin nectar production due to elevated CO2 could
also generally have detrimental effectson theinteractionsof flowersand
their pollinators.
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Erickson, D.J. 1999. Nitrogen deposition, terrestrial carbon uptake and
changes in the seasona cycle of atmospheric CO2. Geophysical
Research Letters 26(21):3313-3316.

Observational evidenceindicatesanincreasing trend in the amplitude of
the seasonal cycle of atmospheric CO2 over the last several decades.
Here, the influence of nitrogen deposition on the seasona cycle of
atmospheric CO2 is investigated using a global carbon cycle model
embedded in a 3- D generd circulation model. We employ a recently
published estimate of theenhancement of carbon dioxideuptakeinduced
by the atmospheric deposition of NOy and NHx. We partition the carbon
sink related to nitrogen deposition over the seasona cycle of CO2
uptake. The modeled increase in the amplitude of the seasonal cycle of
CO2 in the Northern Hemisphere related to the simulated nitrogen
deposition aloneis 25%-50% of observed. At Mauna Loathe increased
amplitude in the CO2 seasonal cycle due to nitrogen deposition is 50-
90% of that observed. The subtle interaction between 3-D atmospheric
transport, atmospheric nitrogen deposition, and seasonal CO2 uptake
results in significant changes in the amplitude of the seasonal cycle of
amospheric CO2. The magnitude of these nitrogen deposition-induced
changes in the atmospheric behavior of CO2 is comparable to other
processes that are thought to influence global carbon cycle dynamics.
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Ericsson, T. 1995. Growth and shoot - root ratio of seedlingsin relation
to nutrient availability. Plant and Soil 169:205-214.

Theinfluenceof mineral nutrient availability, light intensity and CO2 on
growth and shoot:root ratio in young plants is reviewed. Specia
emphasisin thisevaluation isgiven to datafrom laboratory experiments
with small Betula pendula plants, in which the concept of steady-state
nutrition has been applied. Three distinctly different dry matter
alocation patterns were observed when growth was limited by the
availability of mineral nutrients: 1, Root growth was favoured when N,
P or S were the major growth constraints. 2, The opposite pattern
obtained when K, Mg and Mn restricted growth. 3, Shortage of Ca, Fe
and Zn had almost no effect on the shoot:root ratio. Thelight regime had
no effect on dry matter allocation except at very low photon flux
densities (< 6.5 mol m(-2) day(-1)), in which asmall decreasein theroot

fraction was observed. Shortage of CO2 on the other hand, strongly
decreased root development, while an increase of the atmospheric CO2
concentration had no influence on dry matter partitioning. An increased
allocation of dry matter to below- ground parts was associated with an
increased amount of starch in thetissues. Depletion of the carbohydrate
stores occurred under all conditions in which root development was
inhibited. It is concluded that the internal balance between labile
nitrogen and carbon in theroot and the shoot system determineshow dry
matter isbeing partitioned in theplant. The consistency of thisstatement
with literature data and existing models for shoot:root regulation is
examined.
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Ershova, A.N.,and V.A. Khripach. 1996. Effect of epibrassinolide on
lipid peroxidation in Pisum sativum at normal aeration and under
oxygen deficiency. Russian Journal of Plant Physiology 43(6): 750-752.

The effect of epibrassinolide on oxidative lipid degradation in pea
seedlings was studied at normal aeration and in oxygen- deprived and
CO2-enriched media. The content of various products of lipid
peroxidation (POL), including the primary derivatives (conjugated
dienoaic acids) and end products(malonyl dialdehyde, MDA), wasshown
to decrease in seedlings treated with epibrassinolide (10 mg/l).
Epibrassinolide inhibited POL in pea seedlings more strongly than
kinetin. These effects became even more pronounced in plants under
hypoxia or in the CO2-enriched medium. The content of conjugated
dienes declined by 13 and 21% at hypoxia and in the CO2-medium
compared to their content in air-grown seedlings, whereasthe content of
MDA was 38 and 26% below the level in the untreated plants,
respectively. We presumethat asa protector, epibrassinolide can inhibit
the oxidative degradation of lipidsin biological membranesand prevent
thedisruption of membrane structures. Thusit increasesthetolerance of
plants to deleterious factors.
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Esler, K.J., P.W. Rundel, and P. Vorster. 1999. Biogeography of
prostrate-leaved geophytes in semi-arid South Africa: hypotheses on
functionality. Plant Ecology 142(1-2):105-120.

Nowhere is the species diversity of geophytes greater than in the five
mediterranean-climate ecosystems of the world. Of these, the Cape
mediterranean zone of South Africa is the most speciose. While the
relative diversity and importance of geophytes of al of the other four
mediterranean regions of the world drops off sharply as one movesinto
adjacent winter- rainfall desert regions, geophytes in the semi-arid to
arid Succulent Karoo (including Namaqgual and) remain avery important
component of the flora, both in terms of abundance and diversity
(comprising 13 to 29% of theregional florasin thisregion). Apart from
speciesrichness, there are also anumber of interesting geophyte growth
forms in this region. One unusual growth form is geophytes with
flattened leaves that lie prostrate on the soil surface. At least eight
families (Amaryllidaceae, Colchicaceae, Eriospermaceae, Geraniaceae,
Hyacinthaceae, Iridaceae, Orchidaceae and Oxalidaceae) exhibit this
growth form. While this growth form is relatively common in many
geophyte lineages in the Succulent Karoo biome and the Cape
mediterranean zone (Fynbosbiome), and occursinfrequently throughthe
summer-rainfall temperate regions of Africa, it is virtually absent in
other regions worldwide. A null hypothesisis that the prostrate leaved
trait is a neutral characteristic, however biogeographical data do not
support this. A neutral trait would be unlikely to show such a clear



pattern of distribution. Several aternative hypotheses on the adaptive
significanceof thisgrowth form arediscussed. Theseinclude: avoidance
of herbivory, reduction in competition from neighbors, creation of a
CO2 enriched environment below the leaves, reduction of water loss
around the roots, reduction of water loss through transpiration,
precipitation of dew on the leaves and maintenance of optimal leaf
temperatures for growth.
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Estiarte, M., J. Penuelas, B.A. Kimball, D.L. Hendrix, P.J. Pinter,
G.W.Wall,R.L. LaMorte, and D.J. Hunsaker. 1999. Free-air CO2
enrichment of wheat: |eaf flavonoi d concentrati on throughout thegrowth
cycle. Physiologia Plantarum 105(3):423-433.

To test the predictions that plants will have a larger flavonoid
concentration in afutureworld with a CO2-enriched atmosphere, whesat
(Triticum aestivum L. cv. Y ecoraRojo) was grown in afield experiment
using FACE (free-air CO2 enrichment) technology under two levels of
atmospheric CO2 concentration: ambient (370 pmol mol(-1)) and
enriched (550 pmol mol(-1)), and under two levels of irrigation: well-
watered (100% replacement of potential evapotranspiration) and half-
watered. Wealso studied theeffects of CO2 on the concentration of total
non-structural carbohydrates (TNC) and nitrogen (N), two parameters
hypothesized to be linked to flavonoid metabolism. Throughout the
growth cycle the concentration of isoorientin, the most abundant
flavonoid, decreased by 62% (from an average of 12.5 mg g(-1) on day
of year (DOY)) 41 to an average of 4.8 mg g(-1) on DOY 123), whereas
the concentration of tricin, another characteristic flavone, increased by
two orders of magnitude (from an average of 0.007 mg g(-1) of
isoorientin equivalents on DOY 41 to an average of 0.6 mg g(-1) of
isoorientin equivalentson DIOY 123). Although flavonoid concentration
was dependent on growth stage, the effects of treatments on phenology
did not invalidate the comparisons between treatments. CO2-enriched
plants had higher flavonoid concentrations (14% more isoorientin, an
average of 7.0 mg g(-1) for ambient CO2 vs an average of 8.0 mg g(-1)
for enriched CO2), higher TNC concentrations and lower N
concentrations in upper canopy leaves throughout the growth cycle.
Well-irrigated plants had higher flavonoid concentrations (11% more
isoorientin, an average of 7.1 mg g(-1) for half watered vs an average of
7.9 mg g(-1) for well-watered) throughout the growth cycle, whereasthe
effect of irrigation treatments on TNC and N was more variable. These
results are in accordance with the hypotheses that higher carbon
availability promoted by CO2-enrichment provides carbon that can be
invested in carbon-based secondary compounds such asflavonoids. The
risein atmospheric CO2 may thusindirectly affect wheat-pest relations,
alter the pathogen predisposition and improve the UV-B protection by
changing flavonoid concentrations.
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Estiarte, M., J. Penuelas, B.A. Kimball, SB. Idso, R.L. Lamorte,
P.J. Pinter, G.W. Wall, and R.L. Garcia. 1994. Elevated co2 effects
on stomatal density of wheat and sour orange trees. Journal of
Experimental Botany 45(280): 1665-1668.

No significant differences were found in stomatal densities or stomatal
indices of wheat or sour orangetrees grown at high CO2 concentrations
intwo different CO2 enrichment systems (Free-Air CO2 enrichment for
wheat and Open-Top Chambers for orange trees). These results are in

accordance with most of the previous results obtained in short-term
experimental studies which suggest that plants do not acclimate to
increasing CO2 concentration by changing stomatal density within a
single generation.
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Ewert, F., and H. Pleijel. 1999. Phenological development, leaf
emergence, tillering and leaf areaindex, and duration of spring wheat
across Europe in response to CO2 and ozone. European Journal of
Agronomy 10(3-4):171-184.

Phenological development, leaf emergence, tillering and leaf areaindex
(LAI), and duration (LAD) of spring wheat cv. Minaret, grown in open-
top chambers at different sites throughout Europe for up to 3 years at
each site, were investigated in response to elevated CO2 (ambient CO2
x2) and ozone (ambient ozone x1.5) concentrations. Phenological
development varied among experiments and was partly explained by
differences in temperature among sites and years. There was a weak
positive relationship between the thermal rate of development and the
mean daylength for the period from emergence to anthesis. Main stems
produced on average 7.7 leaves with little variation among experiments.
Variation was higher for the thermal rate of leaf emergence, which was
partly explained by differencesin therate of changeof daylength at plant
emergence among seasons. Phenological development, rate of leaf
emergence and final leaf number were not affected by CO2 and ozone
exposure. Responses of tillering and LAI to CO2 and ozone exposure
were significant only in some experiments. However, the direction of
responseswas consi stent for most experiments. Thenumber of tillersand
ears per plant, respectively, wasincreased asaresult of CO2 enrichment
by about 13% at the beginning of stem elongation (DC31), at anthesis
and at maturity. Exposure to ozone had no effect on tillering. LAl was
increased as a result of CO2 eevation by about 11% at DC31 and by
about 14% at anthesis. Ozoneexposurereduced LA at anthesisby about
9%. No such effect was observed at DC31. There were very few
interactive effects of CO2 and ozone ontillering and LAI. Variationsin
tillering and LA, and their responses to CO2 and ozone exposure, were
partly explained by singlelinear relationships considering differencesin
plant density, tiller density and the duration of developmental phases
among experiments. Consideration of temperature and incident
photosynthetically active radiation in this analysis did not reduce the
unexplained variation. Therewas anegative effect of ozone exposureon
leaf area duration at most sites. Direct effects of elevated CO2
concentration on leaf senescence, both positive and negative, were
observed in some experiments. There was evidence in severa
experiments that elevated CO2 concentration ameliorated the negative
effect of ozone on leaf areaduration. It was concluded from these results
that an analysis of the interactive effects of climate, CO2 and ozone on
canopy development requires reference to the physiological processes
involved. (C) 1999 Elsevier Science B.V. All rights reserved.
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Ewert, F., M. van Oijen, and J.R. Porter. 1999. Simulation of growth
and development processes of spring wheat in response to CO2 and
ozone for different sites and years in Europe using mechanistic crop
simulation models. European Journal of Agronomy 10(3-4):231-247.

The response of crop growth and yield to CO2 and ozone is known to
depend on climatic conditions and is difficult to quantify due to the
complexity of the processes involved. Two modified mechanistic crop



simulation models (AFRCWHEAT2-O3 and LINTULCC), which differ
in the levels of mechanistic detail, were used to simulate the effects of
CO2 (ambient, ambient x2) and ozone (ambient, ambient x1.5) on
growth and developmental processes of spring wheat in response to
climatic conditions. Simulations were analysed using data from the
ESPACE-wheat project in which spring wheat cv. Minaret was grown
in open-top chambers at nine sites throughout Europe and for up to 3
years at each site. Both models closely predicted phenological
development and the average measured biomass at maturity. However,
intermediate growth variables such asbiomass and leaf areaindex (LAI)
at anthesis, seasonal accumulated photosynthetically active radiation
intercepted by the crop (Sigma IPAR), the average seasonal light use
efficiency (LUE) and the light saturated rate of flag leaf photosynthesis
(A(sat)) were predicted differently and less accurately by the two
models. The effect of CO2 on the final biomass was underestimated by
AFRCWHEAT2-03 due to its poor simulation of the effect of CO2 on
tillering, and LAI.LINTULCC overestimated the response of biomass
productionto changesin CO2 level dueto an overprediction of theeffect
of CO2 on LUE. The measured effect of ozone exposure on final
biomass was predicted closely by the two models. The models also
simulated the observed interactive effect of CO2 and ozone on biomass
production. However, the effects of ozone on LAI, Sigma IPAR and
A(sat) were simulated differently by the models and less accurately with
LINTULCC for the ozone effects on LAl and Sigma IPAR. Predictions
of the variation between sites and years of growth and development
parameters and of their responses to CO2 and ozone were poor for both
AFRCWHEAT2-O3and LINTULCC. It wasconcluded that other factors
than those considered in the models such as chamber design and soil
properties may have affected the growth and development of cv.
Minaret. An analysis of the relationships between growth parameters
calculated from the simulations supported this conclusion. In order to
apply models for global change impact assessment studies, the
difficultiesin simulating biomass production in response to CO2 need
to be considered. We suggest that the simulation of leaf area dynamics
deserves particular attention in this regard. (C) 1999 Elsevier Science
B.V. All rights reserved.
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Fajer, E.D. 1989. The effects of enriched CO2 atmospheres on plant-
insect herbivoreinteractions- growth-responsesof larvae of the specialist
butterfly, Junonia coenia (lepidoptera, nymphalidae). Oecologia
81(4):514-520.

629
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enriched CO2 atmospheres on the buckeye butterfly, Junonia coenia.
Ecology 72(2):751-754.
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Fajer, E.D., M.D. Bowers, and F.A. Bazzaz. 1991. Performance and
allocation patternsof the perennial herb, Plantago lanceolata, inresponse
to simulated herbivory and elevated CO2 environments. Oecologia
87(1):37-42.

We tested the prediction that plants grown in elevated CO2
environmentsare better ableto compensatefor biomasslost to herbivory
than plants grown in ambient CO2 environments. The herbaceous

perennial Plantago lanceolata (Plantaginaceae) was grown in either near
ambient (380 ppm) or enriched (700 ppm) CO2 atmospheres, and then
after 4 weeks, plantsexperienced either 1) no defoliation; 2) every fourth
leaf removed by cutting; or 3) every other leaf removed by cutting.
Plants were harvested at week 13 (9 weeks after simulated herbivory
treatments). V egetative and reproductive weights were compared, and
seeds were counted, weighed, and germinated to assess viability. Plants
grown in enriched CO2 environments had significantly greater shoot
weights, leaf areas, and root weights, yet had significantly lower
reproductive weights (i.e. stalks + spikes + seeds) and produced fewer
seeds, than plants grown in ambient CO2 environments. Relative
biomass alocation patterns further illustrated differences in plant
responses to enriched CO2 atmospheres: enriched CO2-grown plants
only allocated 10% of their carbon resources to reproduction whereas
ambient CO2-grown plants allocated over 20%. Effects of simulated
herbivory on plant performance were much less dramatic than those
induced by enriched CO2 atmospheres. Leaf arearemoval did not reduce
shoot weights or reproductive weights of plantsin either CO2 treatment
relative to control plants. However, plants from both CO2 treatments
experienced reductionsinroot weightswith leaf arearemoval, indicating
that plants compensated for lost above-ground tissues, and maintained
comparable levels of reproductive output and seed viability, at the
expense of root growth.
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Fajer, E.D., M.D. Bowers, and F.A. Bazzaz. 1992. The effect of
nutrientsand enriched co2 environments on production of carbon-based
allelochemicals in plantago - a test of the carbon nutrient balance
hypothesis. The American Naturalist 140(4): 707-723.

In atest of the carbon/nutrient (C/N) balance hypothesis, we grew the
perennial herb Plantago lanceolata in different CO2 and nutrient
environmentsand then (1) measured thetotal allocation to shoots, roots,
and reproductive parts and (2) quantified aucubin, catalpol, and
verbascosi de contents of replicate plants of six genotypes. Plants grown
under low- nutrient conditions do have higher concentrations of carbon-
based allel ochemi cal sthan plants grown under high-nutrient conditions.
However, in contrast to the C/N balance hypothesis, plants grown in
elevated (700-mu-L.L-1) CO2 conditions had similar, or lower,
concentrations of carbon-based allelochemicals than plants grown in
ambient (350-mu-L.L-1) CO2 conditions. We suggest that augmented
substrate concentrations (i.e., excess carbohydrates) are a necessary but
insufficient trigger for increased secondary metabolism; instead,
hormonal and/or direct physical cues (such aslight) may be essential to
synthesize or activate the appropriate enzyme systems. Moreover,
although plant genotype significantly affected plant growth,
reproduction, and chemistry, wenever observed significant genotype-by-
CO2 interactions for these factors, which suggests that changing CO2
environments may not improve the fitness of certain genotypes over
others.
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Falge E.,R.J.Ryel,M. Alsheimer, and J.D. Tenhunen. 1997. Effects
of stand structure and physiology on forest gas exchange: a simulation
study for Norway spruce. Trees-Structureand Function 11(7): 436-448.

The process-based simulation model STAND-FLUX describes canopy
water vapor and carbon dioxide exchange based on rates calculated for



individual treesand as affected by local gradientsin photon flux density
(PFD), atmospheric humidity, atmospheric carbon dioxide
concentration, and air temperature. Direct, diffuse, and reflected PFD
incident on foliage elements within compartments of individual trees
(defined by vertical layers and a series of concentric cylinders centered
on thetrunk) is calculated for a 3-dimensional matrix of points. Foliage
element gas exchange rates are based on estimates of carboxylation,
RuUBP regeneration, and respiratory capacities as well as the correlated
behavior found between stomatal conductance and assimilation rate.
Because of the difficulties associated with effective sampling and
description of spatial variation in structure and leaf level gas exchange
parameters for trees comprising the forest canopy, the significance for
canopy water and carbon dioxide exchange of varied representations of
tree foliage distribution and of physiology is examined. The additional
interactive effects encountered due to changesin tree density and, thus,
spatial aggregation or disaggregation of foliage is also studied. The
analysis is conducted within the context of observed structural and
physiological variation encountered in Norway spruce (Picea abies)
stands in the Fichtelgebirge region of central Germany. Potentials for
simplifying the three-dimensional canopy gas exchange model without
sizable influence on canopy flux rates were small. A relatively large
number of sample points within the tree crowns is necessary to obtain
consistent calculationsof flux rates because of thenonlinear relationship
between PFD and net photosynthesis. Transpiration and net
photosynthesis for stands with a low leaf area index (LAI) may be
obtained from single tree estimates for each tree class weighted by class
frequency, while 30 or more trees per class in differing relation to
neighboring trees may be necessary to caculatereliable estimates of net
photosynthesisin canopies with high LAI. The complexity in structure
assumed for modeled trees was important, especially when overall
canopy foliage areawas either high or low due to spatial heterogeneity
in clumping, e.g., potential canopy overlaps or side-lighting. Effects
were greater for calculated net photosynthesis than for transpiration,
reflecting higher sensitivity of net photosynthesisto differencesin light
distribution within individual trees. Accuracy in estimates of
physiological parametersis equally important, and these characteristics
have profound effects on estimated canopy gas exchange rates. While
one-dimensional representations of canopy structure or approximations
of tree physiological characteristics from other canopies or species may
often be necessary in assessing vegetation/atmosphere exchanges,
especialy in the study of water balance of landscapes or regions,
STANDFLUX providesatool that can aid in evaluating the limitations
of these simpler approaches.
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Falloon, P.D., P. Smith, J.U. Smith, J. Szabo, K. Coleman, and S.
Marshall. 1998. Regional estimates of carbon sequestration potential:
linking the Rothamsted Carbon Model to GIS databases. Biology and
Fertility of Soils 27(3):236-241.

Soil organic matter (SOM) represents amajor pool of carbon within the
biosphere. It is estimated at about 1400 Pg globally, which is roughly
twice that in atmospheric CO2. The soil can act as both a source and a
sink for carbon and nutrients, Changes in agricultural land use and
climate can lead to changes in the amount of carbon held in soils, thus,
affecting the fluxes of CO2 to and from the atmosphere. Some
agricultural management practices will lead to a net sequestration of
carbon in the soil. Regional estimates of the carbon sequestration
potential of these practicesare crucial if policy makersareto plan future
land uses to reduce national CO, emissions. In Europe, carbon
sequestration potential has previously been estimated using data from
the Global Change and Terrestrial Ecosystems Soil Organic Matter

Network (GCTE SOMNET). Linear relationships between management
practices and yearly changesin soil organic carbon were developed and
used to estimate changesin the total carbon stock of European soils. To
refine these semi-quantitative estimates, the local soil type,
meteorological conditionsand land use must also be taken into account.
To thisend, we have modified the Rothamsted Carbon Model, so that it
can be used in a predictive manner. with SOMNET data. The data is
then adjusted for local conditions using Geographical Information
Systems databases. In this paper, we describe how these developments
call be used to estimate carbon sequestration at the regional level using
a dynamic simulation model linked to spatially explicit data. Some
calculations of the potential effects of afforestation on soil carbon stocks
in Central Hungary provide a simple example of the system in use.
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Fangmeier, A., L. De Temmerman, L. Mortensen, K. Kemp, J.
Burke, R. Mitchell, M. van Oijen, and H.J. Weigel. 1999. Effectson
nutrients and on grain quality in spring wheat crops grown under
elevated CO2 concentrations and stress conditions in the European,
multiple-site experiment 'ESPACE-wheat'. European Journal of
Agronomy 10(3-4):215-229.

Nutrient element concentrations and grain quality were assessed in
spring whesat grown under elevated CO2 concentrations and contrasting
levels of tropospheric ozone at different nitrogen supply rates at several
European sites. Carbon dioxide enrichment proved to affect nutrient
concentrationsin a complex manner, In green leaves, all elements (with
exception of phosphorus and iron) decreased. In contrast, effects on the
element composition of grains were restricted to reductionsin nitrogen,
calcium, sulphur and iron. Ozone exposure resulted in no significant
effects on nutrient element concentrations in different tissues in the
overall analysis. The nitrogen demand of green tissues was reduced due
to CO2 enrichment as shown by reductionsin the critical leaf nitrogen
concentration and also enhanced nitrogen use efficiency. Reductionsin
the content of ribulose-bisphosphate carboxylase/oxygenase and
repression of the photorespiratory pathway and reduced nitrogen
allocation to enzymesdriving the photosynthetic carbon oxidation cycle
were chiefly responsiblefor thiseffect. Thus, nitrogen acquisition by the
crop did not match carbon acquisition under CO2 enrichment, Since
crop hitrogen uptake from the soil was already completed at anthesis,
nitrogen allocated to the grain after anthesis originated from vegetative
poors-causing grain nitrogen concentrations to decrease under CO2
enrichment (on average by 15% when CO2 concentrations increased
from 360 to 680 mu mol mol(-1)). Correspondingly, grain quality was
reduced by CO2 enrichment. The Zeleny value, Hagberg value and
dry/wet gluten content decreased significantly with increasing [COZ2].
Despitethe beneficial impact of CO2 enrichment on growth and yield of
C-3 cereal crops, declines in flour quality due to reduced nitrogen
content are likely in a future, [CO2]-rich world. (C) 1999 Elsevier
Science B.V. All rights reserved.
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Fangmeier, A., U. Gruters, U. Hertstein, A. SandhageHofmann, B.
Vermehren, and H.J. Jager. 1996. Effects of elevated CO2, nitrogen
supply and tropospheric ozone on spring wheat .1. Growth and yield.
Environmental Pollution 91(3):381-390.

Spring wheat (Triticum aestivum L. cv. Minaret) was exposed to three
CO2 levels, in combination with two nitrogen fertilizer levels and two



levels of tropospheric ozone, from sowing to ripening in open-top
chambers. Threeadditional nitrogen fertilizer treatmentswerecarried out
at the lowest and the highest CO2 level, respectively. Plants were
harvested at growth stages 31, 65 and 93 and separated into up to eight
fractions to gain information about biomass partitioning. CO2
enrichment (263 mu | litre(-1) above ambient levels) drastically
increased biomass of organs serving as long-term carbohydrate pooals.
Peduncle weight increased by 92%, stem weight by 73% and flag leaf
sheath weight by 59% at growth stage 65. Average increase in shoot
biomass due to CO2 enrichment amounted to 51% at growth stage 65
and 36% at final harvest. Average yield increase was 34%. Elevated
nitrogen application was most effective on biomass of green tissues.
Yield was increased by 30% when nitrogen application was increased
from 150 to 270 kg N ha(-1). Significant interactions were observed
between CO2 enrichment and nitrogen application. Yield increase due
to CO2 ranged from 23% at 120 kg N to 47% at 330 kg N. Triticum
aestivum cv. Minaret was not very responsive to ozone at 1.5 times
ambient levels. 1000 grain weight was dightly decreased, which was
compensated by an increased number of grains.
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Fangmeier, A., U. Gruters, P. Hogy, B. Vermehren, and H.J. Jager.
1997. Effects of elevated CO2 nitrogen supply and tropospheric ozone
on spring wheat .2. Nutrients (N, P, K, S, Ca, Mg, Fe, Mn, Zn).
Environmental Pollution 96(1):43-59.

CO2 enrichment is expected to alter leaf demand for nitrogen and
phosphorus in plant species with C-3 carbon dioxide fixation pathway,
thus possibly causing nutrient imbalancesin thetissuesand disturbance
of distribution and redistribution patterns within the plants. To test the
influence of CO2 enrichment and elevated tropospheric ozone in
combination with different nitrogen supply, spring wheat (Tritium
aestivum L. cv. Minaret) was exposed to three levels of CO2 (361, 523,
and 639 mu | liter(-1), 24 h mean from sowing to final harvest), two
levels of ozone (28.4 and 51.3 nl litre(-1)) and two levels of nitrogen
supply (150 and 270 kg ha(-1)) in a full-factorial design in open-top
field chambers. Additional fertilization experiments (120, 210, and 330
kg N ha(-1)) were caried out a low and high CO2 levels.
Macronutrients (N, P, K, S, Ca, Mg) and three micronutrients (Mn, Fe,
Zn) were analysed in samples obtained at three different developmental
stages: beginning of shoot elongation, anthesis, and ripening. At each
harvest, plant samples were separated into different organs (green and
senescent leaves, stem sections, ears, grains). According to analyses of
tissue concentrations at the beginning of shoot elongation, the plants
were sufficiently equipped with nutrients. Elevated ozone levels neither
affected ti ssueconcentrations nor shoot uptake of thenutrients. CO2 and
nitrogen treatments affected nutrient uptake, distribution and
redistributioninacomplex manner. CO2 enrichment increased nitrogen-
use efficiency and caused a lower demand for nitrogen in green tissues
which was reflected in a decrease of critical nitrogen concentrations,
lower leaf nitrogen concentrations and lower nitrogen pools in the
leaves. Since grain nitrogen uptake during grain filling depended
completely on redistribution from vegetative pool sin greentissues, grain
nitrogen concentrations fell considerably with severe implications for
grainquality. Ca, S, Mgand Znin green tissueswereinfluenced by CO2
enrichment in asimilar manner to nitrogen. Phosphorus concentrations
in green tissues, on the other hand, were not, or only dlightly, affected by
elevated CO2. In stems, 'dilution’ of all nutrients except manganese was
observed, caused by the huge accumulation of water soluble
carbohydrates, mainly fructans, in thesetissues under CO2 enrichment.
Whole shoot uptake was either remarkably increased (K, Mn, P, Mg),
nearly unaffected (N, S, Fe, Zn) or decreased (Ca) under CO2
enrichment. Thus, nutrient cycling in plant-soil systems is expected to

be altered under CO2 enrichment. (C) 1997 Elsevier Science Ltd.
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Fangmeier, A., U. Gruters, B. Vermehren, and H.J. Jager. 1996.
Responses of some cereal cultivarsto CO2 enrichment and tropospheric
ozone at different levels of nitrogen supply. Journal of Applied Botany-
Angewandte Botanik 70(1-2):12-18.

Two cultivarsof spring wheat (Triticum aestivum L. cv. 'Nandu' and cv.
'‘Minaret) and one cultivar of spring barley (Hordeum vulgare L. cv.
'Alexis) were exposed to CO2 enrichment (concentrationsranging from
363 to 650 mu | I(-1)), ozone (ambient and 1.7 times ambient levels) at
different levels of nitrogen nutrition in open-top field chambers from
sowing to maturity. CO2 increased grain yield and shoot biomass, barley
showing thesmallest response and wheat ‘Nandu' being most responsive.
The cultivars were rather insensitive to ozone, however, a decrease of
thousand grain weight was observed in one of the wheat cultivars
('Minaret') at high ozone levels. In this cultivar, interactions between
CO2 and ozone were observed. Elevated CO2 appeared to be protective
againstimpai rments caused by ozone. CO2 and nitrogen supply strongly
interacted. CO2 fertilizing effects on grain yield of wheat 'Minaret'
ranged from 22.9 % at 120 kg N ha(-1) to 47.4 % at 330 kg N ha(-1).
Increase in grain yield by CO2 was accompanied with a decrease of
grain nitrogen content. Grain yield increase and grain nitrogen content
depression exactly compensated each other and led to constant amounts
of nitrogen stored in the grains on an area unit basis independent from
the applied CO2 concentration. The grain quality, assessed as nitrogen
content, was severely decreased by CO2 enrichment. The regressions
obtained from the data suggest that nearly twicethe nitrogen supply will
be required to maintain the nitrogen content in grains at the same level
if CO2 concentrations rise from the current 363 mu | I(-1) (seasonal
mean 1994) to 650 mu | I(-1).

KEYWORDS: CARBON DIOXIDE, ELEVATED CO2, GROWTH,
OPEN-AIR FUMIGATION, PHOTOSYNTHESS, TOP FIELD
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Farage, P.K., |.F. McKee, and S.P. Long. 1998. Does alow nitrogen
supply necessarily lead to acclimation of photosynthesis to elevated
CO2? Plant Physiology 118(2):573-580.

Long-term exposure of plants to elevated partial pressures of CO,
(pCO(2)) often depresses photosynthetic capacity. Themechanisticbasis
for this photosynthetic acclimation may involve accumulation of
carbohydrate and may be promoted by nutrient limitation. However, our
current knowledge is inadequate for making reliable predictions
concerning the onset and extent of acclimation. Many studies have
sought to investigate the effects of N supply but the methodol ogies used
generally do not allow separation of the direct effects of limited N
availability from those caused by a N dilution effect due to accelerated
growth at elevated pCO(2). To dissociate these interactions, whesat
(Triticum aestivum L.) was grown hydroponically and N was added in
direct proportion to plant growth. Photosynthesis did not acclimate to
elevated pCO(2) even when growth was restricted by a low-N relative
additionrate. Ribulose-, 5-bi sphosphate carboxylase/oxygenase activity
and quantity were maintained, there was no evidence for triose
phosphate limitation of photosynthesis, and tissue N content remained
within the range recorded for healthy wheat plants. In contrast, wheat
grown in sand culturewith N supplied at afixed concentration suffered



photosynthetic acclimation at elevated pCO(2) in a low-N treatment.
This was accompanied by a significant reduction in the quantity of
active ribulose-l, 5- bisphosphate carboxylase/oxygenase and leaf N
content.
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Faria, T., M. Vaz, P. Schwanz, A. Polle, J.S. Pereira, and M.M.
Chaves. 1999. Responses of photosynthetic and defence systemsto high
temperature stress in Quercus suber L-seedlings crown under elevated
CO2. Plant Biology 1(3):365-371.

Growth in elevated CO2 led to an increase in biomass production per
plant as a result of enhanced carbon uptake and lower rates of
respiration, compared to ambient CO2-grown plants. No down-
regulation of photosynthesiswasfound after six months of growth under
elevated CO2. Photosynthetic ratesat 15 degrees C or 35 degrees C were
also higher in elevated than in ambient CO2-grown plants, when
measured at their respective CO2 growth condition. Stomata of elevated
CO2-grown plants were |ess responsive to temperature as compared to
ambient CO2 plants. Theafter effect of aheat-shock treatment (4 h at 45
degrees C in achamber with 80% of relative humidity and 800-1000 mu
mol m(-2) §(-1) photon flux density) on A(max) waslessin elevated than
in ambient CO2-grown plants. At the photochemical level, the negative
effect of the heat-shock treatment was slightly more pronounced in
ambient than in elevated CO2-grown plants. A greater tolerance to
oxidative stress caused by high temperatures in elevated CO2-grown
plants, in comparison to ambient CO2 plants, is suggested by the
increase in superoxide dismutase activity, after 1 h at 45 degrees C, as
well asitsrelatively high activity after 2 and 4 h of the heat shock in the
elevated CO2-grown plants in contrast with the decrease to residual
levels of superoxide dismutase activity in ambient CO2-grown plants
immediately after 1 h at 45 degrees C. The observed increasein catalase
after 1 h at 45 degrees C in both ambient and elevated CO2-grown
plants, can be ascribed to the higher rates of photorespiration and
respiration under this high temperature.
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Faria, T., D. Wilkins, R.T. Besford, M. Vaz, J.S. Pereira, and M.M.
Chaves. 1996. Growth at elevated CO2 leads to down-regulation of
photosynthesis and altered response to high temperature in Quercus
suber L seedlings. Journal of Experimental Botany 47(304): 1755-1761.

The effects of growth at elevated CO2 on the response to high
temperatures in terms of carbon assimilation (net photosynthesis,
stomatal conductance, amount and activity of Rubisco, and
concentrations of total soluble sugarsand starch) and of photochemistry
(for example, the efficiency of excitation energy captured by open
photosystem |1 reaction centres) werestudied in cork oak (Quercus suber
L.). Plantsgrown in devated CO2 (700 ppm) showed adown-regulation
of photosynthesis and had lower amounts and activity of Rubisco than
plants grown at ambient CO2 (350 ppm), after 14 months in the
greenhouse. At that time plantswere subj ected to aheat- shock treatment
(4 h at 45 degrees C in a chamber with 80% relative humidity and 800-
1000 mu mol m(-2) s(-1) photon flux density). Growth in a CO2-
enriched atmosphere seems to protect cork oak leaves from the short-
term effects of high temperature. Elevated CO2 plants had positive net
carbon uptake rates during the heat shock treatment whereas plants

grown at ambient CO2 showed negative rates. Moreover, recovery was
faster in high CO2-grown plants which, after 30 min at 25 degrees C,
exhibited higher net carbon uptake rates and lower decreases in
photosynthetic capacity (A(max) aswell asintheefficiency of excitation
energy captured by open photosystem |1 reaction centres (F-v/F-m) than
plants grown at ambient CO2. The stomata of elevated CO2 plantswere
also less responsive when exposed to high temperature.
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Farnsworth, E.J., and F.A. Bazzaz. 1995. Inter-generic and intra-
generic differencesin growth, reproduction, and fitness of 9 herbaceous
annual species grown in elevated co2 environments. Oecologia
104(4):454-466.

In assessing the capacity of plants to adapt to rapidly changing global
climate, we must elucidate the impacts of elevated carbon dioxide on
reproduction, fitness and evolution. Weinvestigated how elevated CO2
influenced reproduction and growth of plantsexhibiting arangeof floral
morphologies, theimplications of shiftsin allocation for fitnessin these
species, and whether related taxa would show similar patterns of
response. Three herbaceous, annual species each of the genera
Polygonum, Ipomoea, and Cassia were grown under 350 or 700 ppm
CO2. Vegetative growth and reproductive output were measured non-
destructively throughout the full life span, and vegetative biomass was
quantified for a subsample of plants in a harvest at first flowering.
Viability and germination studies of seed progeny were conducted to
characterize fitness precisely. Early vegetative growth was often
enhanced in high- CO2 grown plants of Polygonum and Cassia (but not
Ipomoea). However, early vegetative growth was not a strong predictor
of subsequent reproduction. Phenology and production of floral buds,
flowers, unripeand abscised fruitsdiffered between CO2 treatments, and
genera differed in their reproductive and fitness responses to elevated
CO2. Polygonum and Cassia species showed accelerated, enhanced
reproduction, while Ipomoea species generally declined in reproductive
output in elevated CO2. Seed "quality" and fitness (in terms of viability
and percentage germination) were not always directly correlated with
quantity produced, indicating that output alonemay not reliably indicate
fitness or evolutionary potential. Species within genera typically
responded more consistently to CO2 than unrelated species. Cluster
analyses were performed separately on suites of vegetative and
reproductive characters. Some speciesassorted within generawhen these
reproductiveresponseswereconsi dered, but vegetativeresponsesdid not
reflect taxonomic affinity in these plants. Congeners may respond
similarly intermsof reproductive output under global change, but fitness
and prognoses of population persistence and evolutionary performance
can be inferred only rarely from examination of vegetative characters
aone.
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Farnsworth, E.J., A.M. Ellison, and W.K. Gong. 1996. Elevated CO2
alters anatomy, physiology, growth, and reproduction of red mangrove
(Rhizophora mangle L). Oecologia 108(4):599-609.

Mangroves, woody halophytes restricted to protected tropical coasts,
form some of the most productive ecosystems in the world, but their
capacity to act as a carbon source or sink under climate change is
unknown. Their ability to adjust growth or to function as potential
carbon sinks under conditions of rising atmospheric CO2 during global



change may affect global carbon cycling, but as yet has not been
investigated experimentally. Hal ophyte responsesto CO2 doubling may
be constrained by the need to use carbon conservatively under water-
limited conditions, but dataare lacking to issue general predictions. We
describe the growth, architecture, biomass allocation, anatomy, and
photosynthetic physiology of the predominant neotropical mangrove
tree, Rhizophoramangle L., grown solitarily in ambient (350 mu lI(-1))
and double-ambient (700 mu lI(-1)) CO2 concentrationsfor over 1 year.
Mangrove seedlingsexhibited significantly increased biomass, total stem
length, branching activity, and total leaf areain elevated CO2. Enhanced
total plant biomass under high CO2 was associated with higher
root:shoot ratios, relative growth rates, and net assimilation rates, but
few allometric shifts were attributable to CO2 treatment independent of
plant size. Maximal photosynthetic rates were enhanced among high-
CO2 plantswhile stomatal conductances were lower, but the magnitude
of the treatment difference declined over time, and high-CO2 seedlings
showed a lower P-max at 700 mu Il(-1) CO2 than low-CO2 plants
transferred to 700 mu Il(-1) CO2: possible evidence of downregulation.
The relative thicknesses of leaf cell layers were not affected by
treatment. Stomatal density decreased as epidermal cells enlarged in
elevated CO2. Foliar chlorophyll, nitrogen, and sodium concentrations
were lower in high CO2. Mangroves grown in high CO2 were
reproductive after only 1 year of growth (fully 2 years before they
typically reproduce in the field), produced aerial roots, and showed
extensive lignification of the main stem; hence, elevated CO2 appeared
to accelerate maturation as well as growth. Data from this long- term
study suggest that certain mangrove growth characters will change
flexibly as atmospheric CO2 increases, and accord with responses
previously shown in Rhizophora apiculata. Such results must be
integrated with data from sea-level rise studies to yield predictions of
mangrove performance under changing climate.
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Farrar, J.F., and M.L. Williams. 1991. The effects of increased
atmospheric carbon-dioxide and temperature on carbon partitioning,
source-sink relations and respiration. Plant, Cell and Environment
14(8):819-830.

Herbaceous C3 plants grown in elevated CO2 show increases in carbon
assimilation and carbohydrate accumulation (particularly starch) within
source leaves. Although changesin the partitioning of biomass between
root and shoot occur, the proportion of this extra assimilate made
available for sink growth is not known. Root:shoot ratios tend to
increase for CO2-enriched herbaceous plants and decrease for CO2-
enriched trees. Root:shoot ratios for cereals tend to remain constant. In
contrast, elevated temperatures decrease carbohydrate accumulation
within source and sink regions of a plant and decrease root:shoot ratios.
Allometric analysisof at | east two species showing changesin root:shoot
ratios due to elevated CO2 show no alteration in the whole-plant
partitioning of biomass. Little information is available for interactions
between temperature and CO2. Cold-adapted plants show little response
to elevated levels of CO2, with some species showing a decline in
biomass accumulation. In general though, increasing temperature will
increase sucrose synthesis, transport and utilization for CO2-enriched
plants and decrease carbohydrate accumulation within the leaf.
Literaturereports are discussed in relation to the hypothesisthat sucrose
isamajor factor in the control of plant carbon partitioning. A model is
presented in support.
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Favis-Mortlock, D.T., and S.J.T. Guerra. 1999. The implications of
general circulation model estimates of rainfall for future erosion: a case
study from Brazil. Catena 37(3-4):329-354.

One consequence of global change will be shifts in the probability of
occurrence of soil erosion by water. This could have serious
consequences for those areas of the world which are present-day
'hotspots for erosion. By means of a case study, this paper suggests an
approach to quantifying the changein risk of serious erosion for sitesin
such areas. The case study focuses on future erosion under intensive
soya bean cultivation in the Mate Grosso area of Brazil. On the ared's
highly erodible latosols, current erosion problems are severe. Scenarios
of change future climate change are taken from general circulation
models(GCM ) and used to perturb current- climate weather data. These
areinput to an erosion model (water erosion prediction project (WEPP)-
C02), together with local knowledge regarding current and probable
future land use, in order to estimate future changes in erosion rates.
WEPP- simulated average annual sediment yield increasesin one of the
scenarios and decreases in the other two, reflecting the range of
uncertainty in predictions of future rainfall. Using the 'best-guess
climate scenario from the UK Meteorological OfficesHADCM2 GCM,
the increase in mean annual sediment yield is 27%. Increases are
disproportionately greater in wetter years. Average rates for individual
monthsincrease by over 100%. Erosion increases most on those parts of
the hillslope profile which are currently hardest-hit by erosion. At
present, an annual sediment yield of 5t ha(-1) is currently exceeded in
about 1 year in 2. The HADCM?2 simulations suggest that an equal or
greater rate will occur in about 70% of years by around 2050. A rate of
at least 10t ha(-1) yr(-1) iscurrently exceeded in about 1 year in 5. The
HADCM2 simulations suggest that this will rise, to about 1 year in 4.
(C) 1999 Elsevier Science B.V. All rights reserved.
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Fearnside, P.M. 1999. Plantation forestry in Brazil: the potential
impacts of climatic change. Biomass & Bioenergy 16(2):91-102.

Most climatic changes predicted to occur in Brazil would reduce yields
of silvicultural plantations, mainly through increased frequency and
severity of droughts brought on by global warming and by reduction of
water vapor sources in Amazonia caused by deforestation. Some
additional negativeeffectscould result from changesin temperature, and
positiveeffectscould result from CO2 enrichment. Thenet effectswould
be negative, forcing the country to expand plantations onto less-
productive land, requiring increased plantation area land consequent
economic losses) out of proportion to the climatic change itself. These
impacts would affect carbon sequestration and storage consequences of
any plans for subsidizing silviculture as a global warming mitigation
option. Climate change can be expected to increase the area of
plantations needed to supply projected internal demand for and exports
of end productsfrom Brazil. June-July-August (dry season) precipitation
reductions indicated by simulations reported by the Intergovernmental
Panel on Climate Change (IPCC) correspond to rainfall declinesin this
critical season of approximately 34% in Amazonia, 39% in Southern
Brazil and 61% in the Northeast. As an example, if rainfall in Brazilian
plantation areas (most of which are now in Southern Brazil) were to
decline by 50%, the area needed in 2050 would expand by an estimated
38% over the constant climate case, bringing thetotal plantation areato
4.5 times the 1991 area. These large areas of additional plantations
imply substantial social and environmental impacts. Further addition of



plantation area as a global warming response option would augment
these impacts, indicating the need for caution in evaluating carbon
sequestration proposals. (C) 1999 Elsevier Science Ltd. All rights
reserved.
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Feng, X.H.,and S. Epstein. 1996. Climatic trendsfromisotopicrecords
of treerings: The past 100-200 years. Climatic Change 33(4):551-562.

There has been a great deal of discussion about global warming from
accumulation of anthropogenic greenhouse gases in the atmosphere
(Houghton et al., 1990). Relatively less attention has been paid to spatial
and/or temporal climatic variations that may be associated with a
warmer climate (Rind et a., 1989) or with anthropogenic activities
(Schneider, 1994). In this article; we show that an increasein climatic
variability may have started. Fourteen isotopic time series of treerings
are presented. These trees were randomly collected from world- wide
locations and cover time periods of 120 to over 200 years. The isotopic
records show increasing delta D values that suggest a consistent and
progressive warming occurred in the 19th century in all locations where
the trees were sampled. Therate of warming is greater at relatively cold
locations than at warm locations with two exceptions. The records also
suggest greater climatic variations both temporally and spatialy in the
20th century than in the 19th century.
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Ferguson, S.A. 1997. A climate-changescenariofor the ColumbiaRiver
basin. Usda Forest Service Pacific Northwest Research Sation
Research Paper (499): CP1-CP&.

This work describes the method used to generate a climate- change
scenario for the Columbia River basin. The scenario considers climate
patterns that may change if the atmospheric concentration of carbon
dioxide (CO2), or its greenhouse gas equivalent, were to double over
pre-Industrial Revolution values. Given the current rate of increase in
atmospheric CO2 concentration, doubling could occur within the next
5010100 years. The ColumbiaRiver basinisin atransition climate zone
between predominating maritime to the west, arctic to the north, and
continental to the east. Consequently, it is difficult to characterize
through means and averages. Therefore, many of the current stochastic
methods for developing climate-change scenarios cannot directly apply
to the basin. To circumvent this problem, a composite approach was
taken to generate a climate scenario that considers knowledge of current
regional climate controls, available output from general circulation and
regional climate models, and observed changesin climate. Theresulting
climate-change scenario suggests that precipitation could increase
substantially during winter (+20 to +50 percent) and moderately during
spring and autumn (+5 to +35 percent). A dlight decrease (0 to -5
percent) in summer precipitation is possible, except for the southeastern
portions of the basin that may experience an increase in convective
precipitation (+5 percent). Low- elevation (<1 kilometer) temperatures
throughout the year may increase 1 to 3 degrees C, with greatest
increases during winter. This amount of temperature changeis possible
because of an expected loss of low-elevation snow cover. At high
elevations, increased cloud cover could cause average temperatures to
decrease during winter but be synchronized with possible warming at
low elevations during summer. The diurnal range of temperature could
decrease, especially in summer and autumn.

KEYWORDS:

INCOMPLETE, MODEL, PRECIPITATION,

TEMPERATURE, UNITED-STATES

648

Fernandez, M.D., A. Pieters, C. Donoso, W. Tezara, M. Azkue, C.
Herrera, E. Rengifo,and A. Herrera. 1998. Effectsof anatural source
of very high CO2 concentration on the leaf gas exchange, xylem water
potential and stomatal characteristics of plants of Spatiphylum
cannifolium and Bauhinia multinervia. New Phytologist 138(4):689-
697.

The effect of a very high CO2 mole fraction (27 000-35 000 mu mol
mol(-1)) on photosynthesis and water relations was studied during the
dry and therainy season in plantsof Spatiphylum cannifolium (Dryand.)
Schott and Bauhiniamultinervia(H.B.K.) DC. growing near natural cold
CO2 springs. Xylem water potential in plants of both species was
lowered by drought, high CO2 growth-concentration decreasing it
further in S. cannifolium. In plants of both species growing under high
CO2 concentration photosynthetic rates measured at a CO2 mole
fraction of 1000 mu mol mol(-1) were higher than in plants growing at
ambient CO2 mole fraction and measured at 350 mu mol mol(-1). The
response was the result of a direct effect of CO2 on the photosynthetic
machinery. Changesin carboxylation efficiency in responseto high CO2
were found during the rainy season, with an increasein S. cannifolium
and a decrease in B. multinervia; a significant interaction between
growth CO2 concentration and season in B. multinervia resulted from
significant effects of both factors. An increase in intrinsic water-use
efficiency due to high CO2 was determined in both species by an
increasein photosynthetic rate aswell asadecreasein leaf conductance.
In high-CO2 plants of S. cannifolium a 71 % decrease in stomatal
density and 73 % in stomatal index suggested that CO2 affected
stomatal initiation, whereas in B. multinervia an 85 % decrease in
stomatal index and a 72 % decrease in stomatal density indicated that
CO2 influenced stomatal initiation aswell as epidermal cell expansion.
Our results indicate that very high CO2 concentrations did not inhibit
photosynthesis in these species, and that growth under high CO2
allowed plants to attain carbon balances higher than those of plants
growing under low CO2. Thiswas particularly so during the dry season,
since the photosynthetic rates at the corresponding ambient
concentrationwerehigher in plantsnearer the springs, and carboxylation
efficiency and some stomatal characteristics of both species apparently
acclimated to high CO2, but patterns were not consistent and bore no
obvious relationship to photosynthetic capacity.
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FerrarioMery, S., M.C. Thibaud, T. Betsche, M.H. Valadier, and
C.H. Foyer. 1997. Modulation of carbon and nitrogen metabolism, and
of nitrate reductase, in untransformed and transformed Nicotiana
plumbaginifoliaduring CO2 enrichment of plantsgrown in potsand in
hydroponic culture. Planta 202(4):510-521.

Transformed plants of Nicotiana plumbaginifolia Viv. constitutively
expressing nitratereductase (35S-NR) or beta- glucuronidase (35S-GUS)
and untransformed controls were grown for two weeks in a CO2-
enriched atmosphere. Whereas CO2 enrichment (1000 mu |. 1(-1))
resulted in an increasein the carbon (C) to nitrogen (N) ratio of both the
tobacco lines grown in pots with vermiculite, the C/N ratio was only
dightly modified when plants were grown in hydroponic culturein high
CO2 compared tothosegrowninair. Constitutivenitratereductase (NR)
expression per se did not change the C/N ratio of the shoots or roots.
Biomass accumulation was similar in both types of plant when
hydroponic or pot-grown material, grown in air or high CO2, were



compared. Shoot dry matter accumulation was primarily related to the
presence of stored carbohydrate (starch and sucrose) in theleaves. Inthe
pot- grown tobacco, growth at elevated CO2 |evel s caused aconcomitant
decrease in the N content of the leaves involving losses in NO3- and
amino contrast, the N content and composition weresimilar in al plants
grown in hydroponic culture. The35S-NR plantsgrowninair had higher
foliar maximum extractable NR activitiesand increased glutaminelevels
(on a chlorophyll or protein basis) than the untransformed controls.
These increases were maintained following CO2 enrichment when the
plants were grown in hydroponic culture, suggesting that an increased
flux through nitrogen assimilation was possible in the 35S-NR plants.
Under CO2 enrichment the NR activation statein the leaveswas similar
in al plants. When the 355-NR plants were grown in pots, however,
foliar NR activity and glutamine content fell in the 35S-NR
transformants to levels similar to those of the untransformed controls.
The differences in NR activity between untransformed and 35S-NR
leaves were much less pronounced in the hydroponic than in the pst-
grown material but the difference in total extractable NR activity was
more marked following CO2 enrichment. Foliar NR messagelevelswere
decreased by CO2 enrichment in all growth conditions but this was
much more pronounced in pot-grown materia than in that grown
hydroponically. Since beta-glucuronidase (GUS) activity and message
levels in 35S-GUS plants grown under the same conditions of CO2
enrichment (to test the effects of CO2 enrichment on the activity of the
35S promoter) werefound to be constant, we conclude that NR message
turnover was specifically accelerated in the 35S-NR plantsaswell asin
theuntransformed control sasaresult of CO2 enrichment. Themolecular
and metabolic signals involved in increased NR message and protein
turnover are not known but possible effecters include NO3-, glutamine
and asparagine. We conclude that plants grown in hydroponic culture
have greater access to N than those grown in pots. Regardless of the
culture method, CO2 enrichment has a direct effect on NR mRNA
stability.
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Ferris, R., |. Nijs, T. Behaeghe, and |. Impens. 1996. Contrasting
CO2 and temperature effects on leaf growth of perennial ryegrass in
spring and summer. Journal of Experimental Botany 47(301):1033-
1043.

The effects of increased atmospheric carbon dioxide (CO2) of 700 mu
mol mol(-1) and increased air temperature of +4 degrees C were
examined in Lolium perenne L. cv. Vigor, growing in semi-controlled
greenhouses, Leaf growth, segmental elongation rates (SER), water
relations, cell wall (tensiometric) extensibility (%P) and epidermal cell
lengths (ECL) were measured in expanding leaves in spring and
summer. In elevated CO2, shoot dry weight (SDW) increased in mid-
summer, In both seasons, SDW decreased in elevated air temperatures
with this reduction being greater in summer as compared to spring,
Specific leaf area (SLA) decreased in elevated CO2 and in CO2 x
temperaturein both seasons, In spring, increased | eaf extension and SER
in elevated CO2 were linked with increased ECL, %P and final leaf size
whilst in summer all were reduced, In high temperature, leaf extension,
SER, %P and final leaf size were reduced in both seasons. In elevated
CO2 x temperature, leaf extension, SER, %P, and ECL increased in
spring, but final leaf size remained unaltered, whilst in summer all
decreased. Mid-morning water potential did not differ with CO2 or
temperature treatments. Leaf turgor pressureincreased in elevated CO2
in spring and remained similar to the control in summer whilst solute
potential decreased in spring and increased in summer, Contrasting
seasonal growth responses of L. perenne in response to elevated CO2
and temperature suggests pasture management may changein thefuture,

The grazing season may be prolonged, but whole season productivity
may become more variable than today.
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Ferris, R., . Nijs, T. Behaeghe, and |. Impens. 1996. Elevated CO2
and temperature have different effects on leaf anatomy of perennial
ryegrass in spring and summer. Annals of Botany 78(4):489-497.

Mature second leaves of Lolium perenne L. cv. Vigor, were sampled in
a spring and summer regrowth period. Effects of CO2 enrichment and
increased air temperature on stomatal density, stomatal index, guard cell
length, epidermal cell density, epidermal cell length and mesophyll cell
area were examined for different positions on the leaf and seasons of
growth. Leaf stomatal density was smaller in spring but greater in
summer in elevated CO2 and higher in both seasons in elevated
temperatureand in elevated CO2 x temperature relativeto therespective
contrals. In spring, leaf stomatal index was reduced in elevated CO2 but
in summer it varied with position on the leaf. In elevated temperature,
stomatal index in both seasonswaslower at thetip/middle of theleaf but
slightly higher at the base. In elevated CO2 x temperature, stomatal
index varied with position on the leaf and between seasons. Leaf
epidermal cell density was higher in all treatments relative to controls
except in elevated CO2 (spring) and elevated CO2 x temperature
(summer), it was reduced at the leaf base. In all treatments, stomatal
density and epidermal cell density declined from leaf tip to base, whilst
guard cell length showed an inverserelationship, increasing towardsthe
base. Leaf epidermal cell length and mesophyll cell area increased in
elevated CO2 in spring and decreased in summer. In elevated CO2 x
temperature leaf epidermal cell length remained unaltered in spring
compared tothecontrol but decreased in summer. Stomatal conductance
was lower in all treatments except in summer in elevated CO2 it was
higher thanin theambient CO2. These contrasting responsesin anatomy
to elevated CO2 and temperature provide information that might
account. for differences in seasonal leaf area development observed in
L. perenne under the same conditions. (C) 1996 Annals of Botany
Company
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Ferris, R.,and G. Taylor. 1993. Contrasting effects of dlevated co2 on
the root and shoot growth of 4 native herbs commonly found in chalk
grassland. New Phytologist 125(4):855-866.

Theaim of this study wasto investigate theimpact of ambient (345 mu
11(-1)) and elevated (590 mu | I(-1)) CO2 on the root and shoot growth
of four native chalk grassland herbs: Sanguisorba minor Scop. (salad
burnet), LotuscorniculatusL. (birdsfoot trefoil), Anthyllisvulnerarial.
(kidney vetch) and Plantage media L. (hoary plantain). Elevated CO2
had contrasting effects on both shoot and root growth of thefour species
studied. Both leaf expansion and production werestimulated by elevated
CO2for S. minor, L. corniculatusand P. media, whilst for A. vulneraria,
only leaflet shape appeared to be atered by elevated CO2, with the
production of broader | eaflets, compared with those produced in ambient
CO2. After 100 d shoot biomass was enhanced in elevated CO2 for S.
minor and L. corniculatus, whilst therewas no effect of elevated CO2 on
shoot biomassfor A. vulnerariaor P. media. Contrasting effects of CO2
were also apparent for measurements of specific leaf area (SLA), which



increased for L. corniculatus, decreased for A. vulneraria and remained
unaltered for S. minor and P. mediain elevated compared with ambient
CO2. Elevated CO2 also had contrasting effects on both the growth and
morphology of roots. The accumulation of root biomass was stimulated
following exposure to elevated CO2 for S. minor and L. corniculatus
whilst there was no effect on root biomassfor A. vulnerariaor P. media.
Root length was measured on three occasions during the 100 d and
revealed that exposure to elevated CO2 promoted root extension in S.
minor, L. corniculatus and P. media, but not in A. vulneraria. Specific
root length (SRL, length per unit dry weight) was increased in elevated
CO2 for one species, P. media, whilst the root to shoot ratio of al four
speciesremai ned unchanged by CO2. Theseresultsshow that four native
herbsdiffer intheir responseto CO2, suggesting that the structure of this
plant community may be altered in the future.
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Ferris, R., and G. Taylor. 1994. Elevated co2, water relations and
biophysicsof |eaf extensionin 4 chalk grassland herbs. New Phytol ogi st
127(2):297-307.

Diurnal measurements of leaf or leaflet extension, water relations and
cell wall extensibility (phi) were made on young growing leaves of four
chalk downland herbs (Sanguisorbaminor Scop., LotuscorniculatusL.,
Anthyllis vulneraria L. and Plantago media L.) growing in controlled
environment cabinets and exposed to either ambient or elevated CO2.
This study revealed differences in the effect of CO2 and the control of
leaf growth between the four species. Leaf extension rate (LER)
increased significantly at night (average over 8 h) in elevated CO2 for
S. minor, A. vulnerariaand P. mediawith asignificant increase over the
first 4 h of darkness for S. mines, L. corniculatus and P. media, whilst
for S. minor and P. media average day-time LER (over 16 h) aso
increased significantly in elevated CO2 as compared with ambient CO2.
Water potentia (Psi), solute potential (Psi(s)), turgor pressure (P), yield
turgor (Y) and the effective turgor for growth (Pe) were measured using
psychrometers. Solute potentialsof S. minor, A. vulnerariaacid P. media
decreased significantly following exposure to elevated CO2 with a
significant reduction in Psi(s) during the day in A. vulneraria. Turgor
pressure increased significantly in elevated CO2 as compared with
ambient CO2 in A. vulneraria but there was no effect of elevated CO2
on P in the other species. No effects of CO2 on Psi, Y or Pe were
observed. Leaf cell wall extensibility (phi) increased significantly in
leaves of S. minor, L. corniculatus and P. media exposed to elevated
CO2, whereas in A. vulneraria, there was no effect of CO2 on
extensibility. These results suggest that the mechanism by which
elevated CO2 promotes leaf growth differs between species sincein S.
minor, L. corniculatus and P. media, CO2 promoted growth through an
influence on cell wall properties, whilst in A. vulneraria, higher values
of P explain theincreased leaf growth in elevated CO2 for this species.

KEYWORDS. EXPANSION, LEAVES, PHOTOSYNTHESS, PLANT-
CELL GROWTH, PRODUCTIVITY, SALIX-VIMINALIS,
TEMPERATURE, WALL EXTENSIBILITY, XYLOGLUCAN
ENDOTRANSGLYCOSYLASE, YIELD TURGOR

654

Ferris,R.,and G. Taylor. 1994. Increased root-growth in elevated co2
- abiophysical analysisof root cell elongation. Journal of Experimental
Botany 45(280):1603-1612.

A biophysical analysis of root expansion was conducted in four chalk
downland herbs (Sanguisorba minor Scop., Lotus corniculatus L.,

AnthyllisvulnerariaL. and Plantago mediaL .) exposed to either ambient
or elevated CO, in controlled environment cabinets. Measurements of
fine (F) and extra-fine (EF) root extension rate (RER), water relations,
and cell wall tensiometric extensibility revealed differences in the
diurnal pattern of root growth between species. After 35 d of exposure
to elevated CO2, RER of both F and EF roots increased significantly in
darkness and on illumination for S. minor, whilst for A. vulneraria (EF
roots only) and L. corniculatus a significant increase occurred at night
whereas for P. media a significant increase occurred during the day.
Cells measured in the zone of elongation were longer in all species
exposed to elevated CO2. Water potential (Psi), solutepotential (Psi(s)),
turgor pressure (P), yield turgor (Y) and effective turgor (Pe) were
measured by stressrelaxation of excised root tips placed in
psychrometers. Solute potentials decreased significantly for all species
following exposure to elevated CO2. In S. minor and L. corniculatus, P
and Pe, respectively, werehigher in elevated CO2. No significant effects
of CO2 on Y were observed (not shown). Root cell wall tensiometric
extensibility, measured as % plasticity, increased in all species exposed
to elevated CO2. These results suggest that root growth is enhanced
following increased cell expansion and that increased P and cell wall
tensiometric extensibility are both important for root growth in elevated
COo2.
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655
Ferris, R., and G. Taylor. 1994. Stomatal characteristics of 4 native
herbs following exposure to elevated co2. Annals of Botany 73(4):447-
453.
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Ferris, R., and G. Taylor. 1995. Contrasting effects of elevated CO2
and water deficit on two native herbs. New Phytol ogist 131(4):491-501.

This study investigated the effects of carbon dioxide (CO2) enrichment
and soil water deficit on the water use efficiency (WUE) and growth of
Sanguisorba minor Scop. (salad burnet) and Anthyllis vulneraria L.
(kidney vetch), growingin controlled environments. InstantaneousWUE
(IWUE) increased in both species in elevated CO2, with a higher
averageincreasein unwatered (UW) A. vulnerariaover thedrying cycle.
Total plant WUE of A. vulnerariaincreased in elevated CO2 and under
water deficit: the UW plants in elevated CO2 had higher WUE and
reduced water |oss. By contrast, thee was only an effect of water supply
on S. minor: total plant WUE increased and water |oss decreased in the
UW plantsin both CO2 treatments. Total apparent root length (ARL) of
both species increased with CO2 enrichment and in UW S. minor total
ARL was increased. By contrast, for A. vulneraria, total ARL of UW
plants increased in ambient CO2, but decreased in elevated CO2 as
compared with well-watered (WW) plants. Shoot dry weight (SDW) and
root dry weight increased in both species (WW and UW) with CO2
enrichment. For UW S. minor, SDW decreased relativeto WW plantsin
both CO2 treatments. By contrast, ANOV A showed no significant effect
of water supply on SDW of A. vulneraria. Leaflet length increased in
both speciesin elevated CO2 and decreased following drought. Cell wall
tensiometric extensibility (%P) increased in expanding leaves of S.
minor in elevated CO2 and for both species %P decreased in the UW
plants as compared with those WW. Leaf water potential (Psi) of both
species was lower in growing leaves of WW plants in elevated CO2.
Water deficit reduced the Psi of growing leavesin both CO2 treatments.



Thedifferent responses of these species suggest that in adrier, enriched
CO2 environment survival inacommunity might depend on their ability
to maintain growth at the same time as conserving water.
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Ferris,R., T.R. Wheeler, R.H. Ellis, and P. Hadley. 1999. Seed yield
after environmental stressin soybean grown under elevated CO2. Crop
Science 39(3):710-718.

Episodes of high temperature and drought are predicted to occur more
frequently under conditions of future climate change, This study
investigated whether an episode of high air temperature (HT + 15
degrees C), water deficit (WD), or both (HTWD), for 8 d, had the same
effectson theyield of soybean [Glycinemax (L.) Merrill, cv. Fiskeby V]
grown under either ambient (aCO(2); 360 mu mol mol(-1) CO2) or
elevated (eCO(2); 700 mumol mol(-1) CO2) CO2 concentrations. Plants
weregrown in aglasshouseat either aCO(2) or at eCO(2) until 52 d after
sowing (DAS). The 8-d stress treatments were then imposed before the
plants were returned to their original environments. Across harvests,
total biomass was 41% greater under eCO(2) than under aCO(2) but
reduced by HT, WD, and HTWD under both CO2 concentrations, The
relative response of total biomassto HT,WD, and HTWD episodes was
the samefor plants grown under either aCO(2) or eCO(2). At maturity,
seed dry weight and number per plant under eCO(2) were increased by
an average of 32 and 22%, respectively, compared with aCO(2). The
same parameters were reduced after HTWD by 29 and 30%,
respectively, in aCO(2) and eCO(2), Seed filling was earlier under HT
and HTWD Therate of changein harvest index was unaltered by CO2
while under HTWD, it decreased. Seed number explained 85% of the
variation in yield, but yield was also related linearly to photosynthesis
during seed filling, suggesting both areimportant determinants of yields
under stress.
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Ferris, R., T.R. Wheeler, P. Hadley, and R.H. Ellis. 1998. Recovery
of photosynthesis after environmental stress in soybean grown under
elevated CO2. Crop Science 38(4):948-955.

Episodes of high temperature and water deficit may be more frequent
under predicted future climates of warmer mean temperatures and
elevated CO2. This study investigated whether the effects of an episode
of high sir temperature (HT, 43 degrees C as a daily maximum), water
deficit (WD), or both, had the same effect on the recovery of
photosynthesis and on leaf water relations of soybean [Glycinemax (L.)
Merr., cv. Fiskeby V] grown at ambient CO2 (aCO(2)) or elevated CO2
(eCO(2)). An 8-d period of HT, WD, or both (HTWD) were imposed
during early seed filling of soybean grown in glasshouses at either 362
or 685 mu mol mol(-1) CO2. Photosynthesis (Amax), stomatal
conductance(g(s)), and water relationsweremeasured in fully expanded
upper-canopy leaves. Immediately after the 8-d treatments at 60 d after
sowing (DAS), Amax was reduced by 31, 48, and 64% in aCO(2) and
by 28, 39, and 49% in eCO(2) under HT, WD, and HTWD, respectively,
but no significant interactions were detected. At 60 DAS, g(s) was
reduced by WD and HTWD in aCO(2) but not by HT while there was
little change in g(s) by WD, HT, and HTWD under eCO(2). Amar fully
recovered under WD in eCO(2) by 66 DAS, while Amax remained
reduced under WD in aCO(2). Under each CO2 concentration, almost

full recovery of Amar occurred under HT by 75 DAS but under HTWD
Amar never attained control values. At 60 DAS, early morning leaf water
potential (Psi) was lower after HT, WD, and HTWD and Amax was a
negativefunction of Psi, at each CO2 concentration. Theresults suggest
that full recovery of Amax from WD was only possible under eCO(2),
because at aCO(2), immediately after the stress episode, Psi was below
the threshold for chloroplast damage.
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Field, C.B. 1994. Carbon-cycle - arctic chill for co2 uptake. Nature
371(6497):472-473.
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Field, C.B., F.S. Chapin, P.A. Matson, and H.A. Mooney. 1992.
Responses of terrestrial ecosystems to the changing atmosphere - a
resource-based approach. Annual Review of Ecology and Systematics
23:201-235.
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Field, C.B., R.B. Jackson, and H.A. Mooney. 1995. Stomatal
responses to increased co2 - implications from the plant to the global-
scale. Plant, Cell and Environment 18(10): 1214-1225.

Increased atmospheric CO2 Often but not alwaysleadsto large decreases
in leaf conductance, Decreased leaf conductance has important
implications for a number of components of CO2 responses, from the
plant to the global scale, All of the factors that are sensitive to achange
in soil moisture, either amount or timing, may be affected by increased
CO2. The list of potentiadly sensitive processes includes soil
evaporation, run- off, decomposition, and physiological adjustments of
plants, as well as factors such as canopy development and the
composition of the plant and microbial communities, Experimental
evidence concerning ecosystem-scale consequences of the effects of
CO2 on water use is only beginning to accumulate, but the initial
indication is that, in water-limited areas, the effects of CO2- induced
changes in leaf conductance are comparable in importance to those of
CO2-induced changesin photosynthesis, Abovetheleaf scale, anumber
of processes interact to modulate the response of canopy or regional
evapotranspiration to increased CO2. While some components of these
processestend to amplify the sensitivity of evapotranspiration to altered
leaf conductance, the most likely overall pattern is one in which the
responses of canopy and regional evapotranspiration are substantially
smaller than the responses of canopy conductance, The effects of
increased CO2 on canopy evapotranspiration arelikely to be smallestin
aerodynamically smooth canopies with high leaf conductances, Under
thesecircumstances, which arelargely restricted to agriculture, decreases
in evapotranspiration may be only one-fourth as large as decreases in
canopy conductance, Decreased canopy conductancesover largeregions
may lead to atered climate, including increased temperature and
decreased precipitation, The simulation experiments to date predict
small effectsglobally, but thesecould beimportant regionally, especially



in combination with radiative (greenhouse) effects of increased CO2.
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Field, C.B., C.P. Lund, N.R. Chiariello, and B.E. Mortimer. 1997.
CO2 effects on the water budget of grassland microcosm communities.
Global Change Biology 3(3):197-206.

Experimental grassland ecosystems, in microcosms 0.2 m in diameter
and with a 0.95 m soil column, varied in their responses to elevated
partial pressure of CO2 (pCO(2)) and altered moisture inputs.
Ecosystems on moderately fertile sandstone soil and with atypical mix
of moderately fast- growing sandstone species, responded to elevated
pCO(2) with decreasesin mid-season evapotranspiration of nearly 50%.
This pattern reversed at the end of the growing season, and sandstone
ecosystemsunder elevated pCO(2) continued activetranspiration farther
into thesummer drought. The sandstone ecosystems appeared to convert
mid-season water conservationintoincreased late-season growth. Effects
of increased pCO(2) on ecosystem evapotranspiration were much
smaller in ecosystems with very infertile serpentine soil and a diverse
mixture of slow-growing serpentine species.
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Field, C.D. 1995. Impact of expected climate-change on mangroves.
Hydrobiologia 295(1-3): 75-81.

Thereis aconsensus of scientific opinion that the activities of man will
cause a significant change in the global climate over the next hundred
years. Therising level of carbon dioxideand other industrial gasesinthe
atmosphere may lead to global warming with an accompanying risein
sea-level. Mangrove ecosystems grow in the intertidal zonesiin tropical
and sub- tropical regions and are likely to be early indicators of the
effectsof climatechange. Thebest estimatesof predicted climatechange
intheliteraturearepresented. It issuggested that arisein mean sea-level
may be the most important factor influencing the future distribution of
mangroves but that the effect will vary dramatically depending on the
local rate of sea-level rise and the availability of sediment to support
reestablishment of the mangroves. The predicted rise in mean air
temperaturewill probably be of little consequenceto the devel opment of
mangroves in general but it may mean that the presence of mangroves
will move further north and south, though thiswill depend on anumber
of additional factors. The effect of enhanced atmospheric CO2 on the
growth of mangroves is unknown at this time but that there is some
evidence that not all species of mangroves will respond similarly. The
socio- economic impacts of the effects of climate change on mangrove
ecosystems may includeincreased risk of flooding, increased erosion of
coast lines, salineintrusion and increased storm surges.
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Fierro,A.,N. Tremblay, and A. Gosselin. 1994. Supplemental carbon-
dioxide and light improved tomato and pepper seedling growth and
yield. Hortscience 29(3): 152-154.

The experiment was conducted to determine the effects of CO2
enrichment (900 mul.liter-1, 8 hours/day) in combination with
supplementary lighting of 100 mumol.s-1.m-2 (16-h photoperiod) on
tomato (Lycopersicon esculentum Mill.) and sweet pepper (Capsicum
annuum L.) seedling growth in the greenhouse and subsequent yield in
thefield. Enrichment with CO2 and supplementary lighting for almost-
equal-to 3 weeks before transplanting increased accumulation of dry
matter in shoots by almost-equal-to 50% compared with the control,
while root dry weight increased 49% for tomato and 62% for pepper.
Early yields increased by almost-equal-to 15% and 11% for tomato and

pepper, respectively.
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Figueira, A., and J. Janick. 1994. Optimizing carbon-dioxideand light
levels during in-vitro culture of theobroma-cacao. Journal of the
American Society for Horticultural Science 119(4):865-871.

In vitro culture of axillary cotyledonary shoots of Theobroma cacao L.
(cacao) under increasing CO2 concentration from ambient to 24,000
ppm (culture tube levels) significantly increased total shoot elongation,
number of leaves, leaf area per explant, and shoot dry and fresh weight.
Although light was necessary for the CO2 response, the effect of various
photon fluxes was not significant for the measured growth parameters.
Net photosynthesis estimated on the basis of CO2 depletion in culture
tubesincreased 3.5 timesfrom 463 to 2639 ppm CO2, and increased 1.5
times from 2639 to 14,849 ppm CO2, but declined from 14,849 to
24,015 ppm CO2. Ethylene concentration in culture vessels increased
under enriched CO2 conditions. Depletion of nutrients (fructose, K, Ca,
Mg, and P) from the medium was increased under enriched CO2
conditions.
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Figueira, A., A. Whipkey, and J. Janick. 1991. Increased co2 and light
promote invitro shoot growth and development of theobroma-cacao.
Journal of the American Society for Horticultural Science 116(3):585-
589.

Axillary shoots of cacao (Theobroma cacao L.), induced in vitro with
cytokinins (BA or TDZ), elongated and produced leaves only in the
presence of cotyledons and/or roots. Detached axillary shoots, which do
not grow invitro under conventional tissuecultureprotocols, rooted with
auxin and developed normally in vivo. Detached axillary shoots from
cotyledonary nodes and single-node cuttings from mature plants were
induced to elongateand produce normal leavesin the presence of 20,000
ppm CO2 and a photosynthetic photon flux density (PPFD) of 150 to
200-mu-mol.s-1.m-2. Subcultured nodal cuttings continued to elongate
and produce leaves under elevated CO2 and light levels, and some
formed roots. Subculture of microcuttings under CO2 enrichment could
bethebasisfor arapid system of micropropagation for cacao. Chemical
names used: N- (phenylmethyl)-1H-purin-6-amine (BA); 1H-indole-3-
butyric acid (IBA); alpha-naphthaleneacetic acid (NAA); thidiazuron
(TDZ).

KEYWORDS CULTIVATED INVITRO, L VAR AMELONADO,
PROLIFERATION, PROPAGATION, TISSUES

667
Finlayson, S.A., and D.M. Reid. 1996. The effect of CO2 On ethylene
evolution and elongation ratein roots of sunflower (Helianthus annuus)



seedlings. Physiologia Plantarum 98(4):875-881.

Both carbon dioxide and ethylene can affect the rate of root elongation.
Carbon dioxidecan a so promoteethylenebi osynthesi sby enhancing the
activity of 1-aminocylopropane-1- carboxylicacid (ACC) oxidase. Since
the amount of CO2 in the soil air, and in the atmosphere surrounding
roots held in enclosed containers, is known to vary widely, we
investigated the effects of varying CO2 concentrations on ethylene
production by excised and intact sunflower roots (Helianthus annuusL.
cv. Dahlgren 131). Seedlings were germinated in an aeroponic system
in which the roots hung freely in a chamber and were misted with
nutrient solution. This allowed for treatment, manipulation and harvest
of undamaged and minimally disturbed roots. While exposure of excised
roots to 0.5% CO2 could produce a small increase in ethylene
production (compared to rootsin ambient CO2), CO2 concentrations of
2% and above always inhibited ethylene evolution. This inhibition of
ethylene production by CO2 was attributed to a reduction in the
availability of ACC; however, elevated CO2 had no effect on ACC
oxidase activity. ACC levelsin excised roots were depressed by CO2 at
a concentration of 2% (as compared to ambient CO2), but h-malonyl-
ACC (MACC) levels were not affected. Treating intact roots with 2%
CO2 inhibited elongation by over 50%. Maximum inhibition of
elongation occurred 1 h after the CO2 treatment began, but elongation
rates returned to untreated values by 6 h. Supplying these same intact
roots with 2% CO2 did not alter ethylene evolution. Thus, in excised
sunflower roots 2% CO2 treatment reduces ethylene evolution by
lowering the availability of ACC. Intact seedlings respond differently in
that 2% CO2 does not affect ethylene production in roots. These intact
roots also temporarily exhibit a significantly reduced rate of elongation
in response to 2% CO2.
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FORMING ENZYME, GROWTH, PLANTS, RESPIRATION, SOIL O2,
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Firbank, L.G., A.R. Watkinson, L.R. Norton, and T.W. Ashenden.
1995. Plant-populations and global environmental-change - the effects
of different temperature, carbon-dioxideand nutrient regimeson density-
dependence in populations of vulpia-ciliata. Functional Ecology
9(3):432-441.

1. Monocultures of Vulpia ciliata spp. ambigua were subjected to a
range of temperatures, CO2, nutrient and density regimesin afactorial
design housed within solar-domes. Temperature treatments were
imposed at ambient and +3 degrees C levels, CO2 at ambient and +340
ppm, and therewerethreelevelsof nutrientsand eight levelsof densities
ranging from 156 to 31250 seeds m(-2). The abiotic treatments were
imposed after emergence. 2. There was little mortality and this was
unrelated to the treatments. Plants grew more quickly at the high
temperature, high nutrient and low density regimes, and flowering was
earlier at the high temperature regime. 3. At seed set, biomass per plant
and seed production per plant were analysed by analysis of varianceand
by fitting mean yield- density models expanded to account for different
environmental conditions. Biomass and fecundity were greatest at high
temperature, high nutrient and low density regimes. Allocation of
biomass to shoots was greater at the high temperatures, as were seed
number/shoot biomass ratios. Any effects of CO2 were negligible. The
parameter b describing the nature of the relationship between seed
production per plant and density was always less than unity but was
greater at the higher temperature regime. The response to density was
thereforeundercompensatinginall conditions, implyingthat populations
would display monotonic damping to equilibrium densities. 4. Under
proposed future environmental regimes, V. ciliata has the capacity for
more rapid population growth from low levels and for a northwards
range shift. However, if open ground is not maintained, its habitat may

become dominated by species that are more competitive or that have a
higher rate of increase.
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Fischer, B.U., M. Frehner, T. Hebeisen, S. Zanetti, F. Stadelmann,
A. Luscher, U.A. Hartwig, G.R. Hendrey, H. Blum, and J.
Nosberger. 1997. Source-sink relations in Lolium perenne L. as
reflected by carbohydrate concentrations in leaves and pseudo-stems
during regrowth in a free air carbon dioxide enrichment (FACE)
experiment. Plant, Cell and Environment 20(7):945-952.

The effect of an elevated partia pressure of CO2 (P-CO2) on
carbohydrate concentrationsin source leaves and pseudostems (stubbl )
of Lolium perenneL., (perennial ryegrass) during regrowth was studied
in aregularly defoliated grass sward in the field, The free air carbon
dioxide enrichment (FACE) technology enabled natural environmental
conditionsto be provided, Two levels of nitrogen (N) supply were used
to modulate potential plant growth. Carbohydrate concentrations in
source leaves were increased at elevated P-CO2, particularly at low N
supply, Elevated leaf carbohydrate concentrations were related to an
increased structural carbon (C) to N ratio and thusreflected an increased
C availability together with aN- dependent sink limitation, Immediately
after defoliation, apparent assimilate export rates (differences in the
carbohydrate concentrations of young source leaves measured in the
evening and on the following morning) showed a greater increase at
elevated p(CO2) than at ambient p(CO2); however, replenishment of
carbohydratereserveswas not accel erated Distinct, treatment-dependent
carbohydrate concentrations in pseudo-stems suggested an increasing
degree of C-sink limitation from the treatment at ambient p(CO2) with
high N supply to that at elevated P-CO2 With low N supply. During two
growing seasons, no evidence of a substantial change in the response of
the carbohydrate source in L. perenne to elevated p(CO2) was found,
Our results support the view that the response of L. perenne to elevated
p(CO2) isrestricted by a C- sink limitation, which is particularly severe
at low N supply.
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Fischer, M., D. Matthies, and B. Schmid. 1997. Responses of rare
calcareous grassland plants to elevated CO2: a field experiment with
Gentianella germanica and Gentiana cruciata. Journal of Ecology
85(5):681-691.

1 Endangered plant species may be particularly vulnerable to global
change. We investigated differences in the behaviour of the rare
calcareous grassland species Gentiana cruciata and Gentianella
germanica under ambient (360 mu | I(-1)) and elevated CO2 (600 mu |
1(-1)) in afield experiment. 2 Rosettes of G. germanicaand C. cruciata
wereplanted into grassland plotswith 29 other plant species. Each of the
30 rosettes of G. germanica in a plot represented a different maternal
seed family, whereas G. cruciata was grown from a mixture of seeds
from one field site. After overwintering, eight of the 12 plots were
equipped with open-top chambers, four of which were run at ambient
and four at elevated CO2 concentrations; the remaining four plots were
left without chambers. 3 CO2 concentration did not significantly affect
growth and survival of G. cruciata. Rosette diameter increased by 70%
over 1year. 4 Overall only 13.6% of transplanted G. germanicasurvived
for 1 year. Elevated CO2 reduced survival by 57% (this reduction was



only marginally significant due to large variation between plots) and
seed set by 46%. Both these effects appeared to be mediated by
competition from other species since survival and seed set were
negatively correlated with total plot biomassat thetime of fastest growth
in June 1994 and at the time of fruit set in October, respectively.
Compared with plotsunder ambient CO2, population growth rate (based
on survival and reproduction) was reduced by 56% under elevated CO2.
5 Therewere no significant effects of elevated CO2 on leaf charactersin
either species. 6 The sugar concentration of the nectar of G. germanica
wasincreased by 36% under elevated CO2 but its composition remained
unchanged. 7 Significant i nteractions between the effects of seed family
and CO2 concentration on demographic parameters in G. germanica
indicated large genetic variation in theresponseto elevated CO2, which
represents evolutionary potential. Although predictions based on mean
responses are therefore unreliable, the majority of genotypes reacted
negatively to elevated CO2, suggesting that competitive exclusion and
extinction of G. germani cawould occur at many sitesbefore populations
could adapt to increased concentrations of CO2.
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Fiscus, E.L., and C.D. Reid. 1995. Pollutant ozone does not affect
stomatal limitation to photosynthesisin soybean in ambient or elevated
co2. Plant Physiology 108(2):63.
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Fiscus, E.L.,C.D.Reid, J.E. Miller, and A.S. Heagle. 1997. Elevated
CO2 reduces O-3 flux and O-3-induced yield losses in soybeans:
Possibleimplicationsfor elevated CO2 studies. Journal of Experimental
Botany 48(307):307-313.

Soybeans were grown for three seasons in open-top field chambers to
determine (1) whether elevated CO2 (360 Versus 700 mu mol mol(-1))
alleviates some of the yield loss due to pollutant O-3, (2) whether the
partial stomatal closure resulting froth chronic O-3 exposure (charcoal -
filtered air versus 1.5 x ambient concentrations) is a cause or result of
decreased photosynthesis, and (3) possible implications of CO2/0-3
interactions to climate change studies using elevated CO2. Leaf
conductance was reduced by elevated CO2, regardless of O-3 level, or
by exposure to O-3 alone. AS aresult of these effects on conductance,
high CO2 reduced estimated midday O-3 flux into theleaf by an average
of 50% in charcoal-filtered air and 35% in the high O-3 treatment.
However, while exposure to O-3 reduced seed yields by 41% at ambient
CO2 levels, theyield reduction was completely ameliorated by elevated
CO2. Thethreshold midday O-3 flux for yield loss appears to be 20-30
nmol m(-2) s(-1) in this study. Although elevated CO2 increased total
biomass production, it did not increase seed yields. A/C- i curves show
a large reduction in the stomatal limitation to photosynthesis due to
elevated CO2, but no effect of O-3. These data demonstrate that (1)
reduced conductance due to O-3 is the result, and not the cause, of
reduced photosynthesis, (2) 700 mu mol mol(-1) CO2 can completely
amdiorateyield lossesdueto O-3 within thelimits of these experiments,
and (3) some reports of increased yields under elevated CO2 treatments
may, a least in part, reflect the amelioration of unrecognized
suppression of yield by O-3 or other stresses.
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Fitter, A.H., J.D. Graves, J. Wolfenden, G K. Self, T.K. Brown, D.
Bogie, and T.A. Mansfield. 1997. Root production and turnover and
carbon budgets of two contrasting grasslands under ambient and
elevated atmospheric carbon dioxide concentrations. New Phytologist
137(2):247-255.

Monoliths of two contrasting vegetation types, a species-rich grassland
on abrown earth soil over limestone and a species- poor community on
apeaty gley, were transferred to solardomes and grown under ambient
(350 mu | 1(-1)) and elevated (600 mu | I(-1)) CO2 for 2 yr. Shoot
biomass was unaltered but root biomass increased by 40-50% under
elevated CO2. Root production was increased by elevated CO2 in the
peat soil, measured both asinstantaneous and cumulativerates, but only
the latter measure wasincreased in the limestone soil. Root growth was
stimulated more at 6 cm depth than at 10 cm in the limestone soil.
Turnover was faster under elevated CO2 in the pesat soil, but there was
only a small effect on turnover in the limestone soil. Elevated CO,
reduced nitrogen concentration in roots and might have increased
mycorrhizal colonization. Respiration rate was correlated with N
concentration, and was therefore lower in roots grown at elevated CO2.
Estimates of the C budget of the two communities, based upon root
production and on net C uptake, suggest that C sequestration in the peat
soil increases by c. 0.2 kg C m(-2) yr(-1) (= 2t hayr(-1)) under elevated
Co2.
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Fitter, A.H., G.K. Sdf, J. Wolfenden, M.M.I. vanVuuren, T .K.
Brown, L. Williamson, J.D. Graves, and D. Robinson. 1996. Root
production and mortality under elevated atmospheric carbon dioxide.
Plant and Soil 187(2):299-306.

An essential component of an understanding of carbon flux is the
quantification of movement through the root carbon pool. Although
estimates have been made using radiocarbon, the use of minirhizotrons
provides adirect measurement of rates of root birth and death. We have
measured root demographic parameters under a semi-natural grassland
and for wheat. The grassand was studied along a natural atitudinal
gradient in northern England, and similar turf from the site was grown
in elevated CO2 in solardomes. Root biomass was enhanced under
elevated CO2. Root birth and death rates were both increased to a
similar extent in elevated CO2, so that the throughput of carbon was
greater than in ambient CO2, but root half-lives were shorter under
elevated CO2 only under a Juncus/Nardus sward on a peaty gley sail,
and not under a Festuca turf on a brown earth soil. In a separate
experiment, wheat also responded to elevated CO2 by increased root
production, and there was a marked shift towards surface rooting: root
development at a depth of 80-85 cm was both reduced and delayed. In
conjunction with published results for trees, these data suggest that the
impact of elevated CO2 will be system- dependent, affecting the spatio-
temporal pattern of root growth in some ecosystems and the rate of
turnover in others. Turrnover is also sensitive to temperature, soil
fertility and other environmental variables, al of which are likely to
changein tandem with atmospheric CO2 concentrations. Differencesin
turnover and time and location of rhizodeposition may have a large
effect on rates of carbon cycling.
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Flagella, Z., R.G. Campanile, M.C. Stoppelli, A. De Caro, and N. Di
Fonzo. 1998. Drought tolerance of photosynthetic electron transport
under CO2-enriched and normal air in cereal species. Physiologia



Plantarum 104(4): 753-759.

The quantum yield of photosynthetic electron transport (Phi PSII),
evaluated by means of chlorophyll (Chl) fluorescence analysis, has
proven to be a useful screening test for drought tolerance in durum
wheat (Triticum durum Desf.). To explorethepotential of thisparameter
further in detecting drought- tolerant genotypes, three cereal species
were studied; Phi PSII measurements were carried out under two
different gas mixtures, at three points of the induction curve (to obtain
the maximal Phi PSII and both the transient and steady-state actual Phi
PSIl), and at three different water stress levels (moderate, severe and
drastic). Thespeciesinvestigated weredurum and bread wheat (Triticum
aestivumL.) and barley (Hordeum vulgareL.); two cultivars per species,
characterized by different levels of drought tolerance, were tested. The
two gas mixtures used were normal air (21% O-2, 0.035% CO2 in N-2)
to monitor the whole photosynthetic process under physiological
conditions, and CO2 enriched-low O-2 air (1% O-2, 5% CO2 in N- 2)
tomonitor Phi PSII reduction under stressmainly related to Calvin cycle
activity. When Phi PSI| related to both assimilatory and non-assimilatory
metabolism was evaluated, the cultivar differences observed under
normal air weremorerepresentative of theagronomic performanceupon
drought stress than under high CO2-low O-2 air. Maxima Phi PSII
showed no difference among either cultivars, gas mixtures or stress
levels, the efficiency of excitation capture being highly resistant to
drought. The Phi PSII evaluated during thetransient yielded predictable
values in respect of drought tolerance for durum wheat and barley
cultivars, highlighting the key role of regulatory processes such as the
Mehler peroxidase reaction and possibly also cyclic electron transport,
in preventing overreduction under stress. The results clearly show that
when Chi fluorescence analysisisused as aparameter in plant breeding,
different experimental conditions should be used depending on the
physiological mechanism that is bred or selected for.
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Flanagan, L.B., S.L. Phillips, J.R. Ehleringer, J. Lloyd, and G.D.
Farquhar. 1994. Effect of changes in leaf water oxygen isotopic
composition on discrimination against (coo)-0-18-0-16 during
photosynthetic gas-exchange. Australian Journal of Plant Physiology
21(2):221-234.

Photosynthetic gas exchange measurements were combined with
measurements of the carbon and oxygen stable i sotopic composition of
CO2 after it passed over a leaf of Phaseolus vulgaris or Senecio spp.
plantsheld in acontrolled environment chamber. Cal cul ationswerethen
made of discrimination by the leaf against (CO2)-C-13 and (COO)-O-
18-0O- 16. Leaveswere maintained at different vapour pressuregradients
in order to generate a range of leaf water O-18/O-16 ratios. The O-18
content of leaf water increased when plants were exposed to higher
vapour pressuredeficits. Theobserved (COO)-0-18-0O-16 discrimination
values aso increased with an increase in the leaf-air vapour pressure
gradient and the associated change in leaf water 18/(00)-O-16 values.
In addition, the observed (COO)-O-18-0-16 discrimination valueswere
strongly correlated with values predicted by a mechanistic model of
isotopic fractionation.
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Flexas, J., M. Badger, W.S. Chow, H. Medrano, and C.B. Osmond.

1999. Analysis of the relative increase in photosynthetic O-2 uptake
when photosynthesisin grapevineleavesisinhibited following low night
temperatures and/or water stress. Plant Physiology 121(2):675-684.

We found similarities between the effects of low night temperatures (5
degrees C-10 degrees C) and slowly imposed water stress on
photosynthesisingrapevine(Vitisviniferal.) leaves. Exposureof plants
growing outdoors to successive chilling nights caused light- and CO2
saturated photosynthetic O-2 evolution to decline to zero within 5 d.
Plantsrecovered after four warm nights. These photosynthetic responses
were confirmed in potted plants, even when roots were heated. The
inhibitory effects of chilling were greater after aperiod of illumination,
probably because transpiration induced higher water deficit. Stomatal
closure only accounted for part of the inhibition of photosynthesis.
Fluorescence measurements showed no evidenceof photoinhibition, but
nonphotochemical quenching increased in stressed plants. The most
characteristic response to both stresses was an increase in the ratio of
electron transport to net O-2 evolution, even at high external CO2
concentrations. Oxygen isotope exchange revealed that thisimbalance
was due to increased O-2 uptake, which probably has two components:
photorespiration and the M ehler reaction. Chilling- and drought-induced
water stress enhanced both O-2 uptake processes, and both processes
maintained relatively high rates of electron flow as CO2 exchange
approached zero in stressed leaves. Presumably, high electron transport
associated with O-2 uptake processes also maintained a high Delta pH,
thus affording photoprotection.
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Foley, J.A., S. Levis, |.C. Prentice, D. Pollard, and S.L. Thompson.
1998. Coupling dynamic models of climate and vegetation. Global
Change Biology 4(5):561-579.

Numerous studies have underscored the importance of terrestrial
ecosystemsasan integral component of the Earth's climate system. This
realization has already led to efforts to link simple equilibrium
vegetation models with Atmospheric General Circulation Models
through iterative coupling procedures. While these linked models have
pointed to several possible climate- vegetation feedback mechanisms,
they have been limited by two shortcomings: (i) they only consider the
equilibrium response of vegetation to shifting climatic conditions and
therefore cannot be used to explore transient interactions between
climate and vegetation; and (ii) the representations of vegetation
processes and land-atmosphere exchange processes are still treated by
two separate models and, asaresult, may contain physical or ecological
inconsistencies. Here we present, as a proof concept, a more tightly
integrated framework for simulating global climate and vegetation
interactions. The prototype coupled model consists of the GENESIS
(version 2) Atmospheric General Circulation Model and the IBIS
(version 1) Dynamic Global Vegetation Model. The two models are
directly coupled through a common treatment of land surface and
ecophysiological processes, which isused to calculatethe energy, water,
carbon, and momentum fluxes between vegetation, soils, and the
atmosphere. On one side of the interface, GENESIS simulates the
physics and general circulation of the atmosphere. On the other side,
IBIS predicts transient changes in the vegetation structure through
changes in the carbon balance and competition among plants within
terrestrial ecosystems. Asaninitial test of thismodelling framework, we
perform a 30 year simulation in which the coupled model is supplied
with modern CO2 concentrations, observed ocean temperatures, and
modern insolation. In this exploratory study, we run the GENESIS
atmospheric model at relatively coarse horizontal resolution (4.50



latitude by 7.5 degrees longitude) and IBIS at moderate resolution (2
degrees latitude by 2 degrees longitude). We initialize the models with
globally uniform climatic conditions and the modern distribution of
potential vegetation cover. While the simulation does not fully reach
equilibrium by the end of therun, several general features of the coupled
model behaviour emerge. We compare the results of the coupled model
against the observed patterns of modern climate. The model correctly
simulates the basic zonal distribution of temperature and precipitation,
but several important regional biases remain. In particular, there is a
significant warm bias in the high northern latitudes, and cooler than
observed conditions over the Himalayas, central South America, and
north-central Africa. Interms of precipitation, themodel simulatesdrier
than observed conditions in much of South America, equatorial Africa
and Indonesia, with wetter than observed conditionsin northern Africa
and China. Comparing the model results against observed patterns of
vegetation coves shows that the general placement of forests and
grasslands is roughly captured by the model. In addition, the model
simulates a roughly correct separation of evergreen and deciduous
forestsin thetropical, temperate and boreal zones. However, the general
patterns of global vegetation cover are only approximately correct: there
arestill significant regional biasesinthesimulation. In particular, forest
cover isnot simulated correctly in large portions of central Canada and
southern South America, and grasslands extend too far into northern
Africa. Thesepreliminary resultsdemonstratethefeasibility of coupling
climate models with fully dynamic representations of the terrestrial
biosphere. Continued development of fully coupled climate-vegetation
modelswill facilitate the exploration of a broad range of global change
issues, including the potential role of vegetation feedbacks within the
climate system, and the impact of climate variability and transient
climate change on the terrestrial biosphere.
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Fonseca, F., C.G. Bowsher, and |. Stulen. 1997. Impact of elevated
atmospheric CO2 on nitratereductasetranscription and activity inleaves
and roots of Plantago major. Physiologia Plantarum 100(4): 940-948.

Vegetative plants of an inbred line, A4, of Plantage maor ssp.
pleiosperma (L.) Pilger were grown at 350 mu | 1(-1) or at elevated (700
mu | 1(-1)) CO2 in non-limiting nutrient solution with nitrate. Both the
relative growth rate (RGR) and the root to total plant weight ratio
(RWR) were increased by elevated CO2. However, the stimulation of
both RGR and RWR was transient and did not last longer than 8 days.
To investigate the physiological mechanisms involved in this
stimulation, related changesin C/N metabolism were examined. In the
roots soluble sugar concentration increased during the transient period
of RGR stimulation (up to 23%), as did the root respiration rate.
Changes in nitrogen metabolism were also restricted to this period and
consisted of anincreasein (1) in vivo and in vitro root nitrate reductase
(EC 1.6.6.1) activity, (2) in vitro leaf nitrate reductase activity, (3) leaf
and root nitratereductase mRNA and (4) reduced nitrogen concentration
in the roots. The elevated CO2-related signal for the increase in nitrate
reductase transcript levels in the roots is discussed in terms of the
increased availability of soluble sugars. The results suggest that the
short-term enhancement of root carbon and nitrogen metabolism may be
responsiblefor thetransient effect of elevated CO, on whole plant RGR.
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METABOLISM, NITRITE-REDUCTASE, PHOTOSYNTHES' S, RAPID
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Fonseca, F., J. DenHertog, and |. Stulen. 1996. The response of
Plantago major ssp pleiosperma to elevated CO2 is modulated by the
formation of secondary shoots. New Phytologist 133(4):627-635.

The effect of elevated CO2 on the relative growth rate (RGR) of
Plantago major ssp. plel ospermawas studied during thevegetative stage,
in relation to plant development, by growing plantsat 350 mu | I(-1) or
at 700 mu | I(-1) CO2 in non- limiting nutrient solution with nitrate. To
minimize interference by the accumulation of non-structural
carbohydrates in the interpretation of results, RGR was expressed on a
f. wt basis (RGR(FW)), as were all plant weight ratios. Stimulation of
the RGR(FW) Of the whole plant by elevated CO2 was transient, and
did not last longer than 8 d. At the sametimeatransient increasein root
weight ratio (RWR) was observed. In order to investigate whether the
transient effect of elevated CO2 on RGR(FW) was size-dependent, the
data were plotted versus total f. wt (log(e) transformed). The transient
period of stimulation of RGR(FW) and of RWR by elevated CO2 was
gtill found, but in both CO2 treatments RGR(FW) decreased after a
certain plant size had been reached. This size coincided with the stage
at which secondary shoots started to develop, and was reached earlier in
plants grown at elevated CO2. The RGR of these secondary shoots
(RGR(see)) was Still increased when the period of whole plant
stimulation of RGR(FW) had ended, indicating that the development of
these new sinks took priority over a continuation of the stimulation of
RWR. It ishypothesized that in this Plantago subspecies the response of
the RGR(FW) of the whole plantsto elevated CO2 is modulated by the
formation of secondary shoots. Apparently, partitioning of the extra
soluble carbohydrates at elevated CO2 to this tissue takes precedence
over partitioning to the roots. resulting in a cessation of stimulation of
plant RGR(FW) by elevated CO2.
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Fordham, M., J.D. Barnes, |. Bettarini, A. Polle, N. Sleg, C. Raines,
F. Miglietta, and A. Raschi. 1997. The impact of elevated CO2 on
growth and photosynthesisin AgrostiscaninaL ssp monteluccii adapted
to contrasting atmospheric CO2 concentrations. Oecologia 110(2): 169-
178.

The aim of this study was to characterise growth and photosynthetic
capacity in plants adapted to long-term contrasting atmospheric CO2
concentrations (C-a). Seeds of Agrostis caninaL. ssp. monteluccii were
collected from anatural CO2 transect in central-western Italy and plants
grownin controlled environment chambersat both ambient and el evated
CO02 (350 and 700 mu mol mol(-1)) in nutrient-rich soil. Seasonal mean
C-aat the source of the plant material ranged from 610 to 451 mu mol
CO2mol(-1), derived from C-4 | eaf stablecarbon isotopediscrimination
(delta(13)C). Under chamber conditions, CO2 enrichment stimulated the
growth of all populations. However, plantsoriginatingfrom elevated C-a
exhibited higher initial relative growth rates (RGRs) irrespective of
chamber CO2 concentrations and a positive relationship was found
between RGR and C-a at the seed source. Seed weight was positively
correlated with C-a, but differencesin seed weight werefound to explain
no more than 34% of the variation in RGRs at elevated CO2. Longer-
term experiments (over 98 days) on two populationsoriginating fromthe
extremes of the transect (451 and 610 mu mol CO2 mol(-1)) indicated
that differencesin growth between populations were maintained when
plants were grown at both 350 and 700 mu mol CO2 mol(-1). Analysis
of leaf material revealed an increase in the cell wall fraction (CWF) in
plants grown at elevated CO2, with plants originating from high C-a
exhibiting constitutively lower levels but avariableresponsein terms of
the degree of lignification. In vivo gas exchange measurements revealed



no significant differences in light and CO2 saturated rates of
photosynthesisand carboxylation efficiency between popul ationsor with
CO2 treatment. Moreover, SDS-PAGE/LISA quantification of leaf
ribulose bisphosphate carboxylase/oxygenase (Rubisco) showed no
difference in Rubisco content between populations or CO2 treatments.
These findings suggest that long-term adaptation to growth at elevated
CO2 may be associated with a potential for increased growth, but this
does not appear to belinked with differencesin theintrinsic capacity for
photosynthesis.
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Fournioux, J.C., and R. Bessis. 1993. Use of carbon-dioxide
enrichment to obtain adult morphology of grapevineinvitro. Plant Cell
Tissue and Organ Culture 33(1):51-57.

A procedure hasbeen developed for invitro propagation of Vitisvinifera
'Pinot noir' from lateral-bud cuttings under high CO2 concentration
(1200 mumol mol-1). Because of inhibition of rooting by CO2, this
procedure requires a rooting pre-culture of explants on medium with
sucrosebeforethe CO2- enriched culture on sucrose-freemedium. Shoot
growth was enhanced by CO2 enrichment as a result of both a higher
rate of leaf production and greater internode elongation. Leaf expansion
and tendril growth were promoted and better rooting was obtained. The
more significant effect of CO2 enrichment was to promote adult
morphology with, in particular, the tendril pattern. Thus, for the first
time, grapevine plants have been produced in vitro without typical
juvenile characteristics. CO2 enrichment appears to be an interesting
process to improve the in vitro propagation of grapevines.
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Fowler, D., J.N. Cape, M. Coyle, C. Flechard, J. Kuylenstierna, K.
Hicks, D. Derwent, C. Johnson, and D. Stevenson. 1999. The global
exposure of forests to air pollutants. Water, Air, and Soil Pollution
116(1-2):5-32.

The tall, aerodynamically rough surfaces of forests provide for the
efficient exchange of heat and momentum between terrestrial surfaces
and the atmosphere. The same properties of forestsalso providefor large
potential rates of deposition of pollutant gases, aerosols and cloud
droplets. For some reactive pollutant gases, including SO2, HNO3 and
NH3, rates of deposition may belarge and substantially larger than onto
shorter vegetation and is the cause of the so called "filtering effect” of
forest canopies. Pollutant inputs to moorland and forest have been
compared using measured ambient concentrations from an unpolluted
site in southern Scotland and a more polluted site in south eastern
Germany. The inputs of S and N to forest at the Scottish site exceed
moorland by 16% and 31% respectively with inputs of 7.3 kg S ha(-1)
y and 10.6 kg N ha(-1) y(-1). At the continental siteinputsto the forest
were 43% and 48% larger than over moorland for S and N deposition
with totals of 53.6 kg S ha(-1) y(-1) and 69.5 kg N ha(-)1 y(- )1
respectively. The inputs of acidity to global forests show that in 1985
most of the areas receiving > 1 kg H+ ha(-1) y(-1) as S are in the
temperate latitudes, with 8% of total global forest exceeding this
threshold. By 2050, 17% of global forest will be receiving > 1 kg H-1
ha(-1) as S and most of the increase is in tropical and sub-tropical
countries. Forests throughout the world are also exposed to elevated
concentrations of ozone. Taking 60 ppb O-3 asaconcentration likely to
be phytotoxic to sensitive forest species, a global model has been used
to simulate the global exposure of forests to potentially phytotoxic O-3
concentrations for the years 1860, 1950, 1970, 1990 and 2100. The

model shows no exposureto concentrationsin excess of 60 ppb in 1860,
and of the 6% of global forest exposed to concentrations > 60 ppb in
1950, 75% werein temperate latitudes and 25% in thetropics. By 1990
24% of global forest is exposed to O-3 concentrates > 60 ppb, and this
increasesto almost 50% of global forest by 2100. Whilethe uncertainty
in thefuture pollution climate of global forest is considerable, thelikely
impact of O-3 and acid deposition is even more difficult to assess
because of interactions between these pollutantsand substantial changes
in ambient CO2 concentration, N deposition and climate over the same
period, but the effects are unlikely to be beneficial overall.
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Franchito, SH., V.B. Rao, and R.R. da Silva. 1998. A
parameterization of radiative fluxes suitable for use in a statistical-
dynamical model. Meteorol ogy and Atmospheric Physics69(1-2): 23-38.

A parameterization of shortwave and longwave radiation fluxes derived
from detailed radiative transfer modelsisincluded in aglobal primitive
equation statisti cal-dynamical model (SDM) with two bulk atmospheric
layers. Themodel isvalidated comparing themodel simulationswiththe
observed mean annual and seasonal zonally averaged climate. The
resultsshow that the simulation of the shortwave and longwaveradiation
fluxes matches well with the observations. The SDM variables such as
surface and 500hPa temperatures, zonal winds at 250hPa and 750 hPa,
vertical velocity at 500 hPaand precipitation are also in good agreement
with the observations. A comparison between the results obtained with
the present SDM and those with the previous version of the model
indicates that the model resultsimproved when the parameterization of
the radiative fluxes based on detailed radiative transfer models are
included into the SDM. The SDM is used to investigate its response to
thegreenhouse effect. Sensitivity experiments regarding the doubling of
C02 and the changing of the cloud amount and height an performed. In
the case 2xCO(2) the model results are consistent with those obtained
from GCMs, showing awarming of the climate system. An enhancement
of the greenhouse effect is also noted when the cloud layer is higher.
However, an increase of the cloud amount in al the latitude belts
provokes an increase of the surface temperature near poles and a
decreasein all theother regions. This suggeststhat the greenhouse effect
overcomes the abedo effect in the polar latitudes and the opposite
occursin other regions. In all the experiments the changesin the surface
temperature an larger near poles, mainly in the Southern Hemisphere.
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Franck, V.M., B.A. Hungate, F.S. Chapin, and C.B. Field. 1997.
Decomposition of litter produced under elevated CO2: Dependence on
plant species and nutrient supply. Biogeochemistry 36(3):223-237.

We investigated the effect of CO2 concentration and soil nutrient
availability during growth on the subsequent decomposition and
nitrogen (N) release from litter of four annual grasses that differ in
resource requirements and native habitat. Vulpia microstachys is a
native grass found on California serpentine soils, whereas Avenafatua,
Bromus hordaceus, and Lolium multiflorum are introduced grasses
restricted to more fertile sandstone soils (Hobbs & Mooney 1991).
Growth in elevated CO2 altered litter C:N ratio, decomposition, and N
release, but the direction and magnitude of the changes differed among
plant species and nutrient treatments, Elevated CO2 had relatively



modest effectson C:N ratio of litter, increasing thisratioin Lolium roots
(and shootsat high nutrients), but decreasing C:N ratio in Avenashoots.
Growth of plants under elevated CO2 decreased the decomposition rate
of Vulpia litter, but increased decomposition of Avena litter from the
high-nutrient treatment. The impact of elevated CO2 on N loss from
litter also differed among species, with Vulpia litter from high-CO2
plantsreleasing N more slowly than ambient-CO2 litter, whereas growth
under elevated CO2 caused increased N loss from Avena litter. CO2
effects on N release in Lolium and Bromus depended on the nutrient
regime in which plants were grown. There was no overall relationship
between litter C:N ratio and decomposition rate or N release across
species and treatments. Based on our study and the literature, we
conclude chat the effects of elevated CO2 on decomposition and N
release from litter are highly species-specific. These results do not
support thehypothesisthat CO2 effectson litter quality consistently lead
todecreased nutrient availability in nutrient-limited ecosystems exposed
to elevated CO2.
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Frank, A.B., and A. Bauer. 1996. Temperature, nitrogen, and carbon
dioxideeffectson springwhesat devel opment and spikelet numbers. Crop
Science 36(3):659-665.

Spring wheat (Triticum aestivum L.) responds favorably to elevated
atmospheric carbon dioxide concentration ([CO2]) at optimum
temperatures. Predictions are for air temperatures to increase as global
[CO2] increases. Since spring wheat grain yields generally decline as
temperature increases, there is a need to understand the effects of both
[CO2] and temperature on spring whesat growth, development, and yield
potential. Objectives were to evaluate combinations of [CO2], air
temperature, and applied N levels on leaf and apex development, spike
components, tiller numbers, dry matter, plant height, and water usein
spring wheat. 'Amidon’ spring wheat was grown in controlled
environment chambers at all combinations of 350, 650, and 950 mu L
L(-1) [CO2], O, 100, and 300 kg N ha(-1), and 14/18 degrees C and
22/26 degrees C night/day air temperatures. Temperature affected the
Haun stage by growth degree-days (GDD) relationship more than N or
[CO2]. The phyllochron in GDD was greater for plants grown at 22/26
degrees C (433 GDD) than at 14/18 degrees C (345 GDD). The Haun
stage at apex double ridge and terminal spikelet increased as applied N
and [CO2] increased. Fertile spikelet numbers increased as [CO2] and
N level increased at 14/18 degrees C, but at 22/26 degrees C, spikelets
increased as N increased and decreased as [CO2] increased. Fertile
spikelets were greatest at 14/18 degrees C and 650 mu L L(-1) [CO2].
Results suggest that at elevated [CO2] and adequate soil water, air
temperature is more important than [CO2] in controlling grain yield
potential. Because wheat yield potential at higher temperatures
decreased as [COZ2] increased, a northly shift in the spring wheat
growing areas may occur if global temperatures increased in concert
with [CO2].
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Fredeen, A.L., and C.B. Field. 1995. Contrasting leaf and ecosystem
co2 and h20 exchange in avena- fatua monoculture - growth at ambient
and elevated co2. Photosynthesis Research 43(3):263-271.

Elevated CO2 (ambient + 35 Pa) increased shoot dry mass production
in Avena fatua by similar to 68% at maturity. This increase in shoot

biomass was paralleled by an 81% increase in average net CO2 uptake
(A) per unit of leaf area and a 65% increase in average A at the
‘ecosystem’ level per unit of ground area. Elevated CO2 also increased
‘ecosystem’ A per unit of biomass. However, the products of total leaf
areaand light- saturated leaf A divided by the ground surface area over
time appeared to lie on asingle response curvefor both CO2 treatments.
The approximate slope of the response suggests that the integrated light
saturated capacity for leaf photosynthesis is similar to 10-fold greater
than the 'ecosystem' rate. 'Ecosystem’ respiration (night) per unit of
ground area, which includes soil and plant respiration, ranged from -20
(at day 19) to -18 (at day 40) mu mol m(-2) s(-1) for both elevated and
ambient CO2 Avena. 'Ecosystem’ below-ground respiration at thetime
of seedling emergencewas similar to-10 mu mol m(-2) s(- 1), whilethat
occuring after shoot removal at the termination of the experiment ranged
from -5 to -6 mu mol m(-2) s(-1). Hence, no significant differences
between elevated and ambient CO2 treatments were found in any
respiration measure on a ground area basis, though ‘ecosystem’
respiration on a shoot biomass basis was clearly reduced by elevated
CO2. Significant differences existed between leaf and ‘ecosystem’ water
flux. In general, leaf transpiration (E) decreased over the course of the
experiment, possibly in responseto leaf aging, while'ecosystem' rates of
evapotranspiration (ET) remai ned constant, probably becausefalling leaf
rates were offset by an increasing total leaf biomass. Transpiration was
lower in plants grown at elevated CO2, though variation was high
because of variability in leaf age and ambient light conditions and
differences were not significant. In contrast, ‘'ecosystem'
evapotranspiration (ET) wassignificantly decreased by elevated CO2 on
5 out of 8 measurement dates. Photosynthetic water useefficiencies (A/E
a the leaf level, A/JET at the 'ecosystem' level) were increased by
elevated CO2. Increases were due to both increased A at leaf and
‘ecosystem’ level and decreased leaf E and 'ecosystem' ET.
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Fredeen, A.L., G.W. Koch, and C.B. Field. 1995. Effects of
atmospheric CO2 enrichment on ecosystem CO2 exchangein anutrient
and water limited grassland. Journal of Biogeography 22(2-3):215-219.

Wehavecompleted 3 yearsof astudy aimed at understanding theimpact
of elevated atmospheric CO2 on ecosystem properties of annual
grasslandsat the Jasper Ridge Biological Preserve, Stanford, CA, U.S.A.
Measurements of net ecosystem CO2 uptake were made on intact
grassland (on serpentine and sandstone derived soils grown in open-top
chambers since December 1991). We measured CO2 exchange in the
field with transparent Teflon- lined acrylic chambers coupled to an open
gas exchange system. Net ecosystem CO2 uptake for both the high
productivity sandstone and the low productivity serpentine grassland
communities ranged from 2 to 11 mu mol m(-2) ground s(-1) in 1992
and 1993, similar to rates obtained with eddy covariance techniques on
the sandstone and serpentine grasslands at Jasper Ridge in a previous
study. There was a significant effect of elevated CO2 on net ecosystem
CO2 uptake rate (40-48% increase in 1992 and 17-117% increase in
1993: ANOVA P = 0.018). Although elevated CO2 consistently
enhanced net ecosystem CO2 uptake at the growth CO2 concentrations,
acclimation occurred such that elevated CO2-grown ecosystems had
reduced rates of CO2 uptake relativeto ambient CO2-grown ecosystems
at either ambient or elevated CO2 measurement concentrations of CO2.
The reduction in ecosystem level photosynthetic capacity in elevated
CO2 treatments was accompanied by decreased foliar ribulose-bis-
phosphate carboxylase (rubi sco) activity on aweight basisin thespecies
dominant in both grassland communities. Decreases in rubisco activity
resulted largely from increases in leaf mass per area in elevated CO2
plants. In general, net ecosystem CO2 uptake was positively correlated
with peak biomass. However, the data suggest that biomass yield for a



given level of net ecosystem CO2 uptake may be lower in elevated CO2
chambers, especially in the higher productivity sandstone community.
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Fredeen, A.L., G.W. Koch, and C.B. Field. 1998. Influence of
fertilization and atmospheric CO2 enrichment on ecosystem CO2 and
H20 exchanges in single- and multiple-species grassland microcosms.
Environmental and Experimental Botany 40(2):147-157.

Thispaper reportson measurementsof net CO2 and H20 exchangefrom
single- and multi ple-species microcosms composed of Californiaannual
grassland species grown at either ambient or elevated (ambient + 36 Pa)
CO2. Microcosms consisted of grassland species grown in PVC tubes
(similar to 0.95 m deep x 0.2 m diameter) containing similar to 45 kg of
either serpentine or sandstone derived soil or parent material in open-top
enclosures under ambient meteorological conditions. Half of the
microcosms were left unfertilized (low nutrient) while the other half
received an intermediate level of aslow- release (N,P,K) fertilizer (high
nutrient). Gas exchange was performed by sealing individual
microcosms within a transparent chamber (on clear sunny days) and
coupling this to an open gas- exchange system. In fertilized single-
speciesmicrocosms, eevated CO2 consistently enhanced net 'ecosystem'’
CO2 exchange (NCE) on a ground area basis in both early and late
spring. Among unfertilized single-species microcosms, no significant
trends or differences were observed in NCE between those grown at
ambient versus elevated CO2. The NCE in sandstone and serpentine
multiple-species microcosms was monitored seasonally over a majority
of the 1993-1994 growing season. Rates were largely unaffected by
growth CO2 or fertilization until after mid-February, 1994. Water-use
efficiency (WUE = NCE/evapotranspiration (ET)) was generaly
enhanced by elevated CO2, but this was primarily a result of
enhancementsin NCE as opposed to decreasesin ET. Enhancementsin
NCE by elevated CO?2 in fertilized single-species microcosms at the
growth-CO2, concentration were partially explained by higher above-
ground biomassin elevated CO2 microcosms. However, ecosystem-level
‘acclimation’ occurred such that microcosms grown at elevated CO2
consistently had lower NCE than ambient CO2 treatments at a single
measurement CO2 concentration (ambient or elevated). The reduction
in apparent ecosystem-level photosynthetic capacity in elevated CO2
microcosms was accompanied by decreases in foliar Rubisco activity,
such that NCE measured at ambient CO2 was highly correlated (r =
0.98) with foliar Rubisco activity across the three single-species
microcosmsin which it was measured. (C) 1998 Published by Elsevier
Science B.V. All rights reserved.
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Fredeen, A.L., J.T. Randerson, N.M. Holbrook, and C.B. Field.
1997. Elevated atmospheric CO2 increaseswater availability in awater-
limited grassland ecosystem. Journal of the American Water Resources
Association 33(5):1033-1039.

Californian annual grassland on sandstone (moderately fertile) and
serpentine (very infertile) soils at the Jasper Ridge Biological Preserve,
Stanford, California, were exposed to ambient or elevated (ambient + 36
PaC02) atmospheric CO2 in open-top chambers since December 1991.
We measured ecosystem evapotranspiration with open gas-exchange
systems, and soil moisture with time-domain reflectometry (TDR) over
0-15 cm (serpentine) and 0-30 cm (sandstone) depths, at times of peak

aboveground physiological activity. Evapotranspiration decreased by 12
to 63 percent under elevated CO2 in three consecutive years in the
sandstone ecosystem (p = 0.053, p = 0.162, p = 0.082 in 1992, 1993,
and 1994, respectively). In correspondence with decreased
evapotranspiration, late-season soil moisture reserves in the sandstone
were extended temporally by 10 +/- 3 days in 1993 and by 28 +/- 11
daysin 1994. Theeffect of elevated CO2 on soil moisturewas greater in
thedrier spring of 1994 (419 mm annual rainfall) than in 1993 (905 mm
annual rainfall). Intheserpentineecosystem, evapotranspiration and soil
moisture reserves were not clearly affected by elevated CO2. Soil water
may be conserved in drought-affected ecosystems exposed to elevated
CO2, but the amount of conservation appears to depend on therelative
importance of transpiration and soil evaporation in controlling water
flux.

KEYWORDS: AMBIENT, ELECTROMAGNETIC DETERMINATION,
EVAPORATION, EXCHANGE, PATTERNS, PLANT, RESPONSES
SCALE, STOMATAL CONTROL, TRANSPIRATION

691

Frederick, J.R., D.M. Alm, J.D. Hesketh, and F.E. Below. 1990.
Overcoming drought-induced decreases in soybean leaf photosynthesis
by measuring with co2-enriched air. Photosynthesi s Research 25(1): 49-
57.
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Frederick, K.D. 1993. Climate-change impacts on water-resources and
possi bleresponsesin themink region. Climatic Change 24(1-2):83-115.

The capacity to supply both instream and offstream water uses under
alternative climate conditions and likely future changes in population,
technology, and water-using practices are examined through an
adaptation of the framework developed in the Second National Water
Assessment. Two measures of the adequacy of water supplies - the
availability of renewablesuppliesto providefor withdrawal andinstream
uses and the relation between desired instream flows and current
streamflows - are used to examine the impact of the 1931-1940 analog
climate (with and without CO2 enrichment) on Missouri, lowa,
Nebraska, and Kansas (MINK). The impacts of the analog climate on
water supplies are estimated from actual streamflow data and estimates
of the differencesin reservoir evaporation under the 1931-1940 analog
and the 1951-1980 control climates. A modification of the Erosion
Productivity Inventory Calculator (EPIC) model is used to estimate the
impacts of the analog climate (with and without CO2 enrichment) on
irrigation water use. Water, which is already a scarce resource in the
MINK region, would become much scarcer if the climate of the 1930s
were to become the norm. Mean assessed total streamflow would drop
to 69% of the control climate level for the Missouri River Basin, 71%
for the Upper Mississippi, and 93% for the Arkansas. Even in the
absence of climate change, MINK will have lesswater in the year 2030
than it does today because groundwater stocks are being depleted and
increased upstream diversions would reduce surface flows into these
states. Irrigation and instream uses such as navigation, hydroelectric
power production, recreation, and fish and wildlife habitat would be
most adversely, impacted by the climate-induced changes in water
supplies.
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Freeman, C., R. Baxter, J.F. Farrar, SE. Jones, S. Plum, T.W.
Ashendon, and C. Stirling. 1998. Could competition between plants
and microbes regulate plant nutrition and atmospheric CO2
concentrations? The Science of the Total Environment 220(2-3):181-
184.



It has been proposed that under high CO2, soil microbes may
outcompete plantsfor accesstoinorgani c nutrients, leading to anegative
feedback to the fertilising effects of that CO2. However, tests of the
hypothesi susing radioi sotopetracersindicatethat, in thecompetition for
inorganic nutrients, higher CO2 concentrations may actually favour the
plants rather than the microflora. The relatively lower microbial
metabolism could, however, have an indirect adverse effect on plant
nutrition by restricting nutrient cycling in soils, and has the potential to
inducenegativefeedback to rising atmospheric CO2 concentrations. (C)
1998 Elsevier Science B.V. All rights reserved.
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Frehner, M., A. Luscher, T. Hebeisen, S. Zanetti, F. Schubiger, and
M. Scalet. 1997. Effects of elevated partial pressure of carbon dioxide
and season of the year on forage quality and cyanide concentration of
Trifolium repens L. from a FACE experiment. Acta Oecologica-
International Journal of Ecology 18(3):297-304.

Differently managed (cutting frequency and N fertilization) Trifolium
repens monocultures were grown at 60 Paand 35 Pa of pCO(2) (partial
pressure of CO2) in a Free Air Carbon dioxide Enrichment (FACE)
array. The concentrations of cyanide, digestible organic matter, crude
protein and net energy for lactation were measured at different harvests
throughout the growing season. The average cyanide concentrations
differed significantly in the years and the seasons within the year;
however, the concentrations were not affected by CO2. Digestible
organic matter, crude protein and net energy for lactation differed
significantly with the seasons of theyear and cutting frequencies. While
digestible organic matter and net energy for lactation were not affected
by elevated pCO(2), the concentration of crude protein decreased from
288 g kg(-1) at ambient to 251 g kg(-1) at elevated pCO(2). Since the
crudeprotein concentrationin herbagefrom Trifolium monocultureswas
very high even at elevated CO2, it is suggested that this decrease in
crudeprotein concentration doesnot negatively affect foragequality. We
conclude that, in Trifolium herbage, the seasons of the year and
management practi ces aremore decisivefor forage quality than changes
in pCO(2). We shall discuss how forage quality and cyanide intake by
ruminants may, however, be affected by CO2-induced shifts in the
proportion of speciesin mixed plant communities.
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Frick, J., S.S. Nielsen, and C.A. Mitchell. 1994. Yield and seed oil
content response of dwarf, rapid-cycling brassicato nitrogen treatments,
planting density, and carbon- dioxide enrichment. Journal of the
American Society for Horticultural Science 119(6):1137-1143.

Effectsof N level (15to 30 mM), time of N increase (14 to 28 days after
planting), and planting density (1163 to 2093 plantsm(2)) were
determined for crop yield responses of dwarf, rapid-cycling brassica
(BrassicanapusL., CrGC 5-2, Genome: ACaacc). Cropsweregrown in
solid-matrix hydroponic systems and under controlled-environment
conditions, including nonsupplemented (ambient) or elevated CO2
concentrations (998 +/- 12 mumol mol(-1)). The highest seed yield rate
obtained (4.4 g.m(-2).day(-1)) occurred with thelowest N level (15mM)
applied at the latest treatment time (day 28). In al trials, CO2
enrichment reduced seed yield rate and harvest index by delaying the
onset of flowering and senescence and stimulating vegetative shoot
growth. The highest shoot biomass accumulation rate (55.5 g.m-2.day(-
1)) occurred with the highest N level (30 mM) applied at the earliest

time (day 14). Seed oil content was not significantly affected by CO2
enrichment. Maximum seed oil content (30% to 34%, dry weight basis)
was obtained using the lowest N level (15 mM) initiated at the latest
treatment time (day 28). In general, an increasein seed oil content was
accompanied by adecreasein seed protein. Seed carbohydrate, moisture,
and ash contents did not vary significantly in response to experimental
treatments. Effects of N level and time of N increase were consistently
significant for most crop responses. Planting density wassignificant only
under elevated CO2 conditions.
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Friedlingstein, P., I. Fung, E. Holland, J. John, G. Brasseur, D.
Erickson, and D. Schimel. 1995. On the contribution of co2
fertilization to the missing biospheric sink. Global Biogeochemical
Cycles 9(4):541-556.

A gridded biospheric carbon model is used to investigate the impact of
theatmospheric CO2 increase on terrestrial carbon storage. Theanalysis
showstthat the calculated CO2 fertilization sink is dependent not just on
themathematical formulation of the "betafactor" but also on therelative
controls of net primary productivity (NPP), carbon residence times, and
resource availability. The modeled evolution of the biosphere for the
period 1850-1990 shows an increasing lag between NPP and the
heterotrophic respiration. Thetime evolution of the modeled biospheric
sink (i.e., difference between enhanced NPP and enhanced respiration)
does not match that obtained by deconvolution of theice core CO2 time
series. Agreement between the two isreasonable for thefirst half of the
period, but during the recent decades the deconvoluted CO2 increaseis
much too fast to be explained by the CO2 fertilization effect only.
Therefore other mechanisms than CO2 fertilization should also
contribute to the missing sink. Our results suggest that about two thirds
to three fourths of the 1850-1990 integrated missing sink is due to the
CO2 greening of the biosphere. The remainder may be due to the
increased level of nitrogen deposition starting around 1950.
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Friedlingstein, P., G. Joel, C.B. Field, and |.Y. Fung. 1999. Toward
an alocation scheme for global terrestrial carbon models. Global
Change Biology 5(7): 755-770.

The distribution of assimilated carbon among the plant parts has a
profound effect on plant growth, and at a larger scale, on terrestrial
biogeochemistry. Although important progress has been made in
modelling photosynthesis, less effort has been spent on understanding
the carbon alocation, especially at large spatial scales. Whereas several
individual-level models of plant growth include an allocation scheme,
most global terrestrial models still assume constant alocation of net
primary production (NPP) among plant parts, without any environmental
coupling. Here, we use the CASA biosphere model as a platform for
exploring a new global alocation scheme that estimates allocation of
photosynthesis products among leaves, stems, and roots depending on
resource availability. The philosophy underlying the model is that-
allocation patterns result from evolved responses that adjust carbon
investmentstofacilitate capture of themost limiting resources, i .e. light,
water, and mineral nitrogen. In addition, we allow allocation of NPP to
vary in response to changes in atmospheric CO2. The relative
magnitudes of changes in NPP and resource-use efficiency control the
response of root:shoot allocation. For ambient CO2, the model produces
realistic changes in above- ground allocation aong productivity



gradients. In comparison to the CASA standard estimate using fixed
allocation ratios, the new allocation scheme tends to favour root
allocation, leading to a10% lower global biomass. Elevated CO2, which
alters the balance between growth and available resources, generally
leads to reduced water stress and consequently, decreased root:shoot
ratio. The major exception is forest ecosystems, where increased
nitrogen stress induces a larger root allocation.

KEYWORDS: ATMOSPHERIC CO2 CONCENTRATION, BIOMASS
ALLOCATION, BIOSPHERE-MODEL, INTERNAL NITROGEN
CONCENTRATION, LONG-TERM ELEVATION, NET PRIMARY
PRODUCTION, PARTITIONING MODEL, PLANT-RESPONSES
SHOOT RATIOS, SURFACE PARAMETERIZATION SIB2

698

Friend, A.D.,and P.M. Cox. 1995. Modding theeffectsof atmospheric
co2 on vegetation atmosphere interactions. Agricultural and Forest
Meteorology 73(3-4):285-295.

The effect of doubling atmospheric CO2 concentration (C-a) on climate
and vegetation is investigated using a combined climate-vegetation
model. The vegetation model predicts the response of leaf area index,
canopy transpiration (E(T)) and whole-plant carbon balance to changes
in climate, soil moisture, and atmospheric CO2 forcing. Thismodel has
been embedded in the UK Meteorological Office Single Column Model
(SCM), which provides the climate feedback to the vegetation. The
vegetation model uses an optimisation approach to predict stomatal
resistance, a biochemical model to predict photosynthesis and asimple
carbon balance model to predict leaf area. Respiration iscalculated asa
function of leaf area and vegetation height. Clouds are assumed to be
radiatively passive in the SCM to avoid unredlistic feedbacks.
Simulationswere performed with thefully interactivevegetation-climate
model for an Amazon location with the present-day value of C-a (1 x
C02), and twice this value (2 x CO2). In addition, two other types of
simulation wereperformed at both CO2 concentrations: oneinwhichthe
vegetation component was forced only with 1 x CO2, and one using a
fixed surface resistance. The latter case is equivalent to simulations
using most current general circulation models. In al the simulations,
increased atmospheric CO2 caused an increase in surface temperature
owing toincreased radiative forcing. With afixed resistance, mean E(T)
wasincreased by 5.6% and sensible heat flux was reduced by 3.8%. The
fully interactive model had significant effects on the response of both
climate and productivity to C-a. Increased C-a caused stomatal closure,
which resulted in areduction in mean E(T) Of 25%. The effect of C-aon
E(T) was amplified by the positive feedback resulting from the effect of
increased air humidity deficit on stomatal resistance.
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Fritschi, F.B., K.J. Boote, L .E. Sollenberger, and L.H. Allen. 1999.
Carbon dioxide and temperature effects on forage establishment: tissue
composition and nutritivevalue. Global Change Biology 5(7): 743-753.

Atmospheric CO2 concentration ([CO2]) and temperature are likely to
increase in the future and may change plant growth and composition
characteristics. Rhizoma peanut (Arachis glabrata Benth.) and
bahi agrass (Paspal um notatum Flugge) weregrown onanatural field soil
in temperature-gradient greenhouses to evaluate the effects of elevated
[CO2] and temperature on tissue composition and digestibility during
the establishment year. Carbon dioxide levels were maintained at 365
(ambient) and 640 mu L CO2 L-1 air. The temperature- gradient
greenhouses were regul ated to obtain air temperature sectors of 0.2, 1.5,
2.9, and 4.5 degrees C above ambient. Samplesweretaken of previously

undefoliated herbage at 57, 86, 121, 148, and 217 days after planting
and entire plots were harvested at 218 days after planting. Elevated
[CO2] increased total nonstructural carbohydrate concentration in
rhizoma peanut leaves by almost 50%. Rhizoma peanut leaf N
concentration was 6% lower at elevated than at ambient [CO2]. The N
concentration in new rhizomes of rhizoma peanut wasincreased by high
[CO2], while the N concentration in bahiagrass was not affected by
temperature or [CO2]. No effects of [CO2] and temperature were found
on neutral detergent fibrein rhizoma peanut leaves or stems; however,
elevated [CO2] increased neutral detergent fibre in bahiagrass leaves.
Only at season end was in vitro organic matter digestion of rhizoma
peanut higher at ambient (623 g kg(-1)) than at elevated [CO2] (609 g
kg(-1)). Elevated [CO2] had a greater effect on tissue composition of
rhizoma peanut than of bahiagrass. These data suggest that elevated
temperature and CO2-induced changes in chemical composition of
forage species adapted to humid subtropics will be relatively small,
particularly for C4 species.
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Fritschi, F.B., K.J. Boote, L.E. Sollenberger, L.H. Allen, and T.R.
Sinclair. 1999. Carbon dioxide and temperature effects on forage
establishment: photosynthesis and biomass production. Global Change
Biology 5(4):441-453.

Concerns about climatic change have stimulated interest in the response
of plants to increasing CO2 concentration ([CO2]), temperature, and
their possible interactions. The purpose of this study was to determine
the effects of elevated [CO2] and air temperature on photosynthesis,
development, and biomass production of rhizoma peanut (Arachis
glabrata Benth.) and bahiagrass (Paspalum notatum Flugge) during the
establishment year. Forages were grown in four temperature-gradient
greenhouses on a natural Grossarenic Paleudult soil profile at
temperatures of 0.2, 1.5, 2.9, and 4.5 degrees C above ambient, and at
[CO2] of 365 and 640 mu L CO2 L-1 air. Elevated [CO2] accelerated
establishment and ground cover of both species. Leaf and canopy
photosynthesisof both speciesincreased at elevated [CO2], with greater
increases in rhizoma peanut than bahiagrass. Averaged across five
sampling dates, total biomass production of rhizoma peanut and
bahiagrass responded to elevated [CO2] with a 52 and 9% increase,
respectively. Increasing temperature enhanced biomass production of
bahiagrass but not rhizoma peanut. Forage yield at the end of the
growing season in CO2-enriched treatments was increased over that in
ambient [CO2] treatments (385 vs. 318 g m(-2) for rhizoma peanut and
376 vs. 321 g m(-2) for bahiagrass). Overall, the enhancement of
rhizoma peanut under elevated [CO2] was greater than that of
bahiagrass; however, bahi agrassresponded morepositively toincreasing
temperature.
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Relationship between oxalate synthesis and glycolate cycle in spinach.
Journal of the Japanese Society for Horticultural Science 62(4):789-
794.

The relationship between oxalate synthesis and glycolate pathway in
spinach (Spinacia oleracea L. cv. Sunlight) was studied by exposing



seedling to 1,000 PPM CO2-enriched atmosphere. It was observed that
CO2-enrichment increased the content of ascorbic acid but decreased
that of oxalate. It was presumed that reducing the rate of glycolate
synthesiswould reduce the content of oxalate. Mature leaves of spinach
grown under normal conditions, were fed with [2-C-14] glycolate and
[1-C-14] ascorbic acid to compare their contribution as a precursor of
oxalate. Using the values of the C-14 distribution to oxalate,
photorespiratory glycolate metabolic rate and the turnover rate of
ascorbic acid, the rate of oxalate synthesis was calculated. It was
observed that glycolate was more efficient as a precursor of oxalate
synthesis than it was for ascorbic acid. From these results, we postulate
that the oxalate synthesisis closdly related to the glycolate cycle.
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Gahrooee, F.R. 1998. Impacts of elevated atmospheric CO2 on litter
quality, litter decomposability and nitrogen turnover rate of two oak
species in a Mediterranean forest ecosystem. Global Change Biology
4(6):667-677.

Elevated CO2 may affect litter quality of plants, and subsequently C and
N cycling in terrestrial ecosystems, but changes in litter quality
associated with elevated CO2 are poorly known. Abscised leaf litter of
two oak species (Quercus cerris L. and a. pubescens Willd.) exposed to
long-term elevated CO2 around anatural CO2 springin Tuscany (ltaly)
was used to study theimpact of increasing concentration of atmospheric
CO2 onlitter quality and C and N turnover ratesin aMediterranean-type
ecosystem. Litter samples were collected in an area with elevated CO2
(>500 ppm) and in an area with ambient CO2 concentration (360 ppm).
Leaf samples were analysed for concentrations of total C, N, lignin,
cellulose, acid detergent residue (ADR) and polyphenol. The
decomposition rate of litter was studied using alitter bag experiment (12
months) and laboratory incubations (3 months). In the laboratory
incubations, N mineralization in litter samples was measured as well
(125 days). Litter quality was expressed in terms of chemical
composition and element ratios. None of the litter quality parameters
was affected by elevated CO2 for the two Quercus species. Remaining
massin a cerrisand Q. pubescens litter from elevated CO2 was similar
to that from ambient conditions. C mineralization in Q. pubescenslitter
from elevated CO2 was lower than that from ambient CO2, but the
difference wasinsignificant. This effect was not observed for Q. cerris.
N mineralization was higher from litter grown at elevated CO2, but this
difference disappeared at the end of the incubation. Litter of a
pubescens had a higher quality than Q. cerris, and indeed mineralized
more rapidly in the laboratory, but not under field conditions.
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Gallardo, A.,and J. Merino. 1998. Soil nitrogen dynamicsin response
to carbon increase in a Mediterranean shrubland of SW Spain. Soil
Biology and Biochemistry 30(10-11): 1349-1358.

Most model s predict that high atmospheric CO2 concentrationswill lead
to an increase in the C-to-N ratio of litter production in terrestrial
ecosystems. The effect of an increase in the soil C-to-N ratio on the
nitrogen dynamics in a Mediterranean shrubland was simulated by
mixing with the lifter layer wood shavings with a high C-to-N ratio.
Samples of mineral soil, taken subsequently eight times during 404 d,
were analyzed for total C, total N, total soil carbohydrates, potential net
N mineralization, potential net nitrification and microbial biomass-N.
We found significant increases in the concentration of total
carbohydrates, C-to-N ratio and microbial biomass N in amended soils

during the experiment, while potential net N mineralization rate and net
nitrification rate significantly decreased; amounts of available nitrogen
(NH4+-N + NO3-N) were unaffected by the amendment treatment.
However, by the end of the experiment, no significant differences
between amended and control soil samples were found. The total
carbohydrates-to-K2S04-extractabletotal-N ratiowasthebest predictor
of both net mineralization rate and microbial biomass N, showing that
the available C-to- available-N ratio is abetter indicator of N dynamics
than thetotal C to total N ratio. Our results support the hypothesis that
increasing C availability in soilsleadsto adecreasein N availability for
plants through the immobilization of N in microbial biomass and to an
increase in the temporal heterogeneity of soil properties in a
Mediterranean shrubland. (C) 1998 Elsevier Science Ltd. All rights
reserved.
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Galtier, N., C.H. Foyer, E. Murchie, R. Alred, P. Quick, T.A.
Voeker, C. Thepenier, G. Lasceve, and T. Betsche. 1995. Effects of
light and atmospheric carbon-di oxide enrichment on photosynthesisand
carbon partitioning in theleaves of tomato (lycopersicon-esculentum L)
plants over-expressing sucrose- phosphate synthase. Journal of
Experimental Botany 46:1335-1344.

Photosynthetic carbon assimilation, carbon partitioning and foliar
carbon budgets were measured in the leaves of transformed tomato
plants expressing a maize sucrose-phosphate synthase (SPS) gene in
addition to the native enzyme, and in untransformed controls. Themaize
SPS gene was expressed under control of either the promoter of thesmall
subunit of ribulose 1,5-bisphosphate carboxylase (rbcS promoter; lines
2,9 and 18) or the 35S promoter from cauliflower mosaic virus (CaMV
promoter; line 13). The rate of sucrose synthesis was increased relative
to that of starch and sucrose/starch ratios were higher throughout the
photoperiod in theleaves of all plants expressing high SPS activity. The
leaf carbon budget over the day/night cyclein air at low irradiance (180
mu mol photon m(- 2) 5(-1)) wassimilar inall plants. Net photosynthesis
measured in air and at elevated CO2 (800-1500 mu | 1-1) on whole
plants grown in air a 400 mu mol m(-2) s(-1) irradiance was
significantly increased in the high SPS expressors compared to the
untransformed controlsand washighest where SPSactivity wasgreatest.
At high CO2 the stimulation of photosynthesis was more pronounced,
We conclude that SPS activity is a maor point of control of
photosynthesis particularly under saturating light and CO2.
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Gao, K., Y. Aruga, K. Asada, T. Ishihara, T. Akano, and M.
Kiyohara. 1991. Enhanced growth of the red alga porphyra-yezoensis
ueda in high co2 concentrations. Journal of Applied Phycology
3(4):355-362.

Leafy thalli of the red alga Porphyra yezoensis Ueda, initiated from
conchosporesrel eased from free-living conchocelis, werecultured using
aeration with high CO2. It was found that the higher the CO2
concentration, the faster the growth of thethalli. Aeration with elevated
CO2 lowered pH in dark, but raised pH remarkably in light with the
thalli, becausethe photosynthetic conversion of HCO3- to OH- and CO2
proceeded much faster than the dissociation of hydrated CO2 releasing



H+. Photosynthesis of the algawas found to be enhanced in the seawater
of elevated dissolved inorganic carbon (DIC, CO2 + HC O3- + CO3-).
Itis concluded that theincreased pH in the light resulted in theincrease
of DIC in the culture media, thus enhancing photosynthesis and growth.
The relevance of the results to removal of atmospheric CO2 by marine
algaeis discussed.
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Gao, K., Y. Aruga, K. Asada, T. Ishihara, T. Akano, and M.
Kiyohara. 1993. Calcificationinthearticulated corallinealgacorallina-
pilulifera, with specia reference to the effect of elevated co2
concentration. Marine Biology 117(1):129-132.

Calcificationin CorallinapiluliferaPostelset Ruprecht displayed diurna
variations in aerated (350 ppm CO2) culture media, with faster rates
during the light than during the dark period. Addition of CO2 (air +
1250 ppm) inhibited calcification. Thiswasattributableto the decreased
pH resulting from CO2 addition. Both photosynthesis and calcification
were enhanced in seawater, with elevated dissolved inorganic carbon
concentrations at a constant pH of 8.2.
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Gao, K., Y. Aruga, K. Asada, and M. Kiyohara. 1993. Influence of
enhanced co2 on growth and photosynthesis of the red algae gracilaria
sp and g-chilensis. Journal of Applied Phycology 5(6):563-571.

The influence of elevated CO2 concentrations on growth and
photosynthesis of Gracilaria sp. and G. chilensis was investigated in
order to procureinformation on the effective utilization of CO2. Growth
of both was enhanced by CO2 enrichment (air + 650 ppm CO2, air +
1250 ppm CO2), the enhancement being greater in Gracilaria sp. Both
species increased uptake of NO, with CO, enrichment. Photosynthetic
inorganic carbon uptake was depressed in G. chilensis by pre- culture
(15 days) with CO2 enrichment, but little affected in Gracilariasp. Mass
spectrometric analysis showed that O-2 uptake was higher in the light
than in the dark for both species and in both cases was higher in
Gracilaria sp. The higher growth enhancement in Gracilaria sp. was
attributed to greater depression of photorespiration by the enrichment of
CO2in culture.
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Gao, Q., and M. Yu. 1998. A mode of regional vegetation dynamics
and its application to the study of Northeast China Transect (NECT)
responses to global change. Global Biogeochemical Cycles 12(2):329-
344,

Wedevel oped adynamic regional vegetation model to addressproblems
of responses of regional vegetation to elevated ambient CO2 and
climatic change. The model takes into consideration both local
ecosystem processeswithin apatch or grid cell, such as plant growth and
death, and mass and energy flow, such as plant migration, across
adjacent grid cells. The model is able to couple vegetation structure
dynamicsand primary production processes. Thenormalized differential
vegetation index from meteorological satellite AVHRR was used to
parameterize the model. Plant migration rates were derived based on

effective seedling distribution around parent plants. The model was
applied to Northeast China Transect at a spatial resolution of 10 min
latitude by 10 min longitude per grid cell and atemporal resolution of 1
month. The results indicated that with doubled CO2 concentration, a
20% increasein precipitation and a4 degrees C increasein temperature,
themodel predicted that net primary productivity (NPP) of Larix forests,
conifer-broadleaf mixed forests, Aneurol epidium chinensesteppes, Stipa
grandis steppes, and wetland and salty meadowswoul d decrease by 15%
to 20%. However, NPP of deciduous broadlesf forests, woodland and
shrubs, Stipa baicalensis meadow steppes, and desert grassands would
increase by 20% to 115%, as predicted by the model for the same
climatic scenario. The average NPP of natural vegetation over thewhole
transect would decrease slightly, largely because of the compensation
between the positive effects of increased CO2 and precipitation and the
negative effect of increased evapotranspiration induced by increased
temperature.
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TERRESTRIAL BIOSPHERE

709

Gao, Q., and X.S. Zhang. 1997. A simulation study of responses of the
northeast China transect to elevated CO2 and climate change.
Ecological Applications 7(2):470-483.

The spatiotemporal variations of vegetation biomass of the ecological
transect in northeast Chinawere simulated. Slate variables of the model
included green biomass and nongreen biomass of 12 vegetation
categoriesand water contentsof threesail layers. Thesimulated monthly
green biomass was converted into NDVI, or Normalized Differential
Vegetation Index of AVHRR (Advanced Very High Resolution
Radiometry). A comparison between the modeled and the observed
NDVI was made at 10 spatial resolution, Atmospheric CO2
concentration and montiiiy precipitation were used as two driving
variables for global change simulation. Effects of precipitation
increments on percentage sunshine, relative humidity, radiation,
evapotranspiration, and eventually soil water and plant growth, were
considered, Two levers of CO2 concentration (present, doubled) and
seven levels of precipitation increments (0, 0.05, 0.1, 0.15, 0.2, 0.25,
and 0.30) were prescribed for a total of 14 simulation runs. A steady-
state solution was obtained for each simulation run. The results of
simulation showed that with the present climate conditions, doubling
atmospheric CO2 concentration led approximately to a 20.3% increase
in green biomass, 11.0% increase in nongreen biomass, 19,0% increase
in green NPP, 12.8% increase in nongreen NPP, and 24.9% increasein
overall average NPP at steady state, These increases go, respectively, to
32.9, 13.9, 30.0, 20.1, and 23.4% when a 30% precipitation increase
was superimposed on the doubled CO2 concentration.
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Garbutt, K., W.E. Williams, and F.A. Bazzaz. 1990. Analysis of the
differential response of 5 annuals to elevated CO2 during growth.
Ecology 71(3):1185-1194.
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Garcia, J.M. 1993. Effect of co2infruit storage atmosphereon oliveoil
quality. Grasas Y Aceites 44(3):169-174.

Olivefruits(Oleaeuropaea, cv. "Picual") werestored at 5- degrees-C and



four different atmospheres (% CO2/% O2/%N2: 0/21/78: 5/20/75;
10/19/71 and 20/17/63). At 5-degrees-C the enrichment of the fruit
storage atmosphere with concentrations of CO2 above 5% resulted in a
linear increase of the acidity of extracted oils after 60 days of fruit
storagetime. Thisfact showed a strong relationship with the appearence
of fruit decay. Simple refrigeration of fruits at 5-degrees-C for 60 days
was sufficient to mantain the commercial quality of "virgin extra" in oil
extracted from them. Qils obtained from fruits stored at 5-degrees-C in
CO2 enriched atmospheres showed lower peroxide index and UV
absorbance (270 nm), but devel oped off-flavor. Therefore, greater-than-
or-equal-to 5% CO2 concentrationsin storage atmosphere of olivefruits
for oil production at 5-degrees-C must be avoided.
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Garcia, J.M., and J. Streif. 1993. Quality and storage potential of pear
.1. Influence of ca storage and ulo-storage conditions.
Gartenbauwissenschaft 58(1): 36-41.

In aCA experiment the storage potentid of different pear cultivars was
investigated, especially the behaviour of thefruits against elevated CO2
concentrations and/or ultra low oxygen (ULO).The following CA
combinations were tested: <1 % CO2 + 3 % O2; 3 % CO2 + 3 % O2;
<1%CO2+ 1% 02; 3% CO2+ 1% 02, and refrigerated storage at -
1-degrees-C 'Packham'’s Triumph' showed the best storage potential of
all tested cultivars followed by '‘Conference’ and 'Doyenne’ du Comice.
The keepability of 'General Leclerc' was only slightly improved by CA
conditions compared with cold stored pears. CA storage of 'Alexander
Lucas and 'Bristal Cross didn't show an obvious advantage because of
high CO2 damages. Therefore, CO2 concentrations in CA storage of
these two cultivars should be < 1 %. 'Conference’ and 'General Leclerc'
tolerate up to 2 % CO2, 'Doyenne du Comice' and 'Packham'’s Triumph'
up to 3% CO2. ULO conditions amplified the CO2 damagesin the CO2
sensitivecultivars, but improved thekeepability of 'Doyenne du Comice'
and 'Packham'’s Triumph'.
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Garcia, R.L., SB. |dso, and B.A. Kimball. 1994. Net photosynthesis
as a function of carbon-dioxide concentration in pine trees grown at
ambient and elevated co2. Environmental and Experimental Botany
34(3):337-341.

Pinus eldarica seedlings were grown in a field of Avondale loam at
Phoenix, Arizonawithin transparent open-top enclosures maintained for
15 months at mean CO2 concentrations of 402 and 788 mu | 1(-1), after
which whole-tree net photosynthetic rateswere measured at anumber of
CO2 concentrations ranging from ambient (360 mu | 1(-1)) to 3000 mu
| 1(-1). Rates of thelow- CO2-treatment trees saturated at approximately
five times their ambient-concentration value; while rates of the high-
CO2- treatment trees rose linearly across the entire CO2 range
investigated to more than 10 timestheir valueal 360 mu | 1(- 1). These
findings suggest that long-term exposure to elevated CO2 can increase
the ability of trees with unrestricted root systems to respond positively
to till higher CO2 concentrations.
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Garcia,R.L.,SB.Idso, G.W.Wall,and B.A. Kimball. 1994. Changes
in net photosynthesi sand growth of pinus-eldaricaseedlingsin response
toatmospheric co2 enrichment. Plant, Cell and Environment 17(8):971-
978.

Pinus eldarica L. trees, rooted in the natural soil of an agricultural field
at Phoenix, Arizona, weregrown from the seedling stagein clear-plastic-
wall open-top enclosures maintained at four different atmospheric CO2
concentrationsfor 15 months. Light responsefunctionsweredetermined
for one tree from each treatment by means of whole-tree net CO2
exchange measurements at the end of this period, after which rates of
carbon assimilation of an ambient-treatment tree were measured across
arange of atmospheric COP concentrations. Thefirst of these data sets
incorporates the consequences of both the CO2-induced enhancement
of net photosynthesis per unit needle area and the CO2-induced
enhancement of needle area itself (due primarily to the production of
more needles), whereasthe second data set reflects only thefirst of these
effects. Hence the division of the normalized results of the first data set
by the normalized results of the second set yields arepresentation of the
increase in whole-tree net photosynthesis due to enhanced needle
production caused by atmospheric CO2 enrichment. In the solitary trees
we studied, the relative contribution of thiseffect increased rapidly with
the CO2 concentration of the air to increase wholetree net
photosynthesis by nearly 50% at a CO2 concentration approximately
300 mu mol mol(-1) above ambient.
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Garcia, R.L., SP. Long, G.W. Wall, C.P. Osborne, B.A. Kimball,
G.Y. Nie, PJ. Pinter, R.L. Lamorte, and F. Wechsung. 1998.
Photosynthesis and conductance of spring-whest leaves: field response
to continuous free-air atmospheric CO2 enrichment. Plant, Cell and
Environment 21(7):659-669.

Spring whesat was grown from emergenceto grain maturity in two partial
pressures of CO2 (pCO(2)): ambient air of nominally 37 Pa and air
enriched with CO2 to 55 Pa using a free-air CO2 enrichment (FACE)
apparatus. This experiment was the first of its kind to be conducted
within a cereal field without the modifications or disturbance of
microclimate and rooting environment that accompanied previous
studies, It provided a unique opportunity to examine the hypothesis that
continuous exposure of wheat to elevated pCO(2) will lead to
acclimatory loss of photosynthetic capacity. The diurnal courses of
photosynthesis and conductance for upper canopy leaves were followed
throughout the development of the crop and compared to model-
predicted rates of photosynthesis. The seasonal average of midday
photosynthesis rates was 28% greater in plants exposed to elevated
pCO(2) thanin contols and the seasonal average of the daily integrals of
photosynthesiswas 21% greater in elevated pCO(2) than in ambient air.
The mean conductance at midday was reduced by 36%. The observed
enhancement of photosynthesisin elevated pCO(2) agreed closely with
that predicted from a mechanistic biochemical model that assumed no
acclimation of photosynthetic capacity. Measured values fell below
predicted only in theflag leavesin the mid afternoon before the onset of
grain-filling and over thewholediurnal courseat theend of grain-filling.
The loss of enhancement at this final stage was attributed to the earlier
senescence of flag leaves in elevated pCO(2). In contrast to some
controlled-environment and field-enclosure studi es, thisfield-scalestudy
of wheat using free-air CO2 enrichment found little evidence of
acclimatory loss of photosynthetic capacity with growth in elevated
pCO(2) and asignificant and substantial increasein leaf photosynthesis
throughout the life of the crop.
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Garcia-lbilcieta, D., and J.C. Pushnik. 1997. Differential gene
displays from Pinus ponderosa seedlings experiencing elevated CO2
stress. Faseb Journal 11(9):A1104.
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Gardner, SD.L., G. Taylor, and C. Bosac. 1995. Leaf growth of
hybrid poplar following exposure to elevated co2. New Phytologist
131(1):81-90.

Leaf extension wasstimulated following exposure of threeinteramerican
hybrid poplar clones (Populus trichocarpa x P. deltoides); 'Unal’,
'‘Boelare', and 'Beaupre and a euramerican clone 'Primo’ (Populus nigra
x P. deltoides) to elevated CO2 in controlled environment chambers. For
all three interamerican clones the evidence suggests that this was the
result of increased |leaf cell expansion associated with enhanced cell wall
extensibility (WEx), measured as tensiometric increases in cell wall
plasticity. For the interamerican clone 'Boelare, there was aso a
significant increasein cell wall elasticity following exposureto elevated
CO2 (P less than or equal to 0.001). The effect of elevated CO2 in
stimulating cell wall extensibility was confirmed in a detailed spatial
analysis of extensibility made across the lamina of expanding leaves of
the clone '‘Boelare’. For two of the interamerican hybrids, 'Unal' and
'‘Beaupre', both leaf cell water potential (psi) and turgor pressure (P) were
lower in elevated than in ambient CO2 By contrast, no significant effects
on the cell wall properties or leaf water relations for the euramerican
hybrid 'Primo’ were observed following exposure to elevated CO2,
suggesting that the mechanism for increased leaf extension in elevated
CO2 differed, depending on clone. Thecumulativetotal length of leaves
of '‘Boelare’ grown in elevated CO2 was significantly increased (P less
than or equal to 0.05) and since leaf number was not significantly
increased in any inter-american clone it is hypothesized that final leaf
sizewas stimulated in elevated CO2 for these clones. By contrast, there
was no significant effect of CO2 on cumulative total leaf length for the
euramerican clone 'Primo’, but leaf humber was significantly increased
by elevated CO2. The measurements suggest that total treeleaf areawas
stimulated for arange of poplar hybrids exposed to elevated CO2. Given
the short rotation of acoppiced crop, itislikely that increased leaf areas
will result in enhanced stemwood production when hybrid poplars are
grown in the CO2 concentrations predicted for the next century.
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Gary, C.,N.Bertin, J.S. Frossard, and J. LeBot. 1998. High mineral
contents explain thelow construction cost of leaves, stems and fruits of
tomato plants. Journal of Experimental Botany 49(318):49-57.

The construction cost of plant tissuesis used in crop models to convert
the products of photosynthesis into biomass. As for other greenhouse
crops, tomato tissues are specific in that they have a high mineral
content. The conseguences of this accumulation of minerals on the
construction cost of the tissues and the possible interactions with the
physiological age of the organs and with the CO2 concentration in the
atmospherewasexamined. For that purpose, threemethods of estimating
the construction cost were used and compared. Large quantities of
mineralsaccumulated in thetissues of tomato plants (ranging from 0.05
in fruitsto 0.26 g g(-1) DM in leaves). The subsequent dilution of the
organic matter explained why the estimated construction cost of the dry
matter (organic matter + minerals) was fairly low in comparison to that
of other crop species. The construction cost was higher in fruitsthan in
vegetativeorgans, partly because of alower mineral content. It decreased
by 7-12% from top to bottom of the canopy, following the increase in

the physiological age of the tissues. This ontogenic drift was partly
explained by the accumulation of minerals in the older organs. In the
conditions of CO2 enrichment of acommercial greenhouse, no effect of
CO2 concentration on the mineral content and on the construction cost
of tissues was observed. Such a variability of the construction cost of
tomato plant tissues due to the accumulation of minerals or to the
ontogeny questions the use of standard values in crop models.

KEYWORDS: CARBON CONTENT, COMBUSTION, CROP, DARK
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Gay, A.P., and B. Hauck. 1994. Acclimation of lolium-temulentum to
enhanced carbon-dioxide concentration. Journal of Experimental
Botany 45(277):1133-1141.

Acclimation of single plants of Lolium temulentum to changing [CO2]
was studied on plants grown in controlled environments at 20 degrees C
with an 8 h photoperiod. In the first experiment plants were grown at
135 mu mol m(-2) s(-1) photosynthetic photon flux density (PPFD) at m
s415 mu | I(-1) or 550 mu | I(-1) [CO2] with some plants transferred
from the lower to the higher [CO2] at emergence of leaf 4. In the second
experiment plantswere grown at 135 and 500 mu mol m(-2) s(-1) PPFD
at 345 and 575 mu | I(-1) [CO2]. High [CO2] during growth had little
effect on stomatal density, total soluble proteins, chlorophyll a content,
amount of Rubisco or cytochromef. However, increasing [CO2] during
measurement increased photosynthetic rates, particularly in high light.
Plants grown in the higher [CO2] had greater leaf extension, leaf and
plant growth ratesin low but not in high light. The results are discussed
in relation to the limitation of growth by sink capacity and the
modifications in the plant which allow the storage of extra assimilates
at high [CO2].
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Gebauer, R.L.E., J.F. Reynolds, and B.R. Strain. 1996. Allometric
relations and growth in Pinus taeda: The effect of elevated CO2 and
changing N availability. New Phytologist 134(1):85-93.

Loblolly pine (Pinus taeda L.) seedlings were grown for 138 d at two
CO2 partial pressures (35 and 70 Pa CO2) and four N solution
concentrations (0.5, 1.5, 3.5 and 6.5 mM NH4NO3). Allometric
regression analysis was used to determine whether patterns of biomass
alocation among functionally distinct plant-parts were directly
controlled by CO2 and N availability or whether differences between
treatmentsweretheresult of size-dependent changesin allocation. Both
CO2 and N availability affected growth of loblolly pine. Growth
stimulation by CO2 at nonlimiting N solution concentrations (3.5 and
6.5 mM NH4NO3) was c. 90%. At the lowest N solution concentration
(0.5 mM NH4NO?3), total plant biomass was still enhanced by 35%
under elevated CO2. Relative growth rates were highly correlated with
net assimilation rates, whereas leaf mass ratio remained unchanged
under the wide range of CO2 and N solution concentrations. When
differencesin plant size were adjusted apparent CO2 effects on biomass
allocation among different plant parts disappeared, indicating that CO2
only indirectly affected alocation through accelerated growth. N
availability, by contrast, had a direct effect on biomass allocation, but
primarily at the lowest N solution concentration (0.5 mM NH4NO3).
Loblally pinecompensated for N limitation by increasing specificlateral
root length and proportional biomass allocation to the lateral root
system. The results emphasize the significance of distinguishing size-
dependent effects on biomass allocation from functional adjustments



made in direct response to changing resource availability.
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Gebauer, R.L.E.,B.R. Strain, and J.P. Reynolds. 1998. The effect of
elevated CO2 and N availability on tissue concentrations and whole
plant pools of carbon-based secondary compounds in loblolly pine
(Pinus taeda). Oecologia 113(1):29-36.

We examined the extent to which carbon investment into secondary
compoundsinloblolly pine(PinustaedaL.) ischanged by theinteractive
effect of elevated CO2 and N availability and whether differencesamong
treatments are the result of size-dependent changes. Seedlings were
grown for 138 days at two CO2 partial pressures (35 and 70 Pa CO2)
and four N solution concentrations (0.5, 1.5, 3.5, and 6.5 mmol I(-1)
NO3NH4) and concentrations of total phenolics and condensed tannins
were determined four times during plant development in primary and
fascicular needles, stems and lateral and tap roots. Concentrations of
total phenalicsin lateral roots and condensed tannins in tap roots were
relatively high regardless of treatment. In the smallest seedlings
secondary compound concentrations were relatively high and decreased
in theinitial growth phase. Thereafter condensed tannins accumulated
strongly during plant maturation in all plant partsexcept in lateral roots,
where concentrations did not change. Concentrations of total phenolics
continued to decreasein lateral roots whilethey remained constantin all
other plant parts. At the final harvest plants grown at elevated CO2 or
low N availability showed increased concentrations of condensed
tannins in aboveground parts. The CO2 effect, however, disappeared
when size differences were adjusted for, indicating that CO2 only
indirectly affected concentrations of condensed tannins through
accelerating growth. Concentrationsof total phenolicsincreased directly
in response to low N availability and elevated CO2 in primary and
fascicular needles and in lateral roots, which is consistent with
predictions of the carbon-nutrient balance (CNB) hypothesis. The CNB
hypothesisis also supported by the strong positive correlations between
soluble sugar and total phenolics and between starch and condensed
tannins. The results suggest that predictions of the CNB hypothesis
could be improved if developmentally induced changes of secondary
compounds were included.
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Gedroc, J.J., K.D.M. McConnaughay, and J.S. Coleman. 1996.
Plasticity in root shoot partitioning: Optimal, ontogenetic, or both?
Functional Ecology 10(1):44-50.

1. Wetested whether plantsincrease root,shoot ratiosto compensate for
limitations of below-ground resources in a manner consistent with
optimal partitioning theory or whether the relative production of roots
and shoots is controlled by species-specific developmental patterns.
Individuals of two annual plant species, Abutilon theophrasti and
Chenopodium album, were grown from seed in controlled greenhouse
conditions under high- or low-nutrient regimes. Mid-way through the
experiment, a sub-set of low-nutrient-grown plants were given high
nutrient availability and a sub-set of high-nutrient-grown plants were
transferred to alow nutrient environment. 2. Under continuous nutrient
regimes: (1) high-nutrient-grown plants of both species grew faster and
had alower root:shoot ratio than low-nutrient-grown plants, consistent
with optimal partitioning theory; (2) both speciesexhibited asubstantial

amount of ontogenetic drift as root:shoot ratios decreased through
ontogeny (subsequent to an initial increase in R/S shortly after
germination); (3) allometric analyses revealed that increased allocation
torootsoccurred very early in ontogeny for both species, after which the
relative growth of shoots exceeded that of roots in low-nutrient-grown
plants compared to their high nutrient-grown counterparts - a result
inconsistent with optimal partitioning theory. 3. Under temporaly
varying nutrient regimes: (1) growth substantially increased in low-
nutrient-grown plantsthat were switched to ahigh-nutrient environment
without a change in root:shoot partitioning; (2) there was no changein
growth or partitioning when plants were switched from a high- to alow-
nutrient regime. 4. Weconcludethat, for theseannual species, root/shoot
partitioning is partially consistent with optimal partitioning theory but
that isalso highly ontogenetically constrained. Thisconstraint isevident
both in substantive ontogenetic drift in partitioning and in the period
during development that plasticity in partitioning can be expressed.
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Geethakumari, V.L., and K. Shivashankar. 1991. Studieson organic
amendment and CO2 enrichment in ragi soybean intercropping systems.
Indian Journal of Agronomy 36(2):202-206.

Organic amendment comprising of ragi husk and FYM mixed in 1:1
ratio by weight promoted organic carbon content and available P status
of the soil. A level of 4 t/haof organic amendment promoted the uptake
of N significantly by both ragi and soybean. Availability of P and K
were also favourably influenced. Uptake of nutrients by soybean was
promoted by CO2 enrichment. Available P status was higher in
intercropped ragi and soybean as compared to pure crops but nutrient
uptake was higher by pure crops.
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Geiger, M., V. Haake, F. Ludewig, U. Sonnewald, and M. Stitt.
1999. The nitrate and ammonium nitrate supply have a major influence
on the response of photosynthesis, carbon metabolism, nitrogen
metabolism and growth to elevated carbon dioxide in tobacco. Plant,
Cell and Environment 22(10):1177-1199.

The effect of elevated [CO2] on biomass, nitrate, anmonium, amino
acids, protein, nitrate reductase activity, carbohydrates, photosynthesis,
the activities of Rubisco and Sig other Calvin cycle enzymes, and
transcripts for Rubisco small subunit, Rubisco activase, chlorophyll a
binding protein, NADP-glyceraldehyde-3-phosphate dehydrogenase,
aldolase, transketolase, plastid fructose-1,6-bisphosphatase and ADP-
glucose pyrophosphorylase was investigated in tobacco growing an 2, 6
and 20 mM nitrate and 1, 3 and 10 mM ammonium nitate. (i) The
growth stimulationin elevated [ CO2] wasattenuated in intermediateand
abolished in low nitrogen. (ii) Elevated [CO2] led to adecline of nitrate,
ammonium, amino acids especialy glutamine, and protein in low
nitrogen and a dramatic decrease in intermediate nitrogen, but not in
high nitrogen. (iii) Elevated [COZ2] led to adecrease of nitrate reductase
activity in low, intermediate and high ammonium nitrate and in
intermediate nitrate, but not in high nitrate, (iii) At low nitrogen, starch
increased relativeto sugars. Elevated [ CO2] exaggerated thisshift. ADP-
glucose pyrophosphorylase transcript increased in low nitrogen, and in
eevated [CO2]. (iv) In high nitrogen, sugarsrosein elevated [CO2], but
there was no acclimation of photosynthetic rate, only a small decrease
of Rubisco and no decrease of other Calvin cycle enzymes and no
decrease of the corresponding transcripts. In lower nitrogen, there was
amarked acclimation of photosynthetic rate and a general decrease of
Calvin cycle enzymes, even though sugar levels did not increase. The



decreased activities were due to a general decrease of leaf protein. The
corresponding transcripts did not decrease except at very low nitrogen.
(v) It is concluded that many of the effects of elevated [CO2] on nitrate
metabolism, photosynthate allocation, photosynthetic acclimation and
growth are due to a shift in nitrogen status.

KEYWORDS: ADP-GLUCOSE PYROPHOSPHORYLASE,
ATMOSPHERIC CO2 ENRICHMENT, GAS-EXCHANGE, LOBLOLLY-
PINE, MINERAL NUTRITION, PINUS-TAEDA, PLANT GROWTH,
RIBULOSE-1;5-BISPHOSPHATE CARBOXYLASE-OXYGENASE,
SOUR ORANGE TREES, TAEDA L SEEDLINGS
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Geiger, M., P.Walch-Liu, C. Engels, J. Har necker, E.D. Schulze, F.
Ludewig, U. Sonnewald, W.R. Scheible, and M. Stitt. 1998.
Enhanced carbon dioxide leads to a modified diurnal rhythm of nitrate
reductase activity in older plants, and a large stimulation of nitrate
reductase activity and higher levels of amino acids in young tobacco
plants. Plant, Cell and Environment 21(3):253-268.

Higher rates of nitrate assimilation arerequired to support faster growth
inenhanced carbon dioxide. Toinvestigate how thisisachieved, tobacco
plants were grown on high nitrate and high light in ambient and
enhanced (700 mu mol mol(-1)) carbon dioxide. Surprisingly, enhanced
carbon dioxide did not increase leaf nitrate reductase (MR) activity in
themiddle of the photoperiod. Possiblereasonsfor thisanomal ousresult
were investigated. (&) Measurements of biomass, nitrate, amino acids
and glutaminein plants fertilized once and twice daily with 12 mol m(-
3) nitrate showed that enhanced carbon dioxide did not lead to anitrate
limitation in these plants. (b) Enhanced carbon dioxide modified the
diurnal regulation of NR activity in source leaves. Thetranscript for nia
declined during the light period in a similar manner in ambient and
enhanced carbon dioxide. The decline of the transcript correlated with
a decrease of nitrate in the leaf, and was temporarily reversed after re-
irrigating with nitratein the second part of the photoperiod. Thedecline
of thetranscript was not correlated with changes of sugars or glutamine.
NR activity and protein decline in the second part of the photoperiod,
and NRisinactivated in thedark in ambient carbon dioxide. Thedecline
of NR activity was smaller and dark inactivation was partially reversed
in enhanced carbon dioxide, indicating that post- transcriptional or post-
translational regulation of NR has been modified. The increased
activation and stability of NR in enhanced carbon dioxidewas correlated
with higher sugars and lower glutamine in the leaves. (c) Enhanced
carbon dioxide led to increased levels of the minor amino acids in
leaves. (d) Enhanced carbon dioxide led to a large decrease of glycine
and a small decrease of serine in leaves of mature plants. The
glycine:serine ratio decreased in source leaves of older plants and
seedlings. The consequences of alower rate of photorespiration for the
levels of glutamine and the regulation of nitrogen metabolism are
discussed. (€) Enhanced carbon dioxide also modified the diurnal
regulation of NR in roots. The nia transcript increased after nitrate
fertilization in the early and the second part of the photoperiod. The
response of the transcript was not accentuated in enhanced carbon
dioxide. NR activity declined dlightly during the photoperiod in ambient
carbon dioxide, whereasit increased 2-fold in enhanced carbon dioxide.
The increase of root NR activity in enhanced carbon dioxide was
preceded by atransient increase of sugars, and wasfollowed by adecline
of sugars, a faster decrease of nitrate than in ambient carbon dioxide,
and an increase of nitritein theroots. (f) To interpret the physiological
significanceof thesechanges-in nitrate metabolism, they werecompared
with the current growth rate of the plants. (g) In 4-5-week-old plants, the
current rate of growth was similar in ambient and enhanced carbon
dioxide (approximate to 0.4 g(-1) d(-1)). Enhanced carbon dioxide only
led to small changes of NR activity, nitrate decreased, and overall amino
acids were not significantly increased. (h) Y oung seedlings had a high
growth rate (0.5 g(-1) d(-1)) in ambient carbon dioxide, that was
increased by another 20% in enhanced carbon dioxide. Enhanced carbon

dioxideled to larger increases of NR activity and NR activation, a 2-3-
fold increase of glutamine, a 50% increase of glutamate, and a 2-3-fold
increase in minor amino acids. It also led to a higher nitrate level. It is
argued that enhanced carbon dioxideleadsto avery effectivestimulation
of nitrate uptake, nitrate assimilation and amino acid synthesis in
seedlings. Thiswill play animportant rolein allowing faster growthrates
in enhanced carbon dioxide at this stage.

KEYWORDS: ATMOSPHERIC CO2 CONCENTRATION, ELEVATED
CO2, ENRICHMENT, GROWTH, MINERAL NUTRITION, NITRITE-
REDUCTASE, NITROGEN, POSTTRANSLATIONAL REGULATION,
RIBULOSE-1;5-BISPHOSPHATE CARBOXYLASE-OXYGENASE, SINK
REGULATION

726

GenoudGourichon, C., H. Sallanon, and A. Coudret. 1996. Effects
of sucrose, agar, irradiance and CO2 concentration during the rooting
phase on theacclimation of Rosahybridaplantletsto ex vitro conditions.
Photosynthetica 32(2):263-270.

Plantlets of Rosa hybrida cv. Deladel Madame Delbard were grown in
vitro under different CO2 concentrations and irradiances, The medium
wassolid or liquid with or without sucrose, M orphol ogical (shoot length,
leaf number, leaf area, root number and root length) and photosynthetic
parameters (photosynthesis/irradiance curves and phosphoenol pyruvate
carboxylase and ribulose-1,5-bisphosphate carboxylase/oxygenase
activities) were measured. Sucrose was necessary for root formation but
not for root initiation, Culturein sucrose-free and liquid medium, under
CO2 enrichment and high photosynthetic photon flux density increased
the photosynthetic abilities and improved acclimation of plantletsto ex
vitro conditions even if these plants had no roots after the rooting
initiation phase.
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George, V., D. Cantin, D. Gerant, and P. Dizengremel. 1997. Long-
term effects of elevated CO2 concentration on respiratory enzymes and
dark respiration in pedunculate oak leaves. Plant Physiology
114(3):657.
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George, V., D. Gerant, and P. Dizengremel. 1996. Photosynthesis,
Rubisco activity and mitochondrial malate oxidation in peduncul ate oak
(Quercus robur L) seedlings grown under present and elevated
atmospheric CO2 concentrations. Annales Des Sciences Forestieres
53(2-3):469-474.

Pedunculate oak seedlings were grown at 350 and 700 mu L/L CO2in
controlled chambers. After 130 daysat elevated CO2, the biomassof the
whole plant did not significantly increase. Photosynthesis, Rubisco
activity, mitochondrial malate oxidation, carbohydrates and nitrogen
contentswere examined in thefourth growth flush. At 700 mu L/L CO2,
the leaf net photosynthetic rate was 220% higher than at 350 mu L/L
CO2. The decreased activity of Rubisco was accompanied by an
accumulation of sucrose and glucose. The decreased oxidative capacity
of crude leaf mitochondria from elevated CO2 plants was driven by the
lower nitrogen and protein contents rather than by the higher
carbohydrates contents in the leaves. Nevertheless, direct effects of
elevated CO2 on the respiratory biochemistry cannot be excluded.

KEYWORDS: RESPIRATION, TREES
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Gesch, R.W.,K.J.Boote, J.C.V.Vu,L.H.Allen,and G. Bowes. 1998.
Changes in growth CO2 result in rapid adjustments of ribulose- 1,5
bisphosphate carboxylase/oxygenase small subunit gene expression in
expanding and matureleaves of rice. Plant Physiology 118(2):521-529.

The accumulation of soluble carbohydrates resulting from growth under
elevated CO2 may potentially signal the repression of gene activity for
the small subunit of ribulose-1,5- bisphosphate carboxylase/oxygenase
(rbcS). To test this hypothesis we grew rice (Oryza sativa L.) under
ambient (350 mu L L-1) and high (700 mu L L-1) CO2 in outdoor,
sunlit, environment-controlled chambers and performed a cross-
switching of growth CO2 concentration at the late-vegetative phase.
Within 24 h, plants switched to high CO2 showed a 15% and 23%
decrease in rbcS mMRNA, whereas plants switched to ambient CO2
increased 27% and 11% in expanding and mature leaves, respectively.
Ribulose-1,5-bisphosphate carboxylase/oxygenase total activity and
protein content 8 d after the switch increased up to 27% and 20%,
respectively, in plants switched to ambient CO2, but changed very little
in plants switched to high CO2. Plants maintained at high CO2 showed
greater carbohydrate pool sizes and lower rbcS transcript levels than
plants kept at ambient CO2. However, after switching growth CO2
concentration, there was not a simple correlation between carbohydrate
and rbcStranscript levels. Weconcludethat although carbohydratesmay
be important in the regulation of rbcS expression, changesin total pool
size alone could not predict the rapid changes in expression that we
observed.

KEYWORDS ACCLIMATION, ACCUMULATION, ATMOSPHERIC
CARBON-DIOXIDE, ELEVATED CO2, HIGHER-PLANTS,
MECHANISM, PHOTOSYNTHESS, RUBISCO, SOURCE-SINK
RELATIONS, TEMPERATURE
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Ghannoum, O., and J.P. Conroy. 1998. Nitrogen deficiency precludes
agrowth response to CO2 enrichment in C-3 and C-4 Panicum grasses.
Australian Journal of Plant Physiology 25(5):627-636.

We investigated the interaction of nitrogen (N) supply and CO2
enrichment on the growth and photosynthesis of Panicum laxum (C-3),
P. coloratum (C-4) and P. antidotal e (C-4). Plantswere grown at ambient
CO2 partia pressures (p(a)) of either 36 (low) or 71 (high) Pa, in potted
soil supplied with O (low) or 60 (high) mg N kg(-1) soil week(-1).
Elevated CO2 enhanced total plant dry mass of al three species by
approximately 28% under high N supply, but had no effect on biomass
accumulation under N deficiency. CO2 enrichment resulted in
reductions of CO2 assimilation rates (A; measured at comparable p(a))
of P. laxum, indi cating acclimation of photosynthesis. Thisacclimation,
which was more pronounced under N stress, was unrelated to changes
inleaf N or non-structural carbohydrate concentrations, because neither
were affected by CO2 enrichment. In the C-4 grassesgrown at low N, A
were fully saturated at the current ambient p(a), whereas at high N, A
increased dightly when CO2 wasraised to 71 Pa. N deficiency reduced
theinitial slope of the CO2 response curveof A in P. antidotale, and this
effect was more pronounced at high CO2. In conclusion, the preclusion
of agrowth responseto CO2 enrichment by N deficiency was correlated
with astrong inhibition of A in the C-3 species, and the saturation of A
at below current atmospheric p(a) in C-4 species.

KEYWORDS: ACCLIMATION, CARBON DIOXIDE, CARBOXYLASE,
DRY-MATTER, ELEVATED CO2, NUTRITION, PHOTOSYNTHES' S,
RESPIRATION, SOURCE-SINK RELATIONS, TEMPERATURE
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Ghannoum, O., K. Siebke, S. Von Caemmerer, and J.P. Conroy.
1998. The photosynthesis of young Panicum C-4 leavesis not C-3-like.

Plant, Cell and Environment 21(11):1123-1131.

Evidence is presented contrary to the suggestion that C-4 plants grow
larger at elevated CO2 becausethe C-4 pathway of young C-4 |eaveshas
C-3-like characteristics, making their photosynthesis O-2 sensitive and
responsive to high CO2, We combined PAM fluorescence with gas
exchange measurements to examine the O-2 dependence of
photosynthesisin young and mature leaves of Panicum antidotale (C-4,
NADP-ME) and P. coloratum (C4, NAD-ME), at an intercellular CO2
concentration of 5 Pa. P. laxum (C-3) was used for comparison, The
young C, leaves had COL and light response curves typical of C-4
photosynthesis. When the O-2 concentration was gradually increased
between 2 and 40%, CO2 assimilation rates (A) of both mature and
young C-4 leaves were little affected, while the ratio of the quantum
yield of photosystem 1 to that of CO2 assimilation (Phi(PSII)/Phi(CO2))
increased more in young (up to 31%) than mature (up to 10%) C-4
leaves. A of C-3 leaves decreased by 1.3 and Phi(PSII)/Phi(CO2)
increased by 9-fold, over the same range of O-2 concentrations. Larger
increasesin electron transport requirementsin young, relativeto mature,
C-4 leaves at low CO2 are indicative of greater O-2 sensitivity of
photorespiration, Photosynthesis modelling showed that young C-4
leaves have lower bundle sheath CO2 concentration, brought about by
higher bundle sheath conductance relative to the activity of the C-4 and
C-3 cycles and/or lower ratio of activities of the C-4 to C-3 cycles.

KEYWORDS: ATMOSPHERIC CO2 ENRICHMENT, CARBON
ASSIMILATION, CHLOROPHYLL FLUORESCENCE, DEVELOPING
MAIZE LEAVES, ELECTRON-TRANSPORT, GENE-EXPRESSION,
IRRADIANCE, LEAF DEVELOPMENT, PHOTOSYSTEM, QUANTUM
YIELD
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Ghannoum, O., S. vonCaemmerer, EW.R. Barlow, and J.P.
Conroy. 1996. Effect of CO2 enrichment on growth, morphology and
gas exchange of a C-3 (Panicum laxum) and a C-4 (Panicum antidotale)
grass grown at two irradiance levels. Plant Physiology 111(2):211.
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Ghannoum, O., S. vonCaemmerer, EW.R. Barlow, and J.P.
Conroy. 1997. The effect of CO2 enrichment and irradiance on the
growth, morphology and gas exchange of a C-3 (Panicum laxum) and a
C-4 (Panicum antidotal€) grass. Australian Journal of Plant Physiology
24(2):227-237.

The effect of CO2 enrichment and irradiance on the growth and gas
exchange of two tropical grasses, Panicum laxum (C-3) and Panicum
antidotal e (C-4) wereinvestigated. Thetwo speciesweregrown at either
350 (low) or 700 (high) mu L L-1 CO2 concentration, under 40% (low)
or 100% (high) of direct sunlight and supplied with ample water and
nutrition. Elevated CO2 enhanced plant dry weight at both irradiances
in the C-3 species (1.41-fold and 1.71-fold increase at low and high
light, respectively) but only at high light in the C-4 species (1.28 fold
increase). CO2 enrichment had no effect on the dry weight of P.
antidotale, when stem development was suppressed by growth under
artificial lighting. When measured at the CO2 concentration at which
they were grown, assimilation rates were similar in the low and high
CO2 grown plants, for both species. However, when measurementsmade
at low CO2 were compared, CO2 assimilation rates of the high light,
high CO2 grown C-3 and C- 4 specieswere lower than those of their low
CO2 grown counterparts. High CO2 strongly reduced the stomatal
conductance of both species, whileit affected the Rubisco content (30%
decrease) of the high light C-3 species only. This work shows clearly
that C-4 species can respond to CO2 enrichment under favourable
growth conditions, and that acclimation to elevated CO2 in pasture
grasses does not necessarily involve accumulation of non-structural



carbohydrates or reduction of total N or soluble proteins in source
leaves.

KEYWORDS: ACCLIMATION, ASSIMILATION, CARBON DIOXIDE,
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RESPONSES, TEMPERATURE
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Ghannoum, O., S. vonCaemmerer, E.W.R. Barlow, and J.P.
Conroy. 1997. The effect of CO2 enrichment and irradiance on the
growth, morphology and gas exchange of a C-3 (Panicum laxum) and a
C-4 (Panicum antidotale) grass (vol 24, pg 227, 1997). Australian
Journal of Plant Physiology 24(3):U2.
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Gifford, R.M.1992. Implicationsof theglobally increasing atmospheric
CO2 concentration and temperature for the Australian terrestrial carbon
budget - integration using asimple-model. Australian Journal of Botany
40(4-5):527-543.

A simple continentally aggregated model of the Australian terrestrial
carbon budget (CQUESTA) integrates information on CO2 and
temperature effects and is applied to evaluating whether vegetation is
absorbing anthropogenic CO2. Information from theliteratureis used to
parameterise CQUESTA. A standard set of parameters is adopted for
exploratory purposes. Historical information is used to describe the
average CO2 concentration and temperature over the southern
hemisphere from 1750 AD to the present. From the present to 2050 AD
the'business-as-usud' scenari o described by theIntergovernmental Panel
on Climate Change (IPCC) is applied. The standard parameterisation of
the model suggests that the changing CO2 concentration and
temperature regime since 1750 AD has been causing continuous net
sequestration of carbon into Australian live vegetation and soils. The
present modelled rate of net sequestration is of a similar magnitude to
CO2 emissions from continental fossil fuel burning and land clearing
combined. The rate of sequestration is predicted to continue to increase
until 2050 AD and beyond if atmospheric CO2 concentration and
temperature continue to increase. However, there remains considerable
experimental uncertainty about the correct parameterisation of the
model. Thefindings haveimplicationsfor policies on greenhouse effect
gas emissions.

KEYWORDS: ACCLIMATION, DIOXIDE, DYNAMICS, ELEVATED
CO2, GROWTH, NITROGEN, PHOTOSYNTHES'S, SOIL, TUSSOCK
TUNDRA, WATER
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Gifford, R.M. 1994. The global carbon-cycle - a viewpoint on the
missing sink. Australian Journal of Plant Physiology 21(1):1-15.

Atmospheric carbon budgets that ignore the possibility of terrestrial
ecosystem responsesto global atmospheric change do not balance; there
isa'missing sink' of about 0.4 - 4 Gt C yr(-1). This paper argues acase
that mechanistically it is well within the bounds of possibility that
increasing carbon storage in vegetation and soils in response to the
globally increasing CO2 concentration, temperature and nitrogen
deposition can account for the missing C sink. Global warming
conditions considered alonewould be unlikely to cause most ecosystems
to emit CO2, because the N mineralised by any enhanced soil organic
matter decomposition would be largely taken up by plants and
reconverted into organic matter having a much higher C:N ratio than
that in the soil. Models of the global terrestrial C cycle indicate that an
extra 0.5 - 4 Gt C yr(-1) could well be being stored in soils and

vegetation today in responseto the CO2 fertilising effect, having regard
for the interactions with growth restricting water, light and nitrogen
levels. To obtain direct proof asto whether that thisis happening or not
isamajor challenge.

KEYWORDS BIOSPHERE, BUDGET, CLIMATE, DIOXIDE,
ECOSYSTEMS ELEVATED CO2, INCREASING ATMOSPHERIC CO2,
PLANT GROWTH, RESPONSES, TEMPERATURE
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Gifford, R.M. 1995. Whole plant respiration and photosynthesis of
wheat under increased CO2 concentration and temperature: Long-term
vs short-term distinctions for modelling. Global Change Biology
1(6):385-396.

Short- and long-term effects of elevated CO2 concentration and
temperature on whole plant respiratory relationships are examined for
wheat grown at four constant temperatures and at two CO2
concentrations. Whole plant CO2 exchange was measured on a 24 h
basis and measurement conditions varied both to observe short-term
effects and to determine the growth respiration coefficient (r(g))r dry
weight maintenance coefficient (r(g)), basal (i.e. dark acclimated)
respiration coefficient (r(b)), and 24 h respiration:photosynthesis ratio
(R:P). There was no response of r(b) to short-term variation in CO2
concentration. For plants with adequate N-supply, r(g) was unaffected
by the growth-CO2 despite a 10% reduction in the plant's N
concentration (%N). However, r(m) was decreased 13%, and r(b) was
decreased 20% by growth in elevated CO2 concentration relative to
ambient. Nevertheless, R:Pwas not affected by growth in elevated CO2.
Wholeplant respiration responded to short-term variation of + 5 degrees
C around the growth temperature with low sensitivity (Q(10) = 1.8 at 15
degrees C, 1.3 at 30 degrees C). The shape of the response of whole
plant respiration to growth temperature was different from that of the
short term response, being a slanted S-shape declining between 25 and
30 degrees C. While r(m) increased, r(g) decreased when growth
temperature increased between 15 and 20 degrees C. Above 20 degrees
C r(m) became temperatureinsensitive whiler(g) increased with growth
temperature. Despitethesecomplex component responses, R:Pincreased
only from 0.40 to 0.43 between 15 degrees and 30 degrees C growth
temperatures. Giving the plants a step increase in temperature caused a
transient increase in R:P which recovered to the pre- transient value in
3 days. It isconcluded that use of a constant R:P with respect to average
temperature and CO2 concentration may beamore simpleand accurate
way to model the responses of wheat crop respiration to 'climate change'
than the more complex and mechanistically dubious functional analysis
into growth and maintenance components.

KEYWORDS ELEVATED CO2, GROWTH
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Gifford, R.M., J.L. Lutze, and D. Barrett. 1996. Global atmospheric
change effects on terrestrial carbon sequestration: Exploration with a
global C- and N-cycle model (CQUESTN). Plant and Soil 187(2): 369-
387.

A modd of the interacting global carbon and nitrogen cycles
(CQUESTN) is developed to explore the possible history of C-
sequestration into the terrestrial biosphere in response to the global
increases (past and possible future) in atmospheric CO2 concentration,
temperature and N-deposition. The model is based on published
estimates of pre-industrial C and N pools and fluxes into vegetation,
litter and soil compartments. It was found necessary to assign low
estimates of N pools and fluxes to be compatible with the more firmly
established C-cycle data. Net primary production was made responsive
to phytomass N level, and to CO2 and temperature deviation from
preindustrial values with sensitivities covering the ranges in the



literature. Biological N-fixation could be made either unresponsive to
soil C:N ratio, or could act to tend to restore the preindustrial C:N of
humus with different N-fixation intensities. As for all such simulation
models, uncertaintiesin both data and functional relationships render it
more useful for qualitative evaluation than for quantitative prediction.
With the N-fixation response turned off, the historic CO2 increase led
to standard-model sequestration into terrestrial ecosystemsin 1995AD
of 1.8 Ct C yr(-1). With N-fixation restoring humus C:N strongly, C
sequestration was 3 Ct yr(-1) in 1995. In both cases C:N of phytomass
and litter increased with time and these increases were plausible when
compared with experimental data on CO2 effects. The temperature
increase also caused net C sequestration in themodel biosphere because
decrease in soil organic matter was more than offset by the increase in
phytomass deriving from the extra N mineralised. For temperature
increase to reduce system C pool size, the biosphere "leakiness" to N
would have to increase substantially with temperature. Assuming a
constant N-loss coefficient, the historic temperature increase alone
caused standard-model net C sequestration to beabout 0.6 Gt Cin 1995.
Given the disparity of plant and microbial C:N, the modelled impact of
anthropogenic N-deposition on C- sequestration depends substantially
on whether the deposited N is initialy taken up by plants or by soil
microorganisms. Assuming the latter, standard-model net sequestration
in 1995 was 0.2 Ct C in 1995 from the N-deposition effect alone.
Combining the effects of the historic courses of CO2, temperature and
N-deposition, the standard-model gave C- sequestration of 3.5 Ct in
1995. Thisinvolved an assumed weak response of biological N-fixation
to theincreased carbon status of the ecosystem. For N-fixation to track
ecosystem C- fixation in the long term however, more phosphorus must
enter the biological cycle. New experimental evidence showsthat plants
inelevated CO2 havethe capacity to mobilize more phosphorusfrom so-
called "unavailable" sources using mechanisms involving exudation of
organic acids and phosphatases.

KEYWORDS BIOSPHERE, CO2 CONCENTRATION, ELEVATED
CO2, LITTER DECOMPOSTION, NITROGEN, ORGANIC-ACIDS,
PLANT, SOIL, STORAGE, TEMPERATURE-DEPENDENCE
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Gil, M.l., D.M. Holcroft, and A.A. Kader. 1997. Changes in
strawberry anthocyanins and other polyphenols in response to carbon
dioxide treatments. Journal of Agricultural and Food Chemistry
45(5):1662-1667.

Carbon dioxide-enriched atmospheres are used to reduce theincidence
and severity of decay and to extend the postharvest life of strawberries.
The influence of CO2 on the postharvest quality parameters of
strawberries, particularly thestability of anthocyaninsand other phenolic
compounds, was investigated. Freshly harvested strawberries were
placed injarsventilated continuously with air or air enriched with 10%,
20%, or 40% CO2 at 5 degrees C for 10 days. Samples were taken
initially, and after 5 and 10 days of storage, and color (L* a* b* color
space), pH, TA, TSS, and firmness were measured. Anthocyanins and
other phenolics were analyzed by HPLC. Elevated CO2 degraded
internal color while air-treated fruit remained red. Internal and external
tissues differed in composition and concentration of phenolic
compounds. CO2 had a minimal effect on the anthocyanin content of
external tissues but induced a remarkable decrease in anthocyanin
content of internal tissues. Factors, such as pH and copi gmentation, that
could explain this degradation are discussed.

KEYWORDS: COLOR, FIRMNESS, FRUITS, JUICE, MODIFIED
ATMOSPHERES, QUALITY
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Gilmanov, T.G., and W.C. Oechel. 1995. New estimates of organic
matter reserves and net primary productivity of the North American

tundra ecosystems. Journal of Biogeography 22(4-5):723-741.

The reserves and fluxes of carbon in ecosystems of the circumpolar
tundra biome should be among the most responsive to climatic change,
including their transformation from a CO2 sink to a CO2 source with
respect to the atmosphere. To estimate accurately the significance of
Arctic tundra to global carbon stocks and balances, quantitative
geographically referenced estimates of the masses and fluxes of carbon
are needed. Although new empirically based estimates of reserves and
productivity were recently obtained for the Eurasian part of the tundra
biome using GIS technology, the figures currently used for carbon
reserves and productivity of the North American tundra ecosystems are
based on earlier expert estimates or large scale models based on data
primarily for non-tundra areas. To obtain new more empirically based
estimates of the reserves and fluxes of carbon in North American tundra
ecosystems a set of records of North American tundra ecosystems was
obtained from the Global Arctic/Alpine Climate/Soil/Plant Productivity
Data Base (Global Change Research Group, San Diego State
University). This data base contains phytomass, productivity, climatic
and soil characteristics for nearly fifty tundra-type ecosystems studied
during the past 30 years in Alaska and Northern Canada. This
information was used to interpolate the necessary data for all the tundra
cells (1 X 1 degree) of the simple GIS, based on the Global Vegetation
Map and the FAO/UNESCO Soil Map of the World. By integrating the
corresponding maps of phytomass and productivity the quantitative
estimates of the reserves and. productivity fluxes of organic matter in
tundraecosystems of North Americaand Greenland (4.12 x 10(6) km(2)
total area) wereobtained: 2.26 Gt above-ground phytomass, 4.99 Gt total
phytomass, 91.3 Gt soil organic matter of the active layer; 0.56 Gt/yr
above- ground net primary production; 0.98 Gt/yrotal net primary
production. As an aternative means of determining the productivity
totals for North American tundra ecosystems, the phenomenological
model of the form: NPP=f(T,H,G), relating net primary production of
tundra ecosystems to climatic, soil and vegetation factors, was applied
to the GIS layers of mean annual temperature (T), soil organic matter
content (H), and above-ground phytomass density (G) to produce amap
of modelled NPP estimates for North American tundra ecosystems. The
subroutine of spatial integration of thelocal production estimates takes
into account geographical changes in the landscape composition
(proportions of the zonal, meadow, mire and aquatic ecosystem types)
and resultsin totals of 0.58 Gt/yr for above-ground and 1.16 Gt/yr for
total net primary production of tundraecosystemsof North Americaand
Greenland.

KEYWORDS: ACCUMULATION, ALASKA, ARCTIC TUNDRA,
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Gimenez, C., V.J. Mitchell, and D.W. Lawlor. 1992. Regulation of
photosynthetic rate of 2 sunflower hybrids under water-stress. Plant
Physiology 98(2):516-524.

The effect of short-term water stress on photosynthesis of two sunflower
hybrids (Helianthus annuus L. cv Sungro-380 and cv SH-3622),
differing in productivity under field conditions, was measured. Therate
of CO2 assimilation of young, mature leaves of SH-3622 under well-
watered conditions was approximately 30% greater than that of Sungro-
380 in bright light and elevated CO2; the carboxylation efficiency was
also larger. Growth at large photon flux increased assimilation rates of
both hybrids. The changesin leaf composition, including cell numbers
and sizes, chlorophyll content, and amountsof total solubleand ribulose-
1,5-bisphosphate carboxylase/oxygenase (Rubisco) protein, and in
Rubisco activity and amount of ribulose-1,5- bisphosphate (RuBP) were
determinedto assessthefactorsregulating thedifferencesin assimilation
of the hybrids at high and low water potentials. The amounts of
chlorophyll, soluble protein, Rubisco protein and the initial activity of



Rubisco and its activation state did not differ significantly between
hybrids. However, unstressed |leaves of SH-3622 had more, smaller cells
per unit areaand 60% more RuBP per unit leaf areathan that of Sungro-
380. Water stress developing over 4 days decreased the assimilation of
both hybrids similarly. Changes in the amounts of chlorophyll, soluble
and Rubisco protein, and Rubisco activity and activation state were
small and were not sufficient to explain the decrease in photosynthesis;
neither was decreased stomatal conductance (or stomatal "patchiness’).
Reduction of photosynthesis per unit leaf areafrom 25 to 5 micromoles
CO2 per sguare meter per second in both hybrids was caused by a
decrease in the amount of RuBP from approximately 130 to 40
micromoles per square meter in SH-3622 and from 80 to 40 micromoles
per square meter in Sungro. Differences between hybrids and their
response to water stress is discussed in relation to control of RuBP
regeneration.

KEYWORDS: BISPHOSPHATE CARBOXYLASE ACTIVITY, C-3,
INHIBITION, LEAVES, OXYGENASE, PLANTS, POTENTIALS
PROTEIN, RIBULOSE-1,5-BISPHOSPHATE CARBOXYLASE, WHEAT
GENOTYPES
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Giordano, M., J.S. Davis, and G. Bowes. 1994. Organic-carbonrelease
by dunaliella-salina (chlorophyta) under different growth-conditions of
co2, nitrogen, and salinity. Journal of Phycology 30(2):249-257.

Two strains of Dunaliellasalina(Dunal) Teod., UTEX 1644 and UTEX
200, were cultured under different growth regimes, including 10 mM
NO3- or NH4+, 1.5 or 3.0 M NaCl, and low (0.035%) or high (5%) CO2
in air. The release of C-14-labeled dissolved organic carbon (DOC),
expressed as arate and as a percentage of photo synthetic (CO2)-C-14,
assimilation, was subsequently determined. The percentage of DOC
released was inversely related to cell density in the assay medium, but
photosynthesis on a per-cell basiswas not. Release of DOC waslow, in
the range of 1-5% of photosynthesis, but during acclimation to growth
on NH4+, it roseto 11%. The presence of NH4+ rather than NO3- inthe
growth medium increased the rate of release by both strains, but the
percentagereleasewas stimulated only in UTEX 200 cells, becausetheir
photosynthetic rate was depressed by NH4+. For UTEX 1644, high, as
compared to low, CO2-grown cells, had somewhat higher rates a nd
percentages of DOC release, but release from UTEX 200 cells was
unaffected by the growth-CO2. The rate of DOC release by high CO2-
grown cells was not enhanced at a low concentration of dissolved
inorganic carbon, indicating that the released material did not originate
from the photorespiratory pathway. The effects of NaCl on DOC release
varied with strain a nd growth conditions. For UTEX 200, the cellsin
NO3-, but not NH4+, exhibited a doubling or more in percentage Of
release with a doubling in NaCl concentration, irrespective of growth-
CO2. With UTEX 1644 the low CO2-grown cells showed the greatest
enhancement in 3.0 M NaCl. Organic matter accumulated on the
external surface of the cell membrane and constituted a well- defined
cell-coat, which was more dense in NH4+ than in NO3-- grown cells.
Microtubules, which may play arole in maintaining cell shape, were
observed just below the plasma membrane. From a practical viewpoint,
the presence of organic material in the hypersaline ponds of salt-works
isdetrimental to salt production. When D. salina cells become abundant
in such ponds, the attendant, continuous release of DOC may make a
significant contribution to the problem.

KEYWORDS BIOCULATA, COAT, EXCRETION, GREEN-ALGA,
HEALTHY CELLS INTRACELLULAR GLYCEROL, MARINE-
PHYTOPLANKTON, METABOLISM, TEMPERATURE, TERTIOLECTA
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Gleadow, R.M.,W.J.Foley,and | .E. Woodr ow. 1998. Enhanced CO2
alterstherelationship between photosynthesi sand defencein cyanogenic

Eucalyptus cladocalyx F. Muell. Plant, Cell and Environment 21(1): 12-
22.

The effect of elevated CO2 and different levels of nitrogen on the
partitioning of nitrogen between photosynthesis and a constitutive
nitrogen-based secondary metabolite (the cyanogenic glycoside
prunasin) was examined in Eucalyptus cladocalyx. Our hypothesis was
that the expected increase in photosynthetic nitrogen-use efficiency of
plants grown at elevated CO2 concentrations would lead to an effective
reallocation of available nitrogen from photosynthesis to prunasin,
Seedlings were grown at two concentrations of CO2 and nitrogen, and
theproportion of leaf nitrogen allocated to photosynthesis, ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco), protein and prunasin
compared, Up to 20% of leaf nitrogen was allocated to the cyanogenic
glycoside, athough this proportion varied with leaf age, position and
growth conditions, Leaf prunasin concentration,vas strongly affected by
nitrogen supply, but did not increase, on adry weight basis, in theleaves
from the elevated CO2 treatments, However, the proportion of nitrogen
allocated to prunasin increased significantly, in spite of a decreasing
pool of leaf nitrogen, in the plants grown at elevated concentrations of
CO2. There was less protein in leaves of plants grown at elevated CO2
in both nitrogen treatments, while the concentration of active sites of
Rubisco only decreased in plantsfrom thelow-nitrogen treatment. These
changesin leaf chemistry may have significant implicationsin terms of
the palatability of foliage and defence against herbivores.

KEYWORDS: ACCLIMATION, C-3 PLANTS, CARBON NUTRIENT
BALANCE, ELEVATED ATMOSPHERIC CO2, GAS-EXCHANGE,
GROWTH, HERBIVORE INTERACTIONS, NITROGEN, RISNG CO2,
TOMATO PLANTS
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Glenn, D.M., and W.V. Welker. 1997. Effects of rhizosphere carbon
dioxide on the nutrition and growth of peach trees. Hortscience
32(7):1197-1199.

Our objectivesin this study were to measure the effects of low levels of
root system carbon dioxide on peach tree growth (Prunus persica L.
Batsch) and nutrient uptake. Using soil and hydroponic systems, we
found that increased root CO2: 1) increased root growth without
increasing shoot growth, 2) increased leaf P concentration, 3) decreased
leaf N concentration, and 4) reduced water use relative to air injection
or no treatment.

KEYWORDS: ATMOSPHERIC CO2 ENRICHMENT, INORGANIC
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Gloser, J., and M. Bartak. 1994. Net photosynthesis, growth-rate and
biomassallocation inarhizomatousgrass calamagrostis-epigejosgrown
at elevated co2 concentration. Photosynthetica 30(1): 143-150.

Young plants of Calamagrostis epigejos (L.) Roth were grown in
controlled environments with two regimes of CO2 in the air: normal
(350 cm(3) m(-3)) and elevated (700 cm(3) m(-3)). Therelative growth
rate of plants grown at elevated CO2 was increased by about 20 % in
comparisonwith control plantscultivated at ambient CO2 concentration.
Partitioning of assimilates into roots (+ rhizomes) and shoots was the
samein both treatments. Slightly lower values of specific leaf area, leaf
massratio and leaf arearatio were found in the plants grown at elevated
CO2. The net photosynthetic rate (P-N) was measured gasometrically in
plantsfrom both treatments at 350 and 700 cm(3) m(-3) CO2 in the leaf
chamber. Therewereno significant differences between plantsgrown at
either CO2 concentration in their responses to radiation and CO2
conditions during measurements, i.e., no regulation of photosynthetic



processesin response to elevated CO2 was detectable. P-N at saturating
irradianceand maximum apparent quantumyield of photosynthesiswere
always considerably higher at doubled CO2 concentration during
measurements.

KEYWORDS: CARBON DIOXIDE, ECOSYSTEMS, PLANTS
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Godbold, D.L., and G.M. Berntson. 1997. Elevated atmospheric CO2
concentration changes ectomycorrhizal morphotype assemblages in
Betula papyrifera. Tree Physiology 17(5):347-350.

Ectomycorrhizae are extremely diverse, with different species of fungi
having very different physiologiesand morphologiesthat, in turn, confer
arange of different benefitsto the host plant. To test the hypothesisthat
elevated CO2 leads to changes in the assemblage of ectomycorrhizae
associated with trees, we examined the number and frequency of
ectomycorrhizal morphotypes colonizing roots of Betula papyrifera
Marsh. saplingsgrown at an ambient or elevated (700 ppm) atmospheric
CO2 concentration for 24 weeks. Elevated CO2 resulted in significant
changes in the composition of the ectomycorrhizal assemblage toward
morphotypes with a higher incidence of emanating hyphae and
rhizomorphs. We conclude that B. papyrifera saplings will be able to
support a more costly mycorrhization in future eevated-CO2
atmospheres.

KEYWORDS: CARBON DIOXIDE, FUNGI, GROWTH, INFECTION,
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Godbold, D.L., G.M. Berntson, and F.A. Bazzaz. 1997. Growth and
mycorrhizal colonization of three North American tree species under
elevated atmospheric CO2. New Phytologist 137(3):433-440.

We investigated the effect of elevated CO2 on the growth and
mycorrhizal colonization of three tree species native to north- eastern
American forests (BetulapapyriferaMarsh., PinusstrobusL. and Tsuga
canadensis L. Carr). Saplings of the tree species were collected from
Harvard Forest, Massachusetts, and grown in forest soil under ambient
(c. 375 ppm) and elevated (700 ppm) atmospheric CO2 concentrations
for 27-35 wk. In all three species there was a trend to increasing whole-
plant, total-root and fine-root biomassin elevated CO2, and asignificant
increase in the degree of ectomycorrhizal colonization in B. papyrifera
and P. strobus, but not in T. canadensis. However, in T. canadensis the
degree of colonization with arbuscular mycorrhizas increased
significantly. In both the ambient and elevated environments, on the
roots of B. papyrifera and P. strobus 12 distinct ectomycorrhizal
morphotypes were identified. Distinct changes in the ectomycorrhizal
morphotype assemblage of B. papyrifera were observed under CO2
enrichment. This change resulted in an increase in the frequency of
ectomycorrhizas with a higher incidence of emanating hyphae and
rhizomorphs, and resulted in a higher density of fungal hyphaein aroot
exclusion chamber.

KEYWORDS: CARBON DIOXIDE, ECTOMYCORRHIZAL PLANTS,
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Goettel, M.S., G.M. Duke, and D.W. Goer zen. 1997. Pathogenicity of
Ascosphaera larvis to larvae of the afalfa leafcutting bee, Megachile
rotundata. Canadian Entomologist 129(6): 1059-1065.

Laboratory assays and field surveys showed that Ascosphaera larvis

(Bissett) is a pathogen of alfalfa leafcutting bee larvae, capable of
causing high mortality in commercia populations. In one population
over 21% of bees were found to be infected by A. larvis. However,
overall levels of the disease are low and it isunlikely that this pathogen
poses an immediate threat to commercial leafcutting bee populationsin
Canada. The LD50 was determined to be 1.9 x 10(5) spores/bee.
Elevated levels of CO2 are required for in vitro spore germination. The
disease can easily be diagnosed within bee cells by X-ray radiography,
thereby enabling disease levels to be monitored using conventional
methods utilized by the industry to monitor leafcutting bee quality.

KEYWORDS CHALKBROOD
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Goldewijk,K.K.,J.G.Vanminnen, G.J.J.Kreileman, M. Vloedbeld,
and R. Leemans. 1994. Simulating the carbon flux between the
terrestrial environment and the atmosphere. Water, Air, and Soil
Pollution 76(1-2):199-230.

A Terrestrial C Cyclemodel that isincorporated in the Integrated M odel
to Assess the Greenhouse Effect (IMAGE 2.0) is described. The model
isageographically explicit implementation of amodel that smulatesthe
major Cfluxesin different compartmentsof theterrestrial biosphereand
between the biosphere and the atmosphere. Climatic parameters, land
cover and atmospheric C concentrations determine the result of the
dynamic C simulations. The impact of changing land cover patterns,
caused by anthropogenic activities (shifting agriculture, de- and
afforestation) and climatic change are modeled implicitly. Feedback
processes such as CO2 fertilization and temperature effects on
photosynthesis, respiration and decomposition are modeled explicitly.
The major innovation of this approach is that the consequences of
climate change are taken into account instantly and that their results can
be quantified on aglobal medium-resolution grid. The objectivesof this
paper are to describe the C cycle modd in detail, present the linkages
with other parts of the IMAGE 2.0 framework, and give an array of
different simulationsto validate and test the robustness of thismodeling
approach. The computed global net primary production (NPP) for the
terrestrial biosphere in 1990 was 60.6 Gt C a1, with a global net
ecosystem production (NEP) of 2.4 Gt C a-1. The smulated C flux as
result from land cover changeswas 1.1 Gt C a-1, so that the terrestrial
biosphere in 1990 acted asa C sink of 1.3 Gt C a1. Global phytomass
amounted 567.5 Gt C and the dead biomass pool was 1517.7 Gt C.
IMAGE 2.0 smulated for the period 1970 - 2050 a global average
temperatureincreaseof 1.6-degrees-C and aglobal averageprecipitation
increaseof 0.1 mm/day. The CO2 concentrationin 2050 was522.2 ppm.
The computed NPP for theyear 2050is82.5 Gt C a1, withaNEP of 8.1
Gt Ca-1. Projected land cover changesresultinaCflux of 0.9 Gt C a1,
sothat theterrestrial biospherewill beastrongsink of 7.2 Gt Ca-1. The
amount of phytomass hardly changed (600.7 Gt C) but the distribution
over the different regions had. Dead biomassincreased significantly to
1667.2 Gt C.

KEYWORDS: BIOSPHERE, CO2 CONCENTRATIONS, ELEVATED
CO2, FEEDBACK PROCESSES, GLOBAL CHANGE, LAND-USE,
MANAGED FORESTS, MODEL, STORAGE, WATER-USE
EFFICIENCY
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Gong, H., S. Nilsen, and J.F. Allen. 1993. Photoinhibition of
photosynthesisinvivo - involvement of multiple sitesin a photodamage
process under co2-free and 02- free conditions. Biochimica Et
Biophysica Acta 1142(1-2):115-122.

Intact Lemna gibba plants were illuminated by photoinhibitory light in
air, inair minus 02, in air minus CO2, and in pure N2. In pure N2, the
degreeof photoinhibitionincreased 3-5- timescompared withthatinair.



This high degree of photoinhibition is described as photodamage.
Photodamage was found to constitute a syndrome, that is, it is due to
inactivation of multiple sites. These sites include RC || component(s)
from P680 to Q(A); the Q(B)-Site; and a component of PS I. In
photodamage, thedonor sideof PS11 and PS|| excitation energy transfer
remain unimpaired, but the size of the PS | antenna seems to decrease.
Photodamage is distinguishable from photoinactivation.
Photoinactivation occurred in air and could be attributed to inhibition of
electron transport from Q(A)- to Q(B). During photoinactivation the D1
protein of RC Il became degraded faster than the detectable inhibition
of Q(B) reduction. Thephotoinhibition- induced risein FO occurred only
during the process of photodamage but not during that of
photoinactivation, and was a secondary event which arose as a
consequence of photodamage. Atmospheric O2 alleviated photodamage
but increased photoinactivation. Thelight-induced DI degradation and
inhibition of Q(A) to Q(B) electron transfer were enhanced in vivo not
only by O2 but aso by depletion of CO2.

KEYWORDS: ANAEROBIC CONDITIONS, CHLAMYDOMONAS-
REINHARDTII, CHLOROPHYLL FLUORESCENCE, D1 PROTEIN,
DEGRADATION, ENERGY-DISTRIBUTION, ISOLATED-
CHLOROPLASTS, MECHANISM, PHOTOSYSTEM, REACTION
CENTERS
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GonzalezMeler, M.A., M. RibasCarbo, J.N. Siedow, and B.G.
Drake. 1996. Direct inhibition of plant mitochondrial respiration by
elevated CO2. Plant Physiology 112(3):1349-1355.

Doubling the concentration of atmospheric CO2 often inhibits plant
respiration, but the mechanistic basis of this effect is unknown. We
investigated the direct effects of increasing the concentration of CO2 by
360 mu L L(-1) above ambient on O-2 uptake in isolated mitochondria
from soybean (Glycine max L. cv Ransom) cotyledons. Increasing the
CO2 concentration inhibited theoxidation of succinate, external NADH,
and succinateand external NADH combined. Theinhibition wasgreater
when mitochondriawere preincubated for 10 min in the presence of the
elevated CO2 concentration prior to the measurement of O-2 uptake.
Elevated CO2 concentration inhibited the salicylhydroxamic acid-
resistant cytochrome pathway, but had no direct effect on the cyanide-
resistant alternative pathway. We also investigated the direct effects of
elevated CO2 concentration on the activities of cytochrome c oxidase
and succinate dehydrogenase (SDH) and found that the activity of both
enzymes was inhibited. The kinetics of inhibition of cytochrome ¢
oxidase were time-dependent. Thelevel of SDH inhibition depended on
the concentration of succinatein the reaction mixture. Direct inhibition
of respiration by elevated CO2 in plants and intact tissues may be due
at least in part to the inhibition of cytochrome c oxidase and SDH.
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Gonzalez-Meler, M.A., and J.N. Siedow. 1999. Direct inhibition of
mitochondrial respiratory enzymesby elevated CO2: doesit matter at the
tissue or whole-plant level? Tree Physiology 19(4-5):253-259.

On average, adoubling in current atmospheric [CO2] resultsina 15 to
20% direct inhibition of respiration, although the variability associated
with thisvalueislarge within and among species. Direct effects of CO2
on respiration may also be relevant to tree canopies because of dynamic
fluctuations between nighttime and daytime [CO2] throughout the
growing season. The mechanism by which CO2 inhibits respiration is
not known. A doubling of ambient [CO2] inhibits the activity of the
mitochondrial enzymes, cytochrome c oxidase and succinate

dehydrogenase. If inhibition of these enzymesistheonly factor involved
in the direct inhibition of respiration, the overall inhibition of specific
respiration will be proportional to the control that such enzymesexert on
the overall respiratory rate. We analyzed the effects of [CO2] on
respiration in an attempt to scalethedirect effects of CO2 on respiratory
enzymes to the whole-plant level. Sensitivity analysis showed that
inhibition of mitochondrial enzymes by doubling current atmospheric
[CO2] does not explain entirely the CO2 inhibition of tissue or whole-
plant respiration. We conclude that CO2-dependent suppression of
respiratory enzymatic activity will be minimal when cytochrome ¢
oxidase inhibition is scaled up from the mitochondria to the whole tree
and that the primary mechanism for the direct inhibitory effect remains
to be identified.
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Goodale, C.L., J.D. Aber, and E.P. Farrell. 1998. Predicting the
relative sensitivity of forest production in Ireland to site quality and
climate change. Climate Research 10(1):51-67.

Most model-based predictions of climate change effects on forest
ecosystems have used either potential or static descriptionsof vegetation
and site, removing the effects of direct management or land use. In this
paper we use apreviously developed and validated model of carbon and
water balances in forest ecosystems (PnET-Il) to assess the relative
sensitivity of forest production in Ireland to predicted climate change
and to ambient variability in site quality. After validating the model
against measured productivity for 2 sets of stands, we ran the model
using existing variation in site quality, represented as differences in
foliar N concentration, and also for predicted changes in climate and
atmospheric CO2. Resulting variations in productivity were compared
with those dueto potential errorsin the specification of input parameters
and to variation in current ambient climate acrosstheregion. Theeffects
on net primary production (NPP) and wood production of either ambient
variation in climate or predicted changes in temperature, precipitation
and CO2 are quite small (0 to 30%) relative to the effects of ambient
variability in site quality (up to 400%). Therange of possible variation
in other user-specified physiological parameters resulted in changes of
less than 10% in model predictions. We conclude that site-specific
conditions and management practices result in a range of forest
productivity that is much greater than any likely to be induced by
climate change or CO2 enrichment. We also suggest that it is essential
to understand and map spatia variability in site quality, as well as to
understand how the productive capacity of landscapes will change in
response to management and pollution loading, if we are to predict the
actual role that climate change will play in altering forest productivity
and global biogeochemistry.
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Goodfellow, J., D. Eamus, and G. Duff. 1997. Diurnal and seasonal
changes in the impact of CO2 enrichment on assimilation, stomatal
conductance and growth in along-term study of Mangiferaindicain the
wet-dry tropics of Australia. Tree Physiology 17(5):291-299.

Westudied assimilation, stomatal conductanceand growth of Mangifera
indica L. saplings during long-term exposure to a CO2-enriched



atmosphere in the seasonally wet-dry tropics of northern Australia
Grafted saplings of M. indica were planted in the ground in four air-
conditioned, sunlit, plastic-covered chambersand exposed to CO2 at the
ambient or an elevated (700 mu mol mol(-1)) concentration for 28
months. Light-saturating assimilation (A(max)), stomatal conductance
(9(9)), apparent guantum yield (phi), biomass and leaf area were
measured periodically. After 28 months, the CO2 treatments were
changedin all four chambersfrom ambient to theelevated concentration
or vice versa, and A(max) and g(s) were remeasured during a two-week
exposure to the new regime. Throughout the 28-month period of
exposure, A(max) and apparent quantum yield of leavesin the elevated
CO2 treatment were enhanced, whereas stomatal conductance and
stomatal density of leaves were reduced. The relative impacts of
atmospheric CO2 enrichment on assimilation and stomatal conductance
were significantly larger in the dry season than in the wet season. Total
treebiomasswassubstantially increased in responseto atmospheric CO2
enrichment throughout the experimental period, but total canopy area
did not differ between CO2 treatments at either the first or the last
harvest. During the two-week period following the change in CO2
concentration, A(max) of plants grown in ambient air but measured in
CO2-enriched air was significantly larger than that of trees grown and
measured in CO2-enriched air. There was no difference in A(max)
between trees grown and measured in ambient air compared to trees
grown in CO2-enriched air but measured in ambient air. No evidence of
down-regulation of assimilation in response to atmospheric CO2
enrichment was observed when rates of assimilation were compared at
a common intercellular CO2 concentration. Reduced stomatal
conductancein responseto atmospheric CO2 enrichment was attributed
to adeclinein both stomatal aperture and stomatal density.
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Goodfellow, J.E., D. Eamus, and G.A. Duff. 1997. Theimpact of CO2
enrichment on assimilation, stomatal conductanceand growthinalong-
term study of Mangiferaindicain thewet-dry tropics of Australia. Plant
Physiology 114(3):480.
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Gordon, D.C., M.M.I. VanVuuren, B. Marshall, and D. Robinson.
1995. Plant growth chambersfor the simultaneous control of soil and air
temperatures, and of atmospheric carbon dioxide concentration. Global
Change Biology 1(6):455-464.

Many facilities for growing plants a elevated atmospheric
concentrations of CO2 ([CO2]) neglect the control of temperature,
especially of the soil. Soil and root temperatures in conventional, free-
standing pots often exceed those which would occur in the field at a
given air temperature. A plant growth facility is described in which
atmospheric CO2 can be maintained at different concentrations while
soil and air temperaturesmimic spatial and temporal patternsseeninthe
field. It consists of glasshouse-located chambers in which [CO2] is
monitored by an infra-red gas analyser and maintained by injection of
CO2 fromacylinder. Air iscooled by aheat exchange unit. Plants grow
insoil in 1.2 mlong containersthat are surrounded by cooling coilsand
thermal insulation. Both [CO2] and temperature are controlled by
customized software. Air temperature is programmed to follow a sine
function of diurnal time. Soil temperature at a depth of 0.55 m is
programmed to be constant. Temperature at 0.1 m depth varies as a
damped, lagged function of air temperature; that at 1.0 m as asimilar
function of the 0.55 m temperature. [CO2] is maintained within 20 mu
mol mol(-1) of target concentrations during daylight. A feature of the

systemisthat plant material islabelled with a C-13 enrichment different
from that of carbon in soil organic matter. The operation of the system
is illustrated with data collected in an experiment with spring whest
(Triticum aestivum L., cv Tonic) grown at ambient [CO2] and at [CO2]
350 mu mol mol(-1) greater than ambient.
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Gordon, H.B., P.H. Whetton, A.B. Pittock, A.M. Fowler, and M.R.
Haylock. 1992. Simulated changesin daily rainfall intensity dueto the
enhanced greenhouse-effect - implicat