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Abstract

We measured CO, efflux from intact root/rhizosphere systems of 155 day old loblolly (Pinus taeda L.) and
ponderosa (Pinus ponderosa Dougl. ex Laws.) pine seedlings in order to study the effects of elevated atmospheric
CO, on the below-ground carbon balance of coniferous tree seedlings. Seedlings were grown in sterilized sand
culture, watered daily with either 1, 3.5 or 7 mM NH;, and maintained in an atmosphere of either 35 or 70 Pa
CO,. Carbon dioxide efflux (zmol CO, plant—! s~1) from the root/rhizosphere system of both species significantly
increased when seedlings were grown in elevated CO,, primarily dueto largeincreasesin root mass. Specific CO,
efflux (mol CO, g root—* s~1) responded to CO, only under conditions of adequate soil nitrogen availability (3.5
mM). Under these conditions, CO, efflux rates from loblolly pine increased 70% from 0.0089 to 0.0151 pmol g—*
s~! with elevated CO, while ponderosa pine responded with a 59% decrease, from 0.0187 to 0.0077 zmol g~ s,
Although below ground CO, efflux from seedlings grown in either sub-optimal (1 mM) or supra-optimal (7 mM)
nitrogen availability did not respond to CO,, there was a significant nitrogen treatment effect. Seedlings grown
in supra-optimal soil nitrogen had significantly increased specific CO, efflux rates, and significantly lower total
biomass compared to either of the other two nitrogen treatments. These results indicate that carbon losses from the
root/rhizosphere systems are responsive to environmental resource availability, that the magnitude and direction of
these responses are species dependent, and may lead to significantly different effects on whole plant carbon balance
of these two forest tree species.

Introduction

It is estimated that between ten to forty percent of
the total carbon fixed by crop plants is released into
the soil system, either as respired CO, or as organic
compounds from roots (Van Veen et al., 1991). Of the
total carbon transocated to roots, Lambers (1987) esti-
mates that twelve to twenty nine percent is respired,
an amount nearly equal to that used in root growth
(11-35%). Elevated CO, partia pressures frequently
increase the rate of carbon fixation in C3 plants and
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can dlter the alocation of carbon to roots (Lewis et
al., 1994; Norby, 1994; Rogerset al., 1994; Strain and
Cure, 1985). There is mounting evidence that atmo-
spheric CO, can strongly affect belowground process-
es and allocation and that these changes can initiate
a complex set of system level responses (Diaz et al.,
1993; Korner and Arnone, 1992; Johnson et al., 1994;
Zak et a., 1993). Although the role root mass and root
turnover play in the overall plant responseto elevated
CO; isbeginning to be recognized (Norby et al., 1992;
Pregitzer et al., 1995), therole of root function, physi-
ology and biochemistry has not been well studied.
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Root respiration can dominate the carbon budget
of forest tree seedlings (Reid and Strain, 1994) and
thus understanding the effects of global environmen-
tal change on seedling growth requires a mechanistic
understanding of root physiology. Theecological, eco-
nomic and geographic dominanceof forest tree species
requiresthat any attempt to predict biosphericresponse
to global change must focus, at least in part, on for-
est tree species. Here we compare the results of root
system respiration measurements of seedlings of two
important forest tree species, loblolly pine (Pinus tae-
da L.), a dominant forest tree in southern US, and
ponderosa pine (Pinus ponderosa Dougl. Ex Laws.)
a dominant forest tree in the western US. We grew
seedlings of both speciesin a*“common garden” type
experiment to examinethe effects of elevated CO, and
soil N availability on root system form and function.

Inapreviousstudy of the patternsof biomass accu-
mulation annd allocation we report that root biomass
and root:shoot ratio are responsive to the availabili-
ty of atmospheric carbon and soil nitrogen in loblolly
and ponderosa pine (Griffin et al., 1995). This study
expands on these findings, incorporating the results
of plants grown in toxic nitrogen concentrations, and
examine the role of root respiration in regulating the
response of these two closely related speciesto chang-
ing environmental resource availability. Since concen-
tration of CO, in soilsis often quite high (> 10° zmol
mol %, Russell, 1961) it is generally believed that the
effects of elevated CO, on root physiology areindirect
innature. Direct effectsof adoubling of the atmospher-
ic CO, partia pressure on root/rhizosphererespiration
are unlikely (but see Qi et al., 1994) and was not con-
sideredinthisstudy. Tointerpret the observed respons-
es we examined the relationships between respiratory
carbon substrates (sugarsand starch), root nutrient con-
centrations (C and N) and whole plant growth.

Materials and methods
Plant material, propagation and harvest

Seeds from a single, wild-type of loblolly pine from
the North Carolina piedmont (North Carolina Forestry
Commission, Lot # LB-NC-P-84-27) and a half-sib
family of ponderosa pine collected at 915 m elevation
in El Dorado County California (California Depart-
ment of Forestry Lot # CDF 526) were germinated and
grown in the Duke University Phytotron. The growth
period lasted 166 days, from May through October

1993, the approximate length of one growing season
for these species(Oliver and Ryker, 1990; Wahlenberg,
1960).

Three seeds of either species were planted in each
3L PVC pot filled with sterilized, acid washed riv-
er sand and covered with 1 cm of similarly prepared
gravel to reduce evaporative water loss. Two weeks
after seedling emergence, al pots were thinned to a
single seedling. Seven to 10 seedlings per treatment
were harvested 166 days after planting, immediate-
ly following root system gas exchange measurements.
All seedlingswereplacedinal10°C darkened chamber
to minimize growth during the 3 day harvest. Plants
were separated into roots, stems, primary leaves and
fascicle leaves, and dried to a constant mass at 60 °C.

Carbon and N concentrations were measured
with an elemental analyzer (Carlo Erba NA 1500
nitrogen/carbon analyzer, Carlo Erba strumentazione,
Milano, Italy). The analyzer was calibrated from a
Atropine Std. of 70.56% Carbon and 4.84% Nitro-
gen. Soluble sugar, starch and total non-structural car-
bohydrate (TNC) concentrations were colorimetrical-
ly determined using a chloroform, methanol, water
extraction from dried root tissue (Tissue et a., 1993).
Pinitol, a compound that can act as a storage carbohy-
drate in leaves, was not assayed since it has not been
reported to contribute significantly to root TNC.

Environmental treatments

Atmospheric CO, partial pressures of 35 or 70 Pa
were automatically maintained in two greenhouses in
the Duke University Phytotron (Hellmers and Giles,
1979). These partial pressureswere chosen to simulate
current ambient CO, and a predicted doubling by the
end of the next century (Watson et al., 1990). Phy-
totron greenhouses also controlled air temperature to
27122 °C (day/night), with the thermoperiod adjusted
to follow the photoperiod. Relative humidity insidethe
chamberswas approximately 70% during the day, and
greater than 95% at night. Greenhouse transmission of
solar radiation was greater than 90%, with a natural
photoperiod throughout the duration of the experiment
(May to November).

Nutrient treatments were initiated 3 weeks after
planting by applying nutrient solutions each morning,
followed by deionized water each evening to prevent
water stress and salt buildup. Prior to thistime all pots
were watered to saturation twice daily with deionized
water. Nutrient treatments differed only in ammonium
concentration, with thelow N treatmentsreceiving 1.0



mM N, the medium N treatments receiving 3.5 mM N
and the high N treatments receiving 7.0 mM N from
NH,4Cl (Griffin et al., 1995). These N concentrations
were chosen to result in a range of nitrogen concen-
trations and whole plant growth from sub-optimal to
supra-optimal. Ammonium was used as the sole N
source to facilitate calculations of tissue construction
cost (Griffinet a., 1996b). Although ammonium-based
nutrient sol utions have been shown to undergo conver-
sion from ammoniumto nitrate by nitrifying organisms
during storage (Padgett and L eonard, 1993), we found
no such conversion. No nitratewasdetected in analysis
of either the irrigation solution or solutions caught as
through-flow from the pots. Nitrifying organismswere
most likely inhibited due to the low pH of the nutri-
ent solution (4.5) and the use of the nutrient solution
within 3 daysof preparation. Alternatively some unde-
tected nitrification may have taken place if the nitrate
produced was complete and immediately taken up by
the plants.

Gas exchange measurements

Root/rhizosphererespiration was measured as net CO-
efflux from the entire intact soil volume using a cus-
tom built gas exchange system. This system consist-
ed of mass flow controllers and meters (MKS Instru-
ments, Andover, Mass., USA), to regul ate and measure
the flow through the system, a distribution manifold
to allow continuous gas flow through 5 pots simul-
taneoudy, and a LiCor. 6262 infra-red gas analyzer
(LiCor Inc., Lincoln, Neb., USA) for differential mea-
surements of CO,. Data acquisition and system con-
trol were maintained via personal Computer running
Lab View software (National Instruments Corporation,
Austin, TX).

During the gas exchange measurements, all plants
were kept in a growth chamber maintained at 27 °C,
70% relative humidity, 1000 zmol m—2 s~1 PAR, and
the growth CO, concentration. All plants to be mea-
sured from a given CO, treatment were placed in the
growth chamber at least 12 hr. prior to the actual mea-
surement. During each run, the PV C pots of five repli-
cate treatments were sealed with pipe caps and turni-
cate straps. The top cap was dotted to accommodate
the stem that was sealed with putty. Gas flow was from
thebottom of the pot to the soil surface. All plantsaccli-
mated to the flow-through system with a measurement
gas with 45 Pa CO, for a period of time sufficient to
reach steady state (aminimum of one hour) prior to the
initiation of the measurements.
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Satigtical analysis

The normality of al data was tested with a Shipiro-
Wilk W test (JMP satistical software version 2.0.5,
SAS Ingtitute Inc., Cary, North Carolina) and a log
transformation was performed prior to analysis when
necessary. Treatment means from the log transformed
data were back-transformed to geometric means and
presented with asymmetric 95% confidence limits as
anindication of variance (Sokal and Rohlf, 1981). The
effect of species, CO, partial pressure, and nitrogen
fertilizer were tested by ANOVA (Data Desk 4.1 sta-
tistical software, Data Description Inc., Ithaca, New
York). Means separation based on planned compar-
isons were accomplished with a protected LSD test.
Treatment effects and means separation were consid-
ered significant only when p<0.05. Species effects
were determined on a full factoria, three way ANO-
VA, but al other results are reported from two way
ANOVA within either species.

Results

The response of biomass production to resource avail-
ability was similar in loblolly and ponderosa pine after
166d (Table 1). Elevated atmospheric CO, tends to
increasetotal plant biomassyet the difference between
the high and low CO, grown plants was significant
only when plantsweregrownwith optimal N (3.5 mM).
Increasing N availability ultimately led to nitrogentox-
icity, manifested as reduced growth, in al plants. In
loblolly pine, nitrogen toxicity occurred only at the
highest level of N (7.0 mM), while in ponderosa pine
N toxicity occurred at 3.5 mM N when ambient CO,
levelswerelow (35 Pa). Root masswas hot significant-
ly altered in loblolly pinein responseto changing CO,
availability within aN treatment. Ponderosa pine root
mass was significantly increased by CO, at both 3.5
and 7.0 mM N levels. Toxic nitrogen concentrations
reduced total root biomassin loblolly pineat both CO,
partial pressures and at 35 Pa CO, in ponderosa pine,
suggesting that elevated CO, can at least partially alle-
viate the toxic effects of 3.5 and 7.0 mM N in this
species. As aresult of commensurate changesin total
dry massand root mass, theroot:shoot ratios of loblolly
pine were unchanged by CO, when N was supplied at
3.5 mM. Loblolly pine root:shoot ratio was also unre-
sponsiveto N at low CO,. Ponderosa pine root;shoot
ratio was not significantly affected by CO, at any level
of N availability or by N at either CO, partial pressure.
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Table 1. Total plant mass, root mass and root:shoot ratio of loblolly and penderosa pine seedlings grown in either 35 or 70 Pa CO, partial
pressureand 1.0, 3.50r 7.0mM N for 166 days. Dataare presented as geometric means and the asymmetrical 95% confidence limit. Root:shoot
ratio was naturally normally distributed and thus the arithmetic mean and symmetrical 95% confidence limits are presented (n = 7 - 10)

1LO0mMMN 35mM N 70mM N
35 Pa 70 Pa 35 Pa 70 Pa 35 Pa 70Pa
X (@%Cl) X (95%Cl) X (95%C.l) X (95%C.l) X (@%Cl) X (95%Cl)

Loblolly

Total mass (g) 5.33(3.84-7.41) 7.28(3.67-14.42) 7.96(5.20-12.19) 14.45(8.45-24.72) 2.08(0.92-4.72) 2.27 (1.02-5.05)

Root mass (g) 2.19 (1.54- 3.13) 3.86 (1.64- 9.08)
Root:shoot  0.73(0.33- 1.13) 1.31(0.02- 2.64)

Ponderosa

Total mass(g) 6.46 (5.24-7.96) 9.53(7.16-12.68) 2.31(0.89 - 6.00)
1.19 (0.47 - 3.01)
1.14 (0.52 - 1.76)

Root mass(g) 3.37 (2.64- 4.32) 5.04(3.69 - 6.87)
Root:shoot 1.13(0.65-1.61) 1.18(0.56- 1.80)

272 (161-461) 4.68(2.31-9.46)
0.53(0.32 - 0.75)

0.88(0.39- 1.99) 1.17 (0.61- 2.27)

051(0.22-0.79)  0.76 (0.58-0.94) 1.24(0.70- 1.78)

11.75 (5.60 - 24.66) 2.13(0.81-5.62) 5.92 (2.14- 16.34)
5.25(2.20-12.53)  1.15(0.48-2.76) 2.92 (1.09 - 7.85)
0.96(0.01-1.90)  1.36(0.61-2.11) 0.9 (0.85- 1.14)
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Figurel. Nitrogen concentration and C/N ratio of loblolly (left) and
ponderosa (right) pine roots from seedlings grown for 166 days in
3.5 (open bars) or 70 Pa. (closed bars) ambient CO, partial pressure.
Nitrogen treatments were daily applications of 1.0, 3.5 or 7.0 mM
NHjlL (low, med and high N respectively). Each bar represents the
arithmetic mean of 5 replicates and is subtended by one standard
error of the mean.

Loblolly and ponderosa pine roots had increased
nitrogen concentrations when grown in increased
N availability at both CO, partial pressures, and
decreased nitrogen concentrations when grown in ele-
vated CO,, at medium and low N availibility (Figure
1). Both species had similar root nitrogen concentra-
tions (1.81%) when grown with 7.0 mM N availability
and these concentrations were not affected by CO..
Similarly, C/N ratio of roots from both species were
similar and unresponsive to CO, at High N (Figure
1). When grown in low or medium N availability
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Figure 2. Sugar, starch and total non-structural carbohydrate (TNC)
levels of loblolly (left) and ponderosa (right) pine roots from
seedlings grown for 166 days in 35 (open bars) or 70 (closed bars)
Pa. ambient CO, partial pressure. Nitrogen treatments were dai-
ly applications of 1.0, 3.5 or 7.0 mM NHjlL (low, med and high N
respectively). Each bar represents the arithmetic mean of 5 replicates
and is subtended by one standard error of the mean.

both species showed asignificantly increased C/N ratio
when grown in elevated COs.

Starch concentrations between the two species and
six treatment combinations were similar (Figure 2).
The only significant treatment effect on root starch
concentrations was an increase in high CO,, medi-
um N grown loblolly pine. Sugar concentrations were



s
s

Ponderosa

Loblolly

N = =
= = =
H 3 &

(umol CO, plant™ ™)

Respiration

0.0200

0.015}-

0, g root™ s7)

“ T
0.0101

0.005}

(umol C

“"Low N Med N High N

Figure 3. Root/rhizosphere respiration (umol CO, plant=1 sec™1,

top) and Specific root/rhizosphere respiration (mol CO, g~? root
dry mass s~1, bottom) of loblolly (left) and ponderosa (right) pine
seedlings grown for 166 days in 35 (open bars) or 70 (closed bars)
Pa. ambient CO, partial pressure. Nitrogen treatments were daily
applications of 1.0, 3.5 or 7.0 mM NH4+ (low, med and high N
respectively). Each bar represents the arithmetic mean of 3 to 5
replicates and is subtended by one standard error of the mean.

significantly higher in loblolly pine roots than in pon-
derosa pine roots. Elevated CO,, resulted in increased
root sugar concentrationin low and medium N plants,
but did not significantly affect high N plants. Total
non-structural carbohydrate levels were also higher in
loblolly as compared to ponderosapine. TNC was sig-
nificantly affected by CO, at low and medium N in
loblolly pine, and at low N in ponderosa pine.

Below ground carbon flux (umol CO, plant—! s~1)
was significantly increased when plantswere grownin
high CO, as compared to low CO; inall N treatments
and both species (Figure 3a). Loblolly pine below
ground fluxes were significantly larger than ponderosa
pinefluxesat high CO,, and similar at low CO,. These
differencesin whole plant below ground carbon flux-
eswere mainly the result of increasesin root biomass
(Table 1). When below ground CO; efflux is normal-
ized to root biomass, CO, significantly affected only
plants grown in medium N (Figure 3b). Under these
conditions laoblolly pine root/rhizosphere respiration
increased in responseto elevated CO, while ponderosa
pine root/rhizosphere decreased. However, it isimpor-
tant to point out that if the naturaly elevated partial
pressure of CO, found in forest soils directly inhibits
root respiration, then our estimates made at a single
low CO, partial pressure may overestimate root res-
piration, and only relative treatment differences are
meaningful.
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Increasing N availability generaly lead to
increased respiration. Root N concentration (%) was
significantly correlated to root respiration, such that
seedlings with higher root N concentrations had high-
er rates of specifc root respiration (1zmol g~ root mass
s~1, Figure 4).

Discussion

Ponderosa pine seedlings grown in ambient CO, have
previously been shown to exhibit symptoms of nitro-
gen toxicity when grown in 3.5 mM N (Griffin et al.,
1995). The results of this study indicate that 7.0 mM
N is toxic to seedlings of both species. Interestingly,
elevated CO, provided some alleviation of this stress
in ponderosa pine even at 7.0 mM N. Although root
biomass was consistently reduced under toxic nitro-
gen conditions, ponderosa pine root:shoot ratio was
not affected. Loblolly pine root:shoot ratio increased,
indicating that the toxic effects of 7.0 mM N on this
species severely limited shoot growth. Root morphol-
ogy of both species was affected by the toxic N treat-
ment, limiting pineroot productionand leading to few-
er but thicker roots (data not shown). The response of
these two speciesto N availability/toxicity appearsto
be driving the physiological root system responses.
The instantaneous rates of CO, flux from the
root/rhizosphere system measured in this study are
similar tothefew other system measurementsthat exist
(Edwards, 1991; Reid and Strain, 1994; Van de Geijn
et a., 1993) and to isolated root measurements from
loblolly pine (Boyer et al., 1971; Drew and Ledig,
1981). Reid and Strain (1994) compared root mainte-
nance respiration in two co-dominant, shade tolerant
tree speciesand found diverging CO, effects. Although
the daily rates of carbon loss frorn the root systems
were not affected by growth CO, conditions, seasonal
average maintenance respiration of Fagus grandifolia
was stimulated by growth in elevated CO, while in
Acer saccharum, the faster growing species, respira-
tion rates were decreased. Based on comparative stud-
ies of plant species with inherently different growth
rates Lambers et al. (1990) makes the more gener-
al conclusion that fast growing species lose a smaller
fraction of their fixed carbon via root respiration than
inherently slower growing species. Here results are
inconsistent with both these findings because loblol-
ly is considered to be the faster growing of the two
species, yet generally had higher respiration rates and
these rates were increased by CO, when soil nitro-
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Figure4. Specific root/rhizosphere respiration (zmol CO, g—1 root dry mass s—1) asafunction of root system N (%). Measured as CO; efflux
from the intact below ground root/soil system of loblolly (m 1) and ponderosa pine (o n) seedlings grown in 35 or 70 Pa CO, (open and filled
symbols respectively) for 166 days. CO, efflux = 0.00105 - 0.0086 x Root N, r? = 0.45, p<0.01. n=3-5.

gen was adequate but non toxic. Spring wheat grown
in the Wageningen Rizolab under elevated CO, had
20% greater root system respiration (per m? ground
area) than ambient CO, grown wheat (Van de Geijn et
al., 1993). Similar to our results this stimulation was
driven by increases in root mass. Complex seasonal
patterns of belowground CO, flux found in therizolab
study should add a note of caution to all studies such
as ours that make single point in time measurements.
Clearly root phenology and whole plant nutrient and
water demands driven by whole plant phenology have
tremendousimpacts on below ground CO;, flux.
Inthisstudy therewere no correl ations between the
supply of C as arespiratory substrate (sugar, starch or
TNC) and root respiration. Similar results have been
reported for crop species such as wheat and afalfa
(Barta, 1988; Huang and Johnson, 1995) and are con-
sistent with the current thinking that mitochondrial
respiration is generaly regulated by the use of res-
piratory products, and not by the supply of substrates
(Ap Rees, 1990; Copeland and Turner, 1987; Dry et
al., 1987; Lambers,1990; Mgller and Palmer, 1984,
Palmer, 1984). However, during periods of rapid.
growth, substrate utilization in the formation of new
tissues can lead to substrate limitations of respiration
(Amthor, 1996). Here respiration measurements were
made at the end of the growing season and thus the
observed rates are more likely related to maintenance
or ion uptake processes than to growth processes.
Nitrogen concentrations are often used as a proxy
for protein concentrations, and therefore the rela-
tionship between root nitrogen concentrations and

root/rhizosphere respiration may be indicative of
increased maintenance respiration (Amthor, 1989;
Ryan 1991). Alternatively Pregitzer et a. (1995) sug-
gests that increased soil N availability speeds the rate
of fine root turnover, indicating that increased respira-
tion ratesmay be associated with growth functions.Ina
long term study of CO, and nitrogen availability infield
grown ponderosa pine seedlings opposite results were
obtained (Dr JT Ball, pers. comm.). Elevated levels of
resource availability, led to lower root turnover rates
and lower fine root biomass. Yet another possibility
isthat the increased N availability affected the release
of organic compounds into the rhizosphere stimulat-
ing microbial respiration. Such a correlation between
increased N availability and increased release of root
derived carbon compounds has been made for crop
species (Liljeroth et al., 1990; Merckx et a., 1987).
Our data suggest that under the experimental con-
ditions root respiration was driven primarily by nitro-
gen uptake and detoxification rather than by growth or
substrate availability. However, if root system respira-
tion is related to NH detoxification alone, we would
expect, but did not find, a correl ation between root res-
piration (zzmol g root—* s71) and total plant N uptake
(g N g root—1). This may be the result of nitrogen
toxicity causing a disproportional increase in respira-
tion compared to N uptake. When only the non-toxic
N treatments are considered there is the suggestion of
an increasing function between respiration and whole
plant N uptake (r> = 0.20, p = 0.01). Furthermore,
the two measurements have inherently different time
scales, with whole plant N uptake being an integrat-



ed function of the plant life span, and root respiration
being an instantaneous measure of respiratory activi-
ty. A direct test of this relationship would require the
measurement of instantaneous nitrogen uptakes rates
or integrated respiratory activity.

Apparent species differences may be related to the
evolutionary history of, and environmental conditions
native to, each species (Griffin et a., 1995). In a par-
alel study we found that when presented with equal
concentrationsof both NH; and NO; more than 80%
of thetotal N taken up by loblolly pine was NHj and
between 15 and 45% (low and high CO; respectively)
of the total N taken up by ponderosa pine was NH;
(BassiriRad and Griffin, 1996). Not only did ponderosa
pine prefer NOy, it also had much lower total uptake
capacity than loblolly pine. These differences result-
ed in a lower NHj threshold in ponderosa pine, the
species not being adapted to detoxify large amounts of
thisN substrate.

Although of the mechanisms responsible for the
observed results have not been identified, it is obvious
that the availability of both carbon and nitrogen have
both direct and indirect effects on root system respi-
ration. Furthermore these effects are interactive both
with each other and with species characteristics. In our
study root N concentration, N species preference and
ammonium detoxification can be used to explain the
majority of thetreatment effectson root system respira-
tion and total biomass accumulation. Human activities
are known to be altering the global cycling of both
carbon and nitrogen (Aber et al., 1989; Keeling et al.,
1989; Schlesinger, 1991), two important regulators of
tree seedling growth (Bazzaz, 1990; Eamusand Jarvis,
1989). Understanding the physiological mechanisms
involved in seedling growth regulation is the first step
in developing predictive models of forest regenera-
tion and response to future environmental conditions
of altered atmospheric CO, and soil N availability.
Clearly root system physiology must be considered as
primary factor in this response.

Acknowledgements

We thank Anthony Lewis and the Duke University
Phytotron staff for help in propagating and maintain-
ing our plants. We thank Larry Gilesfor CHN analysis
and Heather Hemeric for carbohydrate analysis. MsE
Carey, Dr E DelLucia, and Mr P Ross al gave help-
ful criticism of an earlier draft of this manuscript. This
research was supported by the Electric Power Research

17

Ingtitute Forest Response to CO, program, contract
RP3041-02 to BRS, US Department of Energy CO,
Research division, contract DE-FG05-87ER60575 to
BRS, NSF grant BSR-870629 for support of the Duke
University Phytotron and by aUS Department of Ener-
gy Global Change Distinguished Postdoctoral Fellow-
ship administered by Oak Ridge Associated Universi-
ties’Oak Ridge Institute for Science and Education to
KLG.

References

Aber JD, Nadelhoffer K J, Steudler Pand Méelillo JM 1989 Nitrogen
saturation in northern forest ecosystems. BioScience 39, 378—
386.

Amthor JS 1989 Respiration and crop productivity. Springer-Verlag,
New York.

Amthor J S 1996 Plant respiratory responses to elevated CO, partial
pressure. In Advances in Carbon Dioxide Effects Research. Eds.
L H Allen, M B Kirkham, D M Olszyk and C Whitman. American
Society of Agronomy, Madison, W1 (In press).

Ap Rees T 1990 Carbon metabolism in mitochondria. In Plant Phys-
iology, Biochemistry and Molecular Biology. Eds. D T Dennis
and D H Turpin. pp 106—-123. Longman Scientific and Technical,
Essex.

Barta A L 1988 Response of field grown alfalfa to root waterlogging
and shoot removal. |. Plant injury and carbohydrate and mineral
content of roots. Agron. J. 80, 889-892.

BassiriRad H and Griffin K L 1996 Responses of loblolly and pon-
derosa pine to CO, enrichment: Effects on growth, root respi-
ration and NH4+ and NOj', absorption rate. Tree Physiol. (In
press).

Bazzaz F A 1990 The response of natural ecosystems to the rising
global CO, levels. Annu. Rev. Ecol. Syst. 21, 167-196.

Boyer W D, Romancier RM and Ralston C W 1971 Root respiration
rates of four tree species grown inthefield. For. Sci. 17, 492-493.

Copeland L and Turner J F 1987 The regulation of glycolysis and
the pentose phosphate pathway. In Biochemistry of Plants, Vol.
11. Biochemistry of Metabolism. Ed. D D Davies. pp 107-128.
Academic Press, San Diego.

Diaz S, Grime J P and Harris J 1993 Evidence of afeedback mech-
anism limiting plant response to elevated carbon dioxide. Nature
364, 616-618.

Drew A Pand Ledig F T 1981 Seasonal patterns of CO, exchange
in the shoot and root of loblolly pine seedlings. Bot. Gaz. 142,
200-205.

Dry | B, BryceJH and Wiskich JT 1987 Regul ation of mitochondrial
respiration. In Biochemistry of Plants, Vol. 11. Biochemistry of
Metabolism. Ed. D D Davies. pp 213-252. Academic Press, San
Diego.

Edwards N T 1991 Root and soil respiration responses to ozone in
Pinus taeda L. seedlings. New Phytol. 118, 315-321.

Eamus D and Jarvis P G 1989 The direct effects of increase in the
global atmospheric CO, concentration on natural and commercial
temperate trees and forest. Adv. Ecol. Res. 19, 1-55.

GriffinK L, Winner W E and Strain B R 1995 Growth and dry matter
partitioning in loblolly and ponderosa pine seedlings in response
to carbon and nitrogen availability. New Phytol. 129, 547-556.



18

Griffin K L, Ball J T and Strain B R 1996a Direct and indirect
effects of elevated CO, on whole-shoot respiration in ponderosa
pine seedlings. Tree Physiol. 16, 33-41.

Griffln K L, Winner W E and Strain B R 1996b Construction cost
of loblolly and ponderosa pine leaves grown with varying carbon
and nitrogen availability. Plant Cell Environ. 19, 729-738.

Hellmers H and Giles L J 1979 Carbon dioxide critique I. In Con-
trolled environment guidelines for plant research. Eds. T W Tib-
bitsand T T Kozlowski. pp 229-234. Academic Press, New York.

Huang B and Johnson J W 1995 Root respiration and carbohydrate
status of two wheat genotypes in response to hypoxia. Ann. Bot.
75, 427-432.

Johnson D, Geisinger D, Walker R, Newman J, Vose J, Elliot K and
Ball T 1994 Soil pCO,, soil respiration, and root activity in CO,
fumigated and nitrogen-fertilized ponderosa pine. Plant Soil 165,
129-138.

Keeling C D, Bacastow R B, Carter A F, Piper S C, Whorf T
P, Heimann M, Mook W G and Roelffzen H 1989 A three-
dimensiona model of atmospheric CO, transport based on
observed winds. |. Analysis of observational data. Am. Geophys.
Union Monogr. 55, 165-234.

Korner C and Arnone JA 1992 Responsesto elevated carbon dioxide
inartificia tropical ecosystems. Science 257, 1672-1675.

LambersH 1987 Growth, respiration, exudation and symbiotic asso-
ciations: the fate of carbon translocated to the roots. Soc. Exp.
Biol. 30, 125-145.

Lambers H 1990 Oxidation of mitochondrial NADH and the syn-
thesis of ATP. In Plant Physiology, Biochemistry and Molecular
Biology. Eds. D T Dennisand D H Turpin. pp 124-143. Longman
Scientific and Technical, Essex, UK.

LambersH, vander Werf A and KoningsH 1990 Respiratory patterns
inrootsin relation to their functioning. In Plant Roots: the hidden
Half. Eds. Y Waisel, A Eshel and U Kafkafi. pp 229-264. Marcel
Decker, New York.

Lewis J D, Thomas R B and Strain B R 1994 Effect of elevated
CO, on mycorrhizal colonization of loblolly pine (Pinus tadea
L.) seedlings. Plant Soil 165, 81-88.

Liljeroth E, van Veen J A and Miller H J 1990 Assimilate translo-
cation to the rhizosphere of two wheat cultivars and subsequent
utilization by microorganisms at two soil nitrogen levels. Sail
Biol. Biochem. 22, 1015-1021.

Merckx R, Dijkstra A, den Hartog A and van Veen J A 1987 Pro-
duction of root-derived material and associated microbia growth
in soil of different nutrient levels. Biol. Fert. Soils 5, 126-132.

Mgller | M and Palmer J M 1984 Regulation of the tricarboxylic
acid cycle and organic acid metabolism. In The Physiology and
Biochemistry of Plant Respiration. Ed. JM Palmer. pp 105-122.
Cambridge University Press, Cambridge, UK.

Norby R J, Gunderson C A, Wullschleger S D, O'Nell E G and
McCracken M K 1992 Productivity and compensatory responses
of yellow-poplar trees in elevated CO,. Nature 357, 322—324.

Norby R J 1994 Issues and perspectives for investigating root
responses to elevated atmospheric carbon dioxide. Plant Soil 165,
9-20.

Oliver W W and Ryker R A 1990 Pinus ponderosa Dougl. ex Laws.
In Silvics of North America. Volume 1, Conifers Eds. R M Burns
and B H Honkaa. pp 413-424. Agriculture Handbook 654, Unit-
ed States Department of Agriculture, Forest Service, Washington,
DC.

Padgett P E and Leonard R T 1993 Contamination of ammonium-
based nutrient solutions by nitrifying organisms and the conver-
sion of anmonium to nitrate. Plant Physiol. 101, 141-146.

Palmer JM 1984 The operation and control of the respiratory chain.
In The Physiology and Biochemistry of Plant Respiration. Ed. J
M Palmer. pp 123-140. Cambridge University Press, Cambridge.

Pregitzer K S, Zak D R, Curtis P S, Kubiske M E, Tern J A and
Vogel C S 1995 Atmospheric CO5, soil nitrogen and turnover of
fine roots. New Phytol. 129, 579-585.

Qi J, Marshall JD and Mattson K G 1994 High soil carbon dioxide
concentrations inhibit root respiration of Douglasfir. New Phytal.
128, 435-442.

Reid C D and Strain B R 1994 Effects of CO, enrichment on whole-
plant carbon budget of seedlings of Fagus grandifolia and Acer
saccharum in low irradiance. Oecol. 98, 31-39.

Rogers H H, Runion G B and Krupa SV 1994 Plant responses
to atmospheric CO, enrichment with emphasis on roots and the
rhizosphere. Environ Pollut. 83, 155-189.

Russell E W 1961 Soil Conditions and Plant Growth. Longmans,
Green and Co., New York.

Ryan M G 1991 Effects of climate change on plant respiration. Ecol.
Appl. 1, 157-167.

Schlesinger W H 1991 Biogeochemistry: An analysis of global
change. Academic Press, New York.

Sokal R R and Rohif FJ1981 Biometry, 2nd edn. W H Freeman and
Company, New York.

Strain B R and Cure J 1985 Direct effects of increasing carbon diox-
ide on vegetation. Publication ER-0238, United States Depart-
ment of Energy, Washington, DC.

Van de Geijn SC, Dijkstra P, van Kleef J, Groenwold K and Goudri-
aan J 1993 An experimenta facility to study effects of CO,
enrichment on the daily and long-term carbon exchange of a
crop/soil system. In Design and Execution of Experiments of
CO, enrichment. Eds. E D Schulze and H A Mooney. pp 167—
174. Commission of the European Communities, Luxembourg.

Van Veen J A, Merckx R and van de Geijn S C 1989 Plant soil
related controls of the flow of carbon form roots through the soil
microbial biomass. Plant Soil 115, 179-188.

Van Veen JA, Lilgeroth E, Lekkerkerk L JA and van de Geijn SC
1991 Carbon fluxesin plant-soil systemsat elevated atmospheric
CO;, levels. Ecol. Appl. 1, 175-181.

Wahlenberg W G 1960 Loblolly pine: its use, ecology, regeneration,
protection, growth, and management. Duke University, School
of Forestry, Durham, NC.

Watson R T, Rodhe H, Oescheger H and Siegenthaler U 1990 Green-
housegasesand aerosols. In Climate Change: Thel PCC Scientific
Assessment. Eds. J T Houghton, G J Jenkins and J J Ephraums.
pp 1-40. Cambridge University Press, Cambridge.

Zak D R, Pregitzer K S, CurtisP S, Terri JA, Fogel R and Randlett D
L 1993 Elevated atmospheric CO, and feedback between carbon
and nitrogen cycles. Plant Soil 151, 105-117.

Section editors: E Garnier and R F Huettl



