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Abstract

Aboveground growth of gplants responds more strongly to atmospherig €Bncentration when soil water is
limiting rather than abundant. Whether the same is true of root growth and morphology, however, remains to be
evaluated. We investigated interactive effects of,GMd soil water on root growth and morphology of twg C
grasses. Seedlings of the dominantdtasses from tallgrass prairi8chizachyrium scopariumind Andropogon
gerardii, were grown for 8 weeks in an elongated, controlled environment chamber-at@@entrations of 368
(ambient) and 203 (subambientjnol mol~t. Seedlings were maintained at either high (ca. 90%) or low (ca.
50%) soil relative water holding capacity (RWC). Both root and shoot systemg gfa3s seedlings responded
similarly to CQ, enrichment irrespective of whether soil water was limiting or abundant. Root growth was affected
primarily by increased RWC (40-51% increases) and secondarily by highe(X5627% increases). The relative
distribution of root surface area, number of root tips and length and volume of roots were significantly affected by
CO;, enrichment with proportional increases of 55-61%, 39-52%, 50-55% and 53-58%, respectively, occurring in
very fine (0—0.3 mm) roots. The indirect effect of €@nrichment on conservation of soil water in grasslands may

be as important as direct photosynthetic response effects in thendOced enhancement of whole-plant growth

in C4 grasses.

Introduction response of root growth of{plants to an increase in
CO, from subambient to ambient concentrations de-
Aboveground growth of ¢ plants responds more pends on soil water availability. This has implications
strongly to atmospheric COconcentration when soil  for understanding direct and indirectimpacts of global
water is limiting rather than abundant (e.g. Owensby change, and important ramifications for understanding
et al., 1999), with this increase attributed directly to the development, global expansion and distribution of
CO, enrichment (Ghannoum et al., 1997; Hunt et al., Cs ecosystems (Cerling et al., 1997, 1998; Ehleringer
1996; LeCain and Morgan, 1988; Morgan et al., 1994, etal., 1997; Jacobs et al., 1999; Pagani et al., 1999).
1988; Read et al., 1977; Sionit and Patterson, 1984)  The few documented responses of @ot sys-
and indirectly to improved water relations resulting tems to CQ and soil water are inconsistent, and have
from ‘conservation’ of soil water (He et al., 1992; been conducted using comparisons between ambient
Hunt et al., 1996; Knapp et al., 1993; Morgan et al., and superambient CQroncentrations. Unfortunately,
1994, 1998; Owensby et al., 1993; Sionit and Patter- little is known regarding the responses of @0t sys-
son, 1985). Whether the same is true of root growth tems to subambient GQ&oncentrations. Root biomass
and morphology, however, remains to be evaluated. In of C4-dominated tallgrass prairie was greater at su-
this study, we attempt to clarify the extent to which the perambient than ambient G@uring years when soil
water was limiting, but was also increased by £0
* FAX NO: +254-770-6561. E-mail: derner@brc.tamus.edu enrichment during 1 of 3 years when soil water was

“*The U.S. Govemments right to retain a non-exclusive, gpyndant (Owensby et al., 1999). Fine root biomass
Royalty-free licence in and to any copyright is acknowledged.
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of Bouteloua eriopodancreased with superambient
CO, and abundant soil water (BassiriRad et al., 1997),
while soil water content did not influence the effect
of CO, on B. gracilis root growth (Hunt et al., 1996;
Morgan et al., 1998). Effects of increased £6n
root growth are generally smaller fors@han for G
plants (Hunt et al., 1996; Morgan et al., 1998; Wand
et al., 1999; Yoder et al., 2000; but see BassiriRad
et al., 1997), which is consistent with aboveground
responses (Poorter, 1993; Wand et al., 1999).
Widespread expansion ofj@cosystems at the end
of the Miocene likely resulted primarily from declin-
ing CO;, (Ehleringer et al., 1991; Jacobs et al., 1999).
Cerling et al. (1998) secondarily attribute €xpan-

sion to increased aridity. Pagani et al. (1999) suggest

that an Asian uplift in the late Miocene, in conjunc-
tion with low CO, concentrations, caused changes
in climate patterns that favoreds@®lant expansion.
Ehleringer et al. (1997) provide support via carbon
isotope signatures in sediment cores thate€osys-
tems were more widespread during the last glacial

maximum and have since decreased in abundance aé’]l

CO, has increased. Therefore, it may be expected
that recent human-induced increases in,®ave cre-
ated conditions that are even more unfavorable fpr C
plants (Cerling et al., 1997). On the other hand, sim-
ulation studies suggest that doubling the currenp CO
concentration will result in no major changes in dis-
tributions of G grasses in Australia (Howden et al.,
1999). Indeed, ¢ grasses may maintain their com-
petitive advantage overs@rasses with superambient
CO, because of an increased water use efficiency re-
sponse when soil water is limiting (Wand et al., 1999;
Ward et al., 1999).

Our objective was to investigate the interactive
effects of CQ and soil water on root growth and mor-
phology of G grasses. We maintained G@t either
subambient (ca. 20@mol mol~1) or current ambient
(ca. 360umol mol1) concentrations and soil water
at high or low levels. Subambient, rather than super-
ambient, CQ was chosen to assess the possible role
of low CO; in the global expansion of {plants, and

Materials and methods

Environmental chamber

A complete description of the elongated, controlled
environmental chamber used in this study is found in
Mayeux et al. (1993). Briefly, the chamber consists
of a tunnel formed by transparent, 1Q{m poly-
ethylene film, set upon an elongated soil container
in which a subambient Cfgradient is created dur-
ing daylight by enclosed plant®@nicum virgatum
L., and Stenotaphrum secundatufwalt.) O. Ktze.]
that reduce C@through photosynthesis. The cham-
ber is located in an evaporatively cooled glasshouse at
Temple, Texas, USA. Air is forced into and through
the chamber with a blower, the speed of which is
automatically varied by changing the DC voltage sup-
plied to the motor. Control voltages were calculated
with empirical algorithms incorporating the difference
between desired (20@mol mol1) and measured
CO, concentration at the chamber exit and direction
nd the magnitude of change in photosynthetically act-
ive photon flux density (PPFD). At night, airflow rate
was maintained at about 3¥min—! to fully exchange
the volume of air every 2-5 min. This exhausts LLO
generated by plant and soil respiration and maintains
COp near ambient throughout the chamber.Gi®the
chamber was monitored with an infra-red gas analyzer
(Li-Cor Model LI-6262 Li-Cor, Inc., Lincoln, Neb-
raska, USA). The gas analyzer was calibrated daily at
noon and midnight using a GGstandard. Measure-
ments alternate between the chamber exit and one of
five other locations along the chamber each minute.
Air temperature along the chamber was measured
at the same locations as g@ith fine-wire (25um
diameter) thermocouples. PPFD was measured on the
glasshouse roof with a quantum sensor (LI-190SB, Li-
Cor).

Sampling methods

Schizachyrium scopariuifMichx.) Nash andAndro-
pogon gerardiiVitman. seedlings were grown in a

to determine the magnitude of root responses that may sandy loam soil (Alfisol, Udic Paleustalfs; Huckabee
already have occurred as a result of past increases inet al., 1977) in 0.05 m diameted.60 m deep pots.

COo.

Properties of the soil include: pH=7.1, organic car-
bon content=0.57%, 76.2% sand, 16.2% silt, 7.6%
clay, field capacity=18% on a volumetric basis. Pots
were constructed from polyvinyl chloride pipe cut lon-
gitudinally into two pieces of equal size to facilitate
recovery of intact root systems. The two halves of each
pot were taped together and secured at the base with
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Figure 1. Mean &SE, n=192) aboveground responses averaged acrasgr&ss seedlings ofAindropogon gerardiiand Schizachyrium
scopariumexposed to high and low soil relative water holding capacity (90 and 50% RWC, respectively), and ambient and subambient CO
(368 and 203:mol mol~1, respectively). Periods 1 and 2 are 0—4 and 4—8 wk post-emergence, respectively. Asterisks indicate a significant
(P<0.05) difference between RWC levels or €€bncentrations. See Table 1 férandP values.

a perforated cap. Each pot was weighed when empty each species were randomly assigned in a factorial
and after it had been filled with air-dried soil. Ten design with harvest date (2, 4, 6, or 8 weeks post-
samples of air-dried soil were oven-dried at 105 emergence), C®[ambient, entrance of chamber (ca.
for 72 h and weighed. The mean ratio of oven-dried— 360 xmol mol~1) and subambient (exit of chamber,
air-dried soil mass was used to calculate the mass of ca. 200umol mol~1)] and soil relative water holding
soil added to each pot. Soil in one-half of the pots was capacity (RWC) [high (90%) and low (50%)] the main
wetted to drip by adding 125 ml of distilled water and factors. Soil relative water holding capacity per pot
125 ml of 1/3 strength Hoagland’s nutrient solution was calculated by dividing the amount of water in the
(Hoagland and Arnon, 1950), while soil in remaining soil (mass of soil plus water on each date minus mass
pots was wetted with 125 ml of the nutrient solution.  of oven-dried soil) by the amount of water retained in
Five seeds of5. scopariumand A. gerardii were soil after drainage ceased (mass of fully wet soil minus
planted separately in 192 pots for each species onthat of oven-dried soil). Pots were weighed every 3—4
April 27, 1998. Five ml of tap water was added days to determine the amount of water to be added to
daily to each pot until May 7, 1998, when plants maintain the 50% and 90% RWC treatments.
in all pots were thinned to one seedling. Pots with
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Figure 2. Mean &SE, n=192) root responses averaged acrogsgéass seedlings oAndropogon gerardiiand Schizachyrium scoparium
exposed to high and low soil relative water holding capacity (90 and 50% RWC, respectively), and ambient and subamhi@é8 @ad
203 umol mol—1, respectively). Periods 1 and 2 are 0-4 and 4-8 wk post-emergence, respectively. Asterisks indicate a siBrifidaiy (
difference between RWC levels or G@oncentrations. See Table 1 feandP values.

At each harvest, aboveground biomass was de- classes,n=10, increment 0.1 mm) to determine the
structively removed with shoot height, measured to the distribution of root length, surface area, volume and
tip of the uppermost leaf, and total leaf length (sum of number of root tips among width classes. Roots were
lengths of all individual leaf blades) measured. Soil scanned using a X015 cm tray at high resolution (600
was manually washed from roots, which were then dpi). Because these roots were subjected to further
digitally scanned using the WinRHIZO software (Re- analyses following scanning, they were not stained
gent Instruments, Inc. Quebec, Canada, version 3.9f) prior to analyses which results in underestimations
and hardware (Hewlett Packard ScanJet 6100C scan-Bouma et al., 2000). This underestimation, however,
ner). This software can determine root length, surface was minimized by using the WinRHIZO automatic
area and root volume. In addition, the software al- threshold (i.e. Lagarde’s method) for pale roots with
lows a user to specify root width classes (equal width more sensitivity and the high resolution. Aboveground
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Figure 3. Mean =192) distribution of root surface area, number of root tip, total root length and root volume by root width increment
averaged across soil relative water content apdi@ss seedlings éfndropogon gerardiandSchizachyrium scopariuexposed to ambient and
subambient CQ (368 and 203:mol mol~1, respectively). Asterisks indicate a significaRi{0.05) difference between GQoncentrations.

tissues and roots were dried at 80 for 72 h prior to
weighing.

Statistical analyses

To avoid potential confounding of treatment effects

a factor was significantR<0.05). Data were trans-
formed logarithmically before analysis when required
to normalize residuals; means and standard errors are
reported after back-transforming.

due to use of a single chamber, replication was
achieved by combining the data from the four har- Results

vest dates into two sampling periods (period 1:2 and

4 week harvest; period 2:6 and 8 week harvest). Data Environmental factors
were then analyzed using a four-way ANOVA (GLM)
with period, species, RWC and G@oncentration as
main factors. Means were separated usitests when

Mean daily daytime (1000-1800 h CST) g@on-
centrations were 3682 (n=54) umol mol! for the
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ambient and 2081 xmol mol~! for the subambi-
ent treatment. Daily daytime temperature for both
treatments was 284#40.3 °C and mean daily night-
time (2000-800 h CST) temperature was 20012
°C. Daytime PPFD averaged 9422 umol m=2 s71.
Relative water holding capacity (RWC) of soils prior
to adding of water to maintain the desired 50% RWC
treatment was 48.6% for both GQroncentrations,
while in the desired 90% RWC treatment it was 85.3%
for ambient CQ and 82.1% for subambient GO

Aboveground

Significant interactions involving species did not oc-
cur for the aboveground variables, even though there
were significant differences between species for all
aboveground variables (Table 1). Interestingly, there
were no significant Cex RWC interactions for any

of the aboveground variables. However, leaf length,
shoot height and shoot mass did exhibit significant
RWCx period and C@xperiod interactions as differ-
ences were only observed in the latter portion of this

study. Leaf length, averaged across species, was 50%

greater at ambient than subambient Lénd 56%
greater in the high than low RWC (Figure 1). Shoot
height exhibited smaller increases of 33% and 29%
forincreased C@and RWC, respectively. Shoot mass,
however, increased 82% from low to high RWC, and
57% from subambient to ambient GO

Roots

In concurrence with aboveground variables, signi-
ficant interactions involving species did not occur
for the belowground variables; significant differences
between species were observed for all aboveground
variables, however (Table 1). Root variables did not
display any significant C&<RWC interactions which

is in agreement with the aboveground variables. Root
variables did exhibit significant RWperiod inter-
actions with differences occurring only in the latter
portion of the experiment (Figure 2). Root length,

at the end of the experiment were significantly af-
fected by CQ (Figure 3) but not RWC. Root surface
area exhibited a unimodal distribution with respect to
root width; greater proportional increases (55-61 vs.
18-37%) were observed at ambient £@r lower
(0—0.3 mm) width increments. The number of root
tips was highly skewed to the lower width increments
(0-0.3 mm) with similar proportional increases (39—
52%) at ambient C®as exhibited for surface area.
The majority of root length occurred among roots of
0.3-0.6 mm width increments, but proportional in-
creases at ambient GQvere less (13—-26%) in these
increments than at the lower width increments (53—
58%). Root volume was distributed predominantly in
the highest width increment-0.9 mm) although pro-
portional increases (53-58%) at ambient C@ere
greatest at the lower width increments (0—0.3 mm).

Discussion

Root systems of grass seedlings responded simil-
arly to an increase in C£from subambient to ambient
concentrations at limiting and abundant soil water.
Root growth was affected primarily by increased RWC
(40-51% increases) and secondarily by higher, CO
(15—-27% increases). Greater root length, surface area
and volume with both the high RWC and ambientCO
treatments increase the potential for exploitation of
soil nutrients and water (Norby, 1994; Rogers et al.,
1994). In addition, CQ considerably increased the
fraction of total root surface area, number of root tips
and root length and volume in very fine (0-0.3 mm
diameter) roots, which has important consequences
for root function. Greater carbon investment in fine
roots with ambient than subambient €@ay sig-
nificantly influence nutrient cycling and longer-term
changes in soil organic matter and ecosystem carbon
balance (Norby and Jackson, 2000).

It is not possible to compare observed responses
of roots to interactive effects of COand soil wa-

mass, surface area and volume averaged across speter with other investigations usings@rasses because
cies were 40-51% greater in the high than low RWC others have evaluated such responses only under well-
treatment. In contrast to aboveground variables, root watered conditions (e.g. BassiriRad et al., 1997; Yoder
variables did not exhibit significant GQperiod in- et al., 2000). Similar responses to £@isplayed by
teractions. Rather, root length, mass, surface arearoot systems of thesesGrass seedlings at both limit-
and volume averaged across species and RWC wereing and abundant soil water do, however, concur with
15-27% greater at ambient GGhan at subambient  results from a g plant, spring wheatTfiticum aes-
COo. tivum) (Wechsung et al., 1999). A recent field study
The distributions of root surface area, number of conducted on gdominated grassland revealed that
root tips, length and volume averaged across speciesboth aboveground biomass and root ingrowth biomass
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Table 1. Results of a 4-way ANOVA (GLM) showing the significance of the effects of period (0-4, 4-8 weeks post-emergence), spe-
cies Schizachyrium scopariunndropogon gerard)j CO, (200.mol mol~1, 360,:mol mol—1), soil relative water holding capacity

(RWC) (50%, 90%), and factor interactions on aboveground and root variables. Data were log transformed prior to analysis. Bold
lettering indicates highest order significan€e<Q.05) for each factor. None of the Perio8pecies, Specie<CO,, Species RWC,

CO, xRWC, or 3- or 4-way interactions were significant.

Variable Period Species GO RWC Periodk CO» PeriodkRWC
Aboveground
Height <0.0001 <0.0001 0.0007 0.0134 <0.0001 0.0042
Leaf length <0.0001 <0.0001 0.0044 0.0146 0.0014 0.0292
Shoot mass <0.0001 <0.0001 0.0093 0.0369 0.0042 0.0451
Roots
Length <0.0001 <0.0001 0.0475 0.6644 0.2461 0.0005
Surface area <0.0001 <0.0001 0.0193 0.5554 0.1394 0.0006
Volume <0.0001 <0.0001 0.0073 0.5296 0.0901 0.0011
Mass <0.0001 <0.0001 0.0004 0.5182 0.1327 0.0001
were stimulated by increased g@nly when soil Acknowledgements

water was limiting (Owensby et al., 1999). This dis-

crepancy between the field study and our glasshouseTommy Greeson and Jeffrey Posvar monitored soil
Study may be attributable to the absence of Compet— water and processed p|ant Samp'es_ Chris Ko-
itive interactions between SpecieS in our Study, or |Odziejczyk maintained CQand environmental con-
Compal’ison Of Seed|ingS to adult plantS (Hunt et al., tro| Systems and data records_

1996).

The relative increases in root biomass (27%) ob-
served in these £grass seedlings with an increase
from subambient to ambient GQire similar to those
measured for ggrasses (BassirRad et al., 1997; Hunt y o
o 1 1996 Norgan et o 1998; utsee e et BTG ot ans S
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Wechsung et al., 1999) with an increase from ambient  pjant. Phys. 24, 353-358.
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already experienced an augmentation in root growth and scanning protocol for computerized analysis of root length

L . . and diameter. Plant Soil 218, 185-196.
which is comparable to that expected with a doubling Cerling T E, Ehleringer J R and Harris J M 1998 Carbon dioxide

of current CQ concentrations. starvation, the development ofy@cosystems and mammalian
Others have shown that biomass of @¢ass seed- evolution. Phil. Trans. Royal Soc. London 353, 159-171.

Iings responded to C enrichment from ambient to Cerling T E, Harris J M, MacFadden B J, Leakey M G, Quade J,

bi | 1 . Eisenmann V and Ehleringer J R 1997 Global vegetation change
superambient (70@mol mol™~) concentrations (Mor- through the Miocene/Pliocene boundary. Nature 389, 153-158.

gan et al., 1998; but see Watling and Press, 1998). Ehleringer J R, Curling T E and Helliker B R 1997, ®ho-
Previously unreported, however, is the finding that an ~ tosynthesis, atmospheric GO and climate. Oecologia 112,
increase in soil water content elicits a proportional 285-299.

. . L Ehleringer J R, Sage R F, Flanagan L B and Pearcy R W 1991
increase in root growth similar to aboveground plant  cjimate change and the evolution of @hotosynthesis. Trends

growth. Therefore, the indirect effect of G@nrich- Ecol. Evol. 6, 95-99.
ment on conservation of soil water in grasslands may Ghannoum O, Von Caemmerer S, Barlow E W R and Conroy J P

. . . 1997 The effect of C@enrichment and irradiance on the growth,
be as important as direct photosynthetic response ef morphology and gas exchange of g @anicum laxuand G

fects in the C@-induced enhancement of whole-plant (Panicum antitodalegrass. Aust. J. Plant. Phys. 24, 227-237.
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tosynthesis and water relations of big bluesterg)(&nd Ken-
tucky bluegrass (§) under high concentration of carbon dioxide.
Trans. Kansas Acad. Sci. 95, 139-152.
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