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Abstract

The objective of this investigation was to determine how free-air carbon dioxide enrichment (FACE) of cotton
(Gossypium hirsutum L.) affects root distribution in a natural soil environment. For two years cotton was grown on a
Trix clay loam under two atmospheric CO, concentrations (370 and 550 umol mol~!) and two water treatments [wet,
100% of evapotranspiration (ET) replaced and dry, 75% (1990) and 67% (1991) of ET replaced] at Maricopa, AZ.
At early vegetative and mid-reproductive growth, 90 cm soil cores were taken at 0, 0.25, and 0.5 m perpendicular
to row center; root variables were ascertained at three 30 cm depth increments. The effect of water stress alone or
its interaction with CO, on measured variables during both samplings were rare and showed no consistent pattern.
There was a significant CO; x position interaction for root length density at the vegetative stage (both years) and
reproductive stage (1990 only); the positive effects of extra CO, were more evident at interrow positions (0.25
and 0.5 m). A CO;, x depth x position interaction at the vegetative phase (1990) indicated that FACE increased
root dry weight densities for the top soil depth increment at all positions and at the middle increment at the 0.5 m
position. Similar trends were seen at the reproductive sampling for this measure as well as for root length density at
both sample dates in 1990. In 1991, a CO, x depth interaction was noted at both periods; CO, enhancement of root
densities (i.e., both length and dry weight) were observed within the upper and middle depths. Although variable in
response, increases for root lineal density under high CO, were also seen. In general, results also revealed that the
ambient CO, treatment had a higher proportion of its root system growing closer to the row center, both on a root
length and dry wight basis. On the other hand, the FACE treatment had proportionately more of its roots allocated
away from row center (root length basis only). Results from this field experiment clearly suggest that increased
atmospheric CO, concentration will alter root distribution patterns in cotton.

Introduction

Increased atmospheric CO; concentration (Keeling et
al., 1989) arising from anthropogenic sources (e.g.,
fossil fuel use, deforestation; Pearman, 1980; Wood-
well, 1978) are predicted to double in the next century
(Gribbon, 1981). Although CO,-induced shifts in cli-
mate are debatable (Idso, 1989; Rosenberg et al., 1990;
Smit et al., 1988), increased CO, levels will direct-
ly affect vegetation in natural and agro-ecosystems.
There is solid evidence showing that increases in atmo-
spheric CO, level will increase biomass production,

growth, photosynthesis (Allen et al., 1987; Rogers et
al., 1983; Sionit et al., 1984; Strain and Cure, 1985;
Warrick, 1988) and water use efficiency (Carlson and
Bazzaz, 1980; Dahlman et al., 1985; Kimball and Idso,
1983). There have been several recent reviews of plant
responses to CO, (Allen, 1990; Kimball et al., 1990;
Krupa and Kickert, 1989; Rogers and Dahlman, 1993).
Most reported investigations have used plants grown
in containers within controlled environments which
may not entirely represent the variable and complex
environments which exist under field conditions. Fur-
thermore, it has recently been reported that the results
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of studies using pot-grown plants where roots are con-
fined may not always be indicative of field responses,
i.e., source-sink relationships may be affected (Arp,
1991; Thomas and Strain, 1991). These findings not
only emphasize the need for field studies, but also
highlight the importance of investigating belowground
responses, an area that has often been neglected.

There are far fewer belowground than aboveground
investigations in the CO, response literature. The most
commonly reported root descriptor, showing CO,-
induced enhancement, is root dry weight (Rogers et
al., 1994). This has been observed in some important
crop species such as sorghum [Sorghum bicolor (L.)
Moech.], (Chaudhuri et al., 1986), soybean [Glycine
max (L.) Merr.], (Del Castillo et al., 1989; Rogers et
al., 1992b), and winter wheat [ Triticum aestivum (L.)],
(Chaudhuri et al., 1990). A few crop experiments have
indicated that root increases (i.e., dry weight and/or
length) were concentrated in the upper portions of the
soil profile (Chaudhuri et al., 1990; Del Castillo et
al., 1989) suggesting a more thorough exploration of a
given volume of soil under elevated CO,. Others have
observed enhancements at all soil depths (Chaudhuri et
al., 1986; Rogers et al., 1992b), thus implying that the
volume of soil explored may be greater. Roots of CO,
enriched plants also have been shown to reach deeper
(Rogers et al., 1992b) or to attain maximum rooting
depth ahead (in time) of plants grown under ambient
CO, levels (Chaudhuri et al., 1990). Detailed morpho-
logical studies have also demonstrated that high CO,
levels increase stele and cortex diameter, root diameter
in the root hair zone, length of unbranched first order
laterals, and total root length and volume (Rogers et
al., 1992b). Collectively, results from the above stud-
ies suggest that more plant rooting may occur in a CO;
enriched world; however, further work is warranted on
root system response in natural soil profiles in the field.

The present study utilized cotton plants grown in
the field under free-air carbon dioxide enrichment
(FACE). This exposure system ensures continuous
CO; treatment with minimal alteration of plant micro-
climate while allowing plants to grow in their natural
environments. The objective was to investigate how
CO; enrichment of a cotton canopy affects root dis-
tribution (vertical and horizontal) during two growth
phases (vegetative and reproductive) under two water
regimes.

Materials and methods
Experimental site

This study was conducted for two years (1990-1991)
on a Trix clay loam [fine, loamy, mixed (calcare-
ous), hyperthermic Typic Torrifluvents] at the Mari-
copa Agricultural Center for Resources and Exten-
sion (MAC) of the University of Arizona at Maricopa
located 25 miles south of Phoenix, AZ. Cotton seeds
[Gossypium hirsutum (L.) ’Delta Pine 77’] were sown
into dry raised beds (1 meter row spacing) on 23 April
1990 and 16 April 1991 with plants being thinned to 10
per meter after 50% emergence. Recommended farm-
ing practices of the region as reported by Mauney et al.
(1994) were used in managing both the soil and crop.

Experimental design

The experimental design was a split-plot arranged as
a randomized complete block with four replications.
The main plot factor was CO, concentration at two lev-
els (ambient=370 pmol mol~! and FACE=550 pmol
mol™!). The split plot treatments were soil water con-
tent (wet =100% of evapotranspiration (ET) replaced
and dry = 75 and 67% of ET replaced in 1990 and
1991, respectively).

CO; exposure system

A technique called free-air carbon dioxide enrichment
(FACE) was utilized to create large-scale test atmo-
spheres of CO; in the field with minimal alteration of
microclimate (Fig. 1). Each circular array (i.e., expo-
sure unit) was constructed of a 22 m diameter PVC
torus (plenum chamber) with 32 vertical ventpipes (2
m height) spaced evenly around its diameter. Each
ventpipe was individually valved and had gas exit ports
drilled at vertical intervals along its length. A computer
program (based on an algorithm keyed to wind veloci-
ty and CO, measured at the center of the experimental
plot; see Fig. 1) controlled the release of CO, into
the array. Carbon dioxide was dumped upwind from
open sectors of the vertical pipes in amounts equiv-
alent to windspeed such that a circular plot was uni-
formly fumigated (Hendrey et al., 1993). There were
eight experimental plots, four at nominal CO, con-
centrations of 550 pmol mol~! (surrounded by the
22 m FACE array) and four controls at ambient, 370
umol mol™! (surrounded by a dummy array). Plots
were spaced so as to maximize distance between them
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Fig. 1. Photograph of a FACE array in the cotton experiment at Maricopa, AZ, in 1990. Shown are the air supply fan housing, 22 m diameter
plenum chamber, the 32 vertical ventpipes, wind measurement mast, and access walkway. (Hendrey et al., 1993).

(at least 100 m), thus reducing the possibility of CO;
enriched air blowing into controls. Arrays were put in
place immediately after planting. Exposure was initi-
ated at 50% seedling emergence and continued until
plants reached physiological maturity. One quarter of
each experimental plot was used for plant root sam-

pling.
Irrigation

The cotton crop was irrigated with a subsurface drip
tube system. A single drip tube was installed 25 cm
below each crop row. Initial irrigations of 254 and 272
mm of water were applied immediately after planting
in 1990 and 1991, respectively. Main plots were split
and each half differentially irrigated on a biweekly
basis starting on 3 July in 1990 and 20 May in 1991.
The irrigation system was also used for fertilizer N
and micronutrient applications during the season as
described by Mauney et al. (1994).

Root samples

Soil cores (38 mm diameter) measuring 90 ¢m in length
were collected to determine root length density, root
dry weight density, and root lineal density on 18 June
and 17 September in 1990, and 12 June and 2 August in
1991. These dates corresponded to aboveground har-
vests occurring at early vegetative growth and at mid-
dle or late reproductive growth as reported elsewhere
(Prior et al., 1994). At each sampling date respective
measures of leaf area index were about 1.0 and 4.0
in 1990 and 0.7 and 3.0 in 1991. During each sam-
pling, soil cores were taken in-row (0 m) and at dis-
tances of 0.25 and 0.50 m perpendicular to the row.
In 1990, 192 soil cores were taken at each sampling,
representing four cores per position within each sub-
plot. In 1991, the number of cores per position was
increased to eight, increasing the total number of cores
per sampling to 384. Pneumatic hammers for driving
core tubes and electric core tube extraction devices
were used to collect root-soil cores (Prior and Rogers,
1992; Prior et al., 1994). A large custom-built cool-
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er was used to transport samples by truck to Auburn,
AL, where they were placed in cold storage until pro-
cessing. A hand-held electric band saw was used to
cut each 90 cm core into 15 cm segments. After pro-
cessing, core segments were combined to form three
30 cm depth increments (i.e., 0-30, 30—60, and 60-90
cm) for statistical analyses. Roots were washed from
each core segment with a hydropneumatic elutriation
system (Gillison’s 1990; Smucker et al., 1982) and
stored in 20% ethanol (Bohm, 1979) at 4°C. After
organic debris had been removed with tweezers and
spring-loaded suction pipettes, root length was mea-
sured with a Comair Root Length Scanner (Hawker
de Havilland, 1985). Root weight determinations were
made after drying samples at 55°C.

Data analyses

All analyses were performed using the general linear
models procedure of the Statistical Analysis System
(SAS, 1985). Core position and depth increments were
treated as additional split-plot treatments within the
overall study design and an average of the replicate
core samples (four in 1990 and eight in 1991) was used
for statistical analyses. Proper error terms were speci-
fied for each split-plot treatment. Contrast statements
were used to determine the significance between inter-
acting main effect variables. Differences were consid-
ered significant at the p < 0.10 level. Values which
differed at the 0.10 < p < 0.20 level were considered
trends.

Results and discussion

At both growth stages, the effects of water stress alone
or its interaction with CO, were rare and, when detect-
ed, showed no consistent pattern. Previous findings
(Prior et al., 1993) suggest that such variable results
may be related to an interaction occurring in certain
root diameter size classes and not in others. In that
study, first order lateral roots were partitioned into dif-
ferent size classes based on root diameter. During veg-
etative growth, significant CO, x water interactions
were detected for root variables (length, dry weight,
and volume) in the smallest class size (< 1.00 mm); as
growth progressed, interactions were detected (length,
dry weight, volume, number, and tissue density) for
the third largest class size (1.5-2.0 mm). This indicat-
ed that some smaller roots continue to exhibit CO, x
water interactions later in the cotton crop life cycle. If

patterns such as these do occur in the field, then try-
ing to detect interactions becomes very arduous. This
topic, without a doubt, requires further investigation.

A few factors which may have contributed to these
variable root responses (i.e., between years) under CO,
enrichment bear mentioning. Some differences could
be related to changing irrigation patterns. More specif-
ically, less irrigation water was applied between plant-
ing and sampling in 1991 than in 1990 due to the use of
different methods of estimating evapotranspiration for
the two years. A detailed description of these methods
and the rationale for their use, including a chronolog-
ical record of soil water content and seasonal rainfall,
have been reported elsewhere (Hunsaker et al., 1994,
Mauney et al., 1994). In addition, some of the variabil-
ity may be ascribed in part to the fact that in 1991, ear-
ly season night-time temperatures were lower than the
previous season which may have slowed crop develop-
ment resulting in smaller plants. Furthermore, spatial
variability of the soil profile often encountered in the
field can cause roots to be non-uniformly distributed
and in itself may have hindered statistical separation
of treatment effects. Nevertheless, some important dif-
ferences in root response due to CO; enrichment were
detected and are discussed below.

Effect of increased CO, on root length density

Positive shifts in rooting patterns due to extra atmo-
spheric CO, during vegetative growth may have impor-
tant implications in terms of seedling vigor. In the
present study, there were significant CO, x position
interactions for root length density (p = 0.04-0.08) at
the vegetative sampling in both years (Fig. 2). At the
in-row position (0 m) FACE tended to increase root
length density in 1990 (p = 0.13; Fig. 2A) and signifi-
cantly increased this measure (15%) in 1991 (Fig. 2B).
FACE enhanced root length density more at the 0.5
m position in 1990, whereas in 1991, increases in this
measure were most apparent at the 0.25 m position. For
example, at the 0.25 and 0.5 m positions this measure
was increased by 33 and 64% in 1990 and by 38 and
27% in 1991, respectively. Results show that elevated
CO; resulted in more prolific rooting, especially at the
interrow positions. This may well confer an advantage
to CO;-enriched plants for more readily acquiring soil
water and nutrients needed for development, especially
when these factors limit seedling growth. Consequent-
ly, establishment of crop stands would be enhanced. In
the present study, FACE significantly increased corre-
sponding measures of aboveground dry matter by 56
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Fig. 2. The effect of CO, concentration (3 = 370 gmol mol~!; M =550 pmol mol™!) on cotton root length density at three positions (0,
0.25, and 0.5 m away from the crop row center) during vegetative growth in 1990 (A) and 1991 (B). Means and probabilities are shown.
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Fig. 3. The effect of CO, concentration {{J = 370 zmol mol~!; M = 550 zmol mol~!) on cotton root length density and root dry weight
density at three depth increments during reproductive growth in 1990 (A) and 1991 (B). Means and probabilities are shown,

and 43% relative to ambient CO; levels in 1990 and
1991, respectively (Prior et al., 1994).

Changes in rooting patterns under high CO; envi-
ronments may also have important implications for
crop performance during critical periods of reproduc-
tive growth, such as boll filling, when plants have
high demands for water and nutrients. Positive shifts
in root length density due to FACE were seen at the
reproductive samplings while corresponding measures
of aboveground responses also showed that FACE
increased boll biomass values by 65 and 44% in 1990
and 1991, respectively (Prior et al., 1994). Observa-
tions for the root samples collected during reproductive
growth (data not shown) were similar to those report-
ed for the vegetative growth samples in 1990 (Fig.
2A); for example, significant increases in root length

densities due to elevated CO, were observed at both
interrow positions (p = 0.002-0.02). A trend toward
a CO, x depth x position interaction observed at the
initial sampling (p = 0.14) was also seen during the
reproductive stage (p = 0.19; data not shown); root
length densities under FACE were higher at the two
upper most depths (i.e., 0-30 cm and 30-60 cm) at the
interrow positions. In the following year, a significant
CO; x depth interaction was detected at the vegeta-
tive sampling (p = 0.02; data not shown) and was also
observed during the reproductive sampling (Fig. 3A; p
=0.05). At both times, increased root length densities
due toelevated CO, were found at the upper and middle
depth increments; the 0-30 cm depth showed increases
of 30 and 34% while the 30—60 cm depth had increases
of 21 and 25%. Chaudhuri et al. (1986) observed that
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sorghum grown in glass-sided boxes filled with top-
soil under CO, enrichment also exhibited root length
increases in the upper parts of the soil profile. Like-
wise, enhancements in root length density due to CO,
enrichment in our study are similar to those reported
by others (Rogers et al., [992a).

Effect of increased CO, on root dry weight density

Although root dry weight often exhibit substantial
increases due to elevated atmospheric CO, (Rogers et
al., 1994), little data exist on how extra CQO, alters hor-
izontal and vertical distribution patterns within actual
soil profiles. In our study, the effect of increased CO,
on root dry weight density varied between samplings
and years. In 1990, there were significant CO, x depth
X position interactions for root dry weight density at
the vegetative sampling (p = 0.02; Fig. 4), but only a
trend could be seen at the reproductive sampling (p =
0.19; data not shown). In comparison, CO, x depth
interactions were detected at both sampling dates in
1991 (p = 0.04-0.10; Fig. 3B, only reproductive data
shown). In general, the root dry weight distribution
patterns were similar to those observed for root length
density.

Representative results for root dry weight density
are shown in Figures 3B and 4. At the initial sampling
in 1990, FACE increased root dry weight densities at
the upper depth increment, 0-30 cm, at all sample
positions (0, 0.25, and 0.5 m) by 40, 33, and 111%,
respectively (Fig. 4). Although values were numer-
ically higher for some depth increments at the 0 m
position (i.e., 30-60 cm; Fig. 4A) and at the 0.25 m
position (i.e., 60-90 cm; Fig. 4B), these differences
were only marginally non-significant (p=0.11). How-
ever, the middle depth increment (30-60 cm) at the
0.5 m position exhibited a large increase in root dry
weight density (200%) due to FACE conditions (Fig.
4C). Rogers et al. (1992b) reported that in soybean
(18 day old) grown under CO, enriched conditions in
growth chambers, rooting increased over a depth of 45
cm which also resulted in a substantial rise in root dry
weight (143%). In the current study, by the reproduc-
tive sampling there was only a tendency for a CO, x
depth x position interaction (p = 0.19; data not shown);
rooting patterns were somewhat like those observed at
the vegetative sampling (Fig. 4). However, the extra
aerial CO, did significantly increase root dry weight
density by 38% when averaged over all horizontal posi-
tions and depth increments at this sampling (p = 0.04;
data not shown). In 1991, the significant CO, x depth

interaction was related to a CO; induced increase in
rooting at the two upper most depth increments (50%
each) at both sample periods (Fig. 3B). By compar-
ison, Chaudhuri et al. (1986) reported that sorghum
grown in glass-sided boxes filled with topsoil under
CO; enrichment exhibited increases in root length in.
the upper parts of the soil profile while increases in
root dry weight were observed at all depths. Other con-
tainerized studies utilizing outdoor sunlit chambers for
CO; exposure of soybean (Del Castillo et al., 1989)
and winter wheat (Chaudhuri et al., 1990) have shown
that CO, enrichment had little affect on root dry weight
at depth increments below about 45 cm. Utilization of
different CO, exposure systems, measurement meth-
ods, growth media, and cultivar studied may account
for these varying responses.

Our root dry weight density data (as well as root
length density data) resemble the distribution pattern
for cotton roots described by Klepper et al. (1973)
where rooting density generally declines exponential-
ly with depth under optimum soil water conditions.
A common pattern noted in our data was that CO,
enrichment exerted most of its affect at the upper and
middle portions of the profile while having no appar-
ent affect on the distribution of root dry matter (or
length) to the lowest profile depth (Figs. 3 and 4).
Rogers et al. (1992b) reported that roots of high CO,
grown soybean penetrated deeper into the profile and
Chaudhuri et al. (1990) that maximum rooting depth of
wheat was reached quicker. We are unable to conclu-
sively determine whether elevated CO, had no effect
on deep rooting since core samples were not collect-
ed beyond 90 cm. However, it is possible that other
factors (e.g., oxygen diffusion rate, high soil strength,
etc.) at lower depths were limiting root development
even for the CO,-enriched cotton plants. Furthermore,
it is important to note that the influence of irrigation
line placement within the profile as a reason for more
root proliferation at the upper to middle depths was
unlikely since results by Kamara et al. (1991) demon-
strated that the depth of trickle irrigation lines had no
significant affect on the depth or horizontal distribution
of cotton roots during the course of a growing season.

Effect of increased CO, on spatial distribution of roots

In addition to examining changes in absolute root
length density, data were expressed as a percent of
total root length to ascertain whether proportionately
more rooting occurred at a given position under one
treatment than another. There were significant CO, x



39

0-30 F 00003
30-60 011
60-90 — g
0.64 A
T 0-30 E——
L
5 30-60 0.64
53
=) 60-90 — 0.11 B
0-30 E—
30-60 0.005
60-90 — 0.51 C
i T i |
0 0.05 0.1 0.15 0.2 0.25

Root Dry Weight Density (kg km™)

Fig. 4. The effect of CO; concentration ({1 = 370 umol mol~!; Ml = 550 zmol mol~!) on cotton root dry weight density at the three depth
increments and positions (A =0 m, B = 0.25 m, and C = 0.5 m) away from crop row center during vegetative growth in 1990. Means and
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Fig. 5. The effect of CO, concentration ((J = 370 zmol mol~!; M 550 zzmol mol~!) on root length proportion at three positions (0, 0.25, and
0.5 m away from crop row center) during vegetative growth in 1990 (A) and 1991 (B). Means and probabilities are shown,

position interactions for root length proportion (p =
0.02) at both samplings in 1990, but only for the veg-
etative sampling in 1991. At the vegetative samplings,
the ambient treatment had a higher percentage of its
total root length distributed at the in-row (0 m) posi-

tion compared to the elevated CO, treatment (Fig. 5).
However, at the interrow positions, the opposite was
observed; in 1990 significantly more root length was
found at the 0.5 m position under FACE (Fig. 5A)
while in 1991 a similar pattern was observed at the
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0.25 m position (Fig. 5B). Observations at the repro-
ductive sampling in 1990 (data not shown) were like
those observed at the vegetative sampling (Fig. 5A).
A trend toward a CO, x depth x position interaction
for this variable was also seen at both samplings in
1990 (p = 0.14-0.17, data not shown) where patterns
were similar to data described above, but limited to the
upper depth (0-30 cm) increment.

Root proportion was also calculated on a dry weight
basis (Figs. 6 and 7). There were CO; x depth x
position interactions at both samplings in 1990 (p =
0.06-0.09). At the vegetative sampling, there was a
trend for a higher root dry weight proportion at the
two upper depths (0-30 cm and 30-60 cm) at the 0.25
m position under ambient CO, conditions (p = 0.11
and 0.13; Fig. 6B). Conversely, at the 0.5 m position,
values from FACE were significantly higher at 0-30
cm depth while this same measure at the next depth
level (30—60 cm) tended to be higher (p = 0.15; Fig
6C). At the reproductive sampling, (this measure at
the 0 and 0.25 m positions) was significantly higher or
tended to be higher under ambient CO; levels at the
0-30 cm depth (data not shown; p = 0.0002 and p =
0.14, respectively). However, under FACE more of the
root system’s dry weight, relative to the ambient CO,
treatment, tended to be allocated to the lowest depth
level at the O m position (p = 0.10) and 0.5 m position
(p = 0.15). By comparison, in 1991 there were CO;
X position interactions with the same pattern being
observed at both dates (p = 0.04-0.10); the ambient
CO, treatment had a higher proportion of its root dry
weight allocated to the in-row position (0 m) compared
to FACE (Fig. 7). No differences were seen at the
remaining two positions.

The changes in root proportion reported here may
be related to different rates of extension of first-order
lateral roots and further root branching. The high-
er proportion of root length and weight observed at
the in-row (0 m) position under ambient CO, may
be due to first-order lateral roots having slower elon-
gation rates (relative to high CO; plants) which may
have resulted in more higher-order branching occur-
ring close to the taproot or center row position. On the
other hand, increases in lateral root growth (and further
root branching) possibly explain the greater root length
proportion at the interrow positions under FACE. It is,
however, unclear why root length proportion differed
away from row center while corresponding measures
of root dry weight did not, unless it was somehow
related to root fineness.
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We did not make detailed measurements of root
branching patterns or root elongation rates. How-
ever, results from a few other studies conducted in
growth chambers should be mentioned. Rogers et al.
(1992b) reported that elevating CO, had no signifi-
cant effect on soybean root branching but did increase
the length of first-ordered laterals (110%). The use
of perlite (a media with large pore size distribution)
may have allowed for unimpeded root elongation,
leading to large increases in root length without the
added expense of extensive branching. Conversely,
Del Castillo et al. (1989) observed that CO, enrichment
enhanced root branching rather than elongation rate in
soybean. In this case, it appears that elongation rates
were measured on higher-order lateral roots rather than
on first-order laterals. In addition, a soil mixture (i.e.,
equal volume mix of sand and vermiculite) was used
which probably represented a media having an overall
smaller pore size distribution which may have impeded
root extension enough to induce more branching (Rus-
sell, 1977). We suspect that the findings of both inves-
tigations may occur in natural soil profiles, depending
upon edaphic conditions. Our data for the larger taproot
systems (total volume, dry weight, and length) under
FACE (Prior et al., 1994) revealed larger diameter tap-
roots which supported greater number of first-order lat-
eral roots, collectively representing more root length
(Prior et al., 1993). These changes may well have
been accompanied by more branching which could
explain the higher proportion of root length found with-
in interrow positions under FACE. These observations
could have important implications for both agricultural
and natural ecosystems where such change might alter
competitive effectiveness for belowground resources,
especially if some plant species are affected more or
less, relative to neighboring species.

Effect of increased CO; on root lineal densiry

Calculations of root lineal density (i.e., root weight
per unit root length) were made to make inferences
about possible changes in root structure and composi-
tion due to CO; enrichment. The CO,-induced shifts in
root lineal density were highly variable between both
samplings and year. In the first year a significant CO,
x depth x position interaction (p = 0.008) was seen
at the vegetative sampling (Fig. 8). FACE increased
lineal root density at the O m position (i.e., 0-30 cm
depth; Fig. 8A) and 0.5 m position (i.e., 0-30 cm and
30-60 cm depths; Fig. 8C). An increase in root lineal
density under ambient CO, conditions was only seen
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shown,
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Fig. 9. The effect of CO; concentration ((J = 370 umol mol—!; B = 550 wmol mol—1) on root lineal density at three positions (0, 0.25, and
0.5 m away from crop row center) during reproductive growth in 1991. Means and probabilities are shown.



at the 0.25 m position (30-60 cm depth; Fig. 8B). A
similar trend was observed at the 0.5 m position (p =
0.12; 60-90 cm depth). We have no clear explanation
for this reversal which only occurred once. By com-
parison, data from 1991 indicated a trend for an overall
effect of CO, on root lineal density (p = 0.11; data not
shown). At the reproductive sampling, the CO, x posi-
tion interaction significance level was p=0.111in 1990
and p=0.03 in 1991. However, in 1990 additional CO,
resulted in a 27% increase in root lineal density when
data were averaged across all depths and positions (p =
0.05; data not shown). In 1991, root lineal density was
higher under elevated CO, at all three positions (i.c.,
0, 0.25, and 0.5 m; Fig. 9).

Changes in root lineal density most likely occurred
in smaller lateral roots and/or successive branching
orders of first-order lateral roots since large root seg-
ments (i.e., woody first-order lateral roots) were rarely
found in individual samples. Increased lineal root den-
sity has been related to roots having larger diameters
(Klepper, 1992). It is also possible that changes in
root lineal density may be related to more compact
or denser tissue or to alteration in carbohydrate stor-
age, cell number, cell size, and other structural modi-
fications, or combinations thereof. A growth chamber
study showed that roots of young soybean plants grown
at high CO; concentrations exhibited larger diameters
(in the root hair zone) (Rogers et al., 1992b). A sig-
nificant enhancement of both stele diameter and cortex
width was also seen. In the present study, taproots and
their associated first-ordered lateral roots often showed
increases in root tissue density (g/cm®) under FACE
(Prior et al., 1993). Although such measurements were
not made on smaller higher-order branch roots, the
increases in root lincal density reported here possibly
coincide with changes in root tissue density. If such
is the case, root function may be altered along with
the quality of carbon inputs into the soil. This, in turn,
could affect both microbial activity and soil physical
properties as well as soil carbon storage.

Conclusions

Despite variation between years, results from this field
study suggest that rising atmospheric CO, concentra-
tion could be beneficial to a cotton crop with respect to
enhanced root proliferation. Stimulation of crop root-
ing may help ensure exploitation of sotl resources. In
general, vertical changes in absolute root density (both
length and dry weight) due to CO; enrichment are
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most likely to occur in the uppermost soil layers (0-30
cm and 30-60 cm depths in this study). Results gath-
ered here also indicate that additional CO; can alter
horizontal rooting patterns by increasing root prolifer-
ation into interrow positions (0.25 m and/or 0.50 m).
It was also noted that under ambient CO, conditions
a higher proportion of the root system (length and/or
dry weight basis) was often distributed closer to center
row whereas the FACE treatment usually had propor-
tionately more of its root system allocated away from
row center. If some plant species are affected in this
manner while others are not, this finding could have
implications for both agricultural and natural ecosys-
tems associated with the strategy by which plants com-
pete for belowground resources. However, before final
conclusions are made, further work with other impor-
tant plant species is needed. Functional aspects of root
growth as affected by elevated atmospheric CO; clear-
ly need detailed study. Future work must consider not
only how CO, enrichment affects crop rooting, but
also how it impacts other belowground processes, both
physical and biological.
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