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Summary

Net carbon dioxide exchange (NCE) rates were measured in
a tallgrass prairie, a grassland with high productivity, to
determine photosynthetic rates of the canopy. Canopy mea-
surements were made in large, plexiglass chambers (1.21m
long; 0.91m wide; 1.40m tall) placed on burned and un-
burned areas of the prairie. The NCE rates of the canopy
were compared with those of individual leaves of Andropogon
gerardii Vitman (big bluestem). In addition, CO, flux from
the soil was quantified and compared with net photosynthetic
flux. The canopy NCE rates were generally lower than those
made on individual leaves. In mid-summer (11 July 1987),
the maximum canopy NCE rates were 55% and 64% of those
measured on individual leaves in burned and unburned treat-
ments, respectively. Canopy NCE rates were lower than in-
dividual-leaf NCE rates for two reasons. First, the individual-
leaf measurements were made on young, unshaded, healthy
leaves, while the canopy measurements were made on all types
of leaves including senescing, shaded, and damaged leaves.
Second, soil CO, flux into the chambers lowered NCE values.
The CO, flux from the soil ranged from 7.2% to 28.4% of
the total NCE. One needs to add soil CO, flux rates to the
measured canopy NCE rates to obtain canopy NCE rates
closer to individual-leaf NCE rates. Soil CO, flux decreased
when conditions became dry, reaching a low of 0.06 mg
CO,m™%s~!, but increased after rain to 0.16mg
CO,m™2s™!. Also, after rain, when plants were well watered,
they were not light saturated at 1900 uEm ~2s~'. The NCE

rates on the burned treatment were either higher or similar
to those on the unburned treatment. For example, on 11 July
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1987, NCE rates were higher on the burned treatment
(0.66 mg CO, m ™25~ ") compared to the unburned treatment
(0.47mg CO, m 25~ ). During the rest of July and August,
therates of the two treatments were not significantly different.
But in September and October, the NCE rates were again
higher on the burned treatment compared to the unburned
treatment. The results indicated that canopy NCE rates may
be more indicative of the productivity of the prairie than
individual-leaf measurements made only on young, highly
productive leaves.

Introduction

The tallgrass prairie, a grassland noted for its high
productivity, may produce annual yields greater
than 400 gm ~2 (Towne and Owensby, 1984). The
prairie is characterized by a relatively dry micro-
climate, which leads to slow rates of decomposi-
tion for the dead plant material (Knapp and Seas-
tedt, 1986). The buildup of detritus may exceed
1500gm ™2 (Weaver and Rowland, 1952). This
accumulation of dry plant material is conductive
to fire.

Many researches have emphasized the impor-
tance of fire for productivity in the tallgrass prairie
and found that the removal of detritus through
fire or grazing improves production (Weaver and
Rowland, 1952; Kucera and Ehrenreich, 1962;
Hulbert, 1969; Towne and Owensby, 1984). Burn-
Ing may increase solar radiation available to new
shoots by 50%, a factor that may contribute to
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the increased production of burned prairie
(Knapp, 1984). Associated with increased radia-
tion are differences in photosynthetic pigments
and structural characteristics of leaves in burned
and unburned prairie (Knapp and Gilliam, 1985).

The photosynthetic rate of individual leaves of
Andropogen geradii Vitman (big bluestem), the
dominant, warm-season, perennial grass species
of the tallgrass prairie, has been measured (Peet
etal., 1975; Knapp, 1985), but canopy photosyn-
thetic rate has not been reported. Therefore, the
objective of this study was to determine net carbon
exchange of the plant canopy in burned and un-
burned tallgrass prairie. Measurements made on
the canopy were compared with those made on
individual leaves. Another objective was to deter-
mine soil CO, flux as a percent of net photosyn-
thetic flux.

Materials and Methods

The experiment was conducted during the 1987
growing season at the Konza Prairie Research
Natural Area in northeast Kansas (39° 05’ N lat,
96° 35" W long, 325 m). The study site was located
on a clay upland soil (fine, mixed, mesic Udic
Argiustolls). These soils are relatively thin, well
drained, and have numerous chert fragments in
the top soil (Jantz etal., 1975). Precipitation was
unevenly distributed during the measurement pe-
riod [11 July through 6 October or day of year
(DOY) 192 through 279].

The southern half of the study site had been
burned on 8 April 1987, as well as the three pre-
vious springs. The northern half had not been
burned since 1985 and before that had been burned
infrequently. The two halves were adjacent to each
other. The site was about 300 m in the east-west
direction and 500 m in the north-south direction.
The occurrence of species at the site, determined
by using the method of Owensby (1973), was af-
fected by burning (Table 1).

Six open-system, plexiglass chambers (three on
the burned area and three on the unburned area)
were used in the experiment and were similar to
those of Sij et al. (1972). The chambers were 1.21 m
long by 0.91m wide by 1.40m tall (volume =
1.5m?). Airflow rates into each chamber were
measured one time each day in the morning by
determining an air velocity profile across the di-
ameter of the inlet tube. The air velocity profile

Table 1. Percent Botanical Composition of Burned and Un-
burned Experimental Sites in the Tallgrass Prairie

Experimental site

Burned Unburned

Andropogen gerardii Vitman 55 71
(big bluestem)

Andropogon scoparius Michx. 12

(little bluestem)

Sorghastrum nutans (L.) Nash 15
(Indiangrass)

Poa pratensis L. (Kentucky blue grass) ... 8
Sporobolus asper Michx. (drop seed) ... 5
Others 18 16

* Less than 1%

across the diameter of the inlet tube. The air ve-
locity profile was measured with a portable air
velocity meter (Model AB-27, Teledyne Hastings-
Raydist, Hampton, Virginia, U.S.A.). Air ex-
change rates through the chambers were 2.2 to
3.0m’>min !

Air samples were drawn from across the entire
width of the air outlet ducts. One intake sample
was drawn from the inlet duct of a randomly-
selected chamber to serve as a reference gas sam-
ple. These samples were pumped through copper
lines (6.4 mm diameter; 45m long) to a trailer at
the site. The air samples, after entering the trailer,
passed through a sampling manifold system con-
trolled by electronic solenoids to allow selection
of the chamber to be measured. The manifold
directed the selected air stream to a common sam-
pling line. Airtight metallic bellows pumps (Model
L 37A3, Cole Palmer, Chicago, Illinois, U.S.A.)
located within the trailer were used to circulate
air throughout the system.

After passing through 0.5 L volumetric mixing
flasks, which uniformly mixed the air, and 15um
filters which removed dust and pollen, the air sam-
ples were directed through flow meters (Model No.
F 1100, Gilmont Instruments, Great Neck, New
York, U.S.A.), which kept flow rates through the
air inlet and outlet sampling lines equal. Next the
samples entered sensor heads, where air temper-
ature and humidity were measured. These sensor
heads were part of the portable photosynthesis
system (Model 6200, Li-Cor, Inc., Lincoln, Ne-
braska, U.S.A.). After leaving the sensor heads,
the air passed through calcium sulfate drying col-
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umns. Finally, the air entered the infrared gas
analyzer portion of the system. The analyzer was
calibrated daily with standard concentrations of
CO, gas. The standard concentrations were 332.9
and 370.5pL L™" + 2% (Scott Specialty Gases,
Plumsteadville, Pennsylvania, U.S.A.). Net CO,
exchange rates (NCE) were calculated by taking
the difference between the CO, concentrations of
the chamber outlet and inlet ducts, multiplying by
the chamber airflow rate, and dividing by the
ground area (Jarvis and Catsky, 1971).

Gas exchange measurements were made on in-
dividual leaves of A. gerardii at a similar, unsized
site 1 500 m northeast of the northern part of the
previously described side. Half of the unsized site
had been burned, and half had not been burned.
Measurements were taken throughout the summer
of 1987 by using an ADC Portable Photosynthesis
System (Model LCA2, The Analytical Develop-
ment Co., Ltd., Hoddesdon, Herts., England; sup-
plied by P. K. Morgan Instruments, Inc., Andover,
Massachusetts, U.S.A.). The infrared gas analyzer
was calibrated for CO, with certified span gases
(Scott Specialty Gases, Plumsteadville, Pennsyl-
vania, U.S.A.). Gas exchange was measured with
a narrow Parkinson leaf chamber (volume =
12 cm?) clamped over the midleaf portion of a fully
expanded leaf. Cn each leaf, five measurements,
each lasting 10 seconds, were made. Measure-
ments were made between 0900 and 1300 h, Cen-
tral Standard Time (CST). Gas exchange rates
were measured on five leaves in each of the treat-
ments (burned and unburned). The unsized site
was marked with flags, and the person who mea-
sured photosynthesis always returned to the same
location (flag) (one on the burned part and one
on the unburned part) to measure photosynthesis
throughout the season. Measurements were taken
on plants located within 30m of each other. On
two days (11 July and 15 August), the individual-
leaf and canopy measurements overlapped, and
results for these two days will be compared. (Even
though it would have been desirable, individual-
leaf and canopy measurements were never made
side by side on leaves at the same site. We are not
aware of literature describing side-by-side mea-
surements of individual-leaf and canopy photo-
synthetic measurements).

Carbon dioxide flux out of the soil was mea-
sured with a method similar to that described by
Anderson (1982). Aerosol cans (6.7 cm diameter;

12.4cm long) with the bottom cut out were used
for the airtight metal cylinders. These cans were
placed over a bare surface of the soil near to or
inside the plexiglass chambers. The open end of
the can was pushed into the soil about 1cm. A
rubber stopper closed the opening at the top of
the can. Suspended within the cylinder was a glass
jar with a screwtype lid containing 10 m] of 1 M
potassium hydroxide (KOH). The traps were set
out in the morning and collected at the end of the
day (8 to 10 hours).

In the laboratory, methyl red indicator was
added to the exposed samples. The volume (V 1)
of 1 M hydrochloric acid (HCI) needed to titrate
the samples was noted. Phenolphthalein indicator
was then added to the samples. The sample was
titrated again with 1 M HCI, and the volume (V 2)
used was noted. The mass of CO, that moved from
the soil could be found by subtracting V1 from
V2 and multiplying by the normality of the acid.

Vegetative data were taken in one-to-two-week
intervals throughout the experiment. Leaf area
index (LAI) was measured by clipping three 0.1 m?
quadrats on each treatment. Leaf area measure-
ments were made with an optical planimeter
(Model 3100, Li-Cor, Inc., Lincoln, Nebraska,
U.S.A.). The clippings were taken in the same
location or directly adjoining the place where the
chambers had been located the week before.

Midday leaf water potential was measured in
mid-summer by using a pressure chamber (Soil-
moisture Equipment Corp., Santa Barbara, Cal-
ifornia, U.S.A.). Six or more fully expanded leaves
of A. gerardii were sampled from each treatment.
These measurements were made from 1000 to
1400 h (CST). Care eas taken to minimize water
loss from the leaves after excision by sealing them
in a humidified plastic bag immediately and stor-
ing them for no more than 2 to 4min before the
measurements were made.

Photosynthetically active radiation (PAR) was
measured with PAR sensors (Model LI-190 S, Li-
Cor, Inc., Lincoln, Nebraska, U.S.A.) at a weather
station located 800 m northeast of the study site.
The data logger was Model 21 X, made by Camp-
bell Scientific (Logan, Utah).

Statistical analysis of the data was accom-
plished by using Student’s z-test (Steel and Torrie
1960, p. 78-80). The measurements made in this
experiment were not made in replicated burned
and unburned plots. Replicated plots would have
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required that three separate plots be marked off
and burned individually. The size of the experi-
mental area and the length of the copper tubing

Table 2. Daily Precipitation Received on the Konza Prairie
During the Summer of 1987

required to carry gas samples would have been ~ D3© Day of year Precipitation (mm)
impractical to do this. Differences were assumed  j,,0 1 16 2
to result from the fire treatment, because the un- 16 167 7
burned plots at both locations (where individual- 19 170 12
leaf and canopy measurements were made) were 23 14 6
similar, based on visual observation, and the 25176 19
. .. 28 179 14
burned plots at both locations looked similar. 9 180 4
30 181 1
July 6 187 9
Results § 189 2
12 193 4
Rainfall for the month of June (DOY 152 through 17 198 2
181) and July (DOY 182 through 212) was 5.5cm 18199 2
and 6.7 cm below the 30-year normal, respectively, ~ AU8ust 4 2l6 6
5 217 37
(The normals for June and July are 13.4cm and 7 219 4
8.1 cm, respectively.) Several rainfalls totalled only 13 225 78
1 cm of precipitation between 7 July (DOY 188) 23 235 2
and 2 August (DOY 214) (Table 2). During the 24 236 24
: : : s 25 237 22

middle part of this period, minimum leaf water

. September 5 248 2
potentials were less than —4.0 MPa (pressure- 6 249 )
chamber limit) in both burned and unburned plots s 251 20
(Table 3). Between 3 August (DOY 215) and 13 14 257 4

August (DOY 225), 12.5cm of rain fell. No sig-
nificant differences in leaf water potential existed
between burned and unburned treatments on 11
August. Rainfall was 9.2 ¢cm above normal in Au-
gust, but 6.7 cm below normal in September. (The
normals for August and September are 8.1 cm and
10.3 cm, respectively.)

The maximum net CO, exchange (NCE) rates
in burned and unburned treatments are shown in
Table 4. Included in these rates are CO, flux from
the soil surface (root and soil respiration) and

Table 3. Midday Leaf Water Potential (MPa) of Andropogen gerardii in Burned and Unburned Treatments During 1987

Treatment Area

Date (DOY)? n Burned Unburned p

5 July (186) 3b —1.57 (0.67)° —2.05 (0.85) ns

14 July (193) 3 —1.98 (0.,47) - 1.56 (0.19) ns
15 July (196) 8 —2.85(0.14) -2.54 (0.10) <0.05
16 July 197) 9 —2.87 (0.16) —2.52 (0.13) <0.10
20 July (201) 8 —3.32(0.12) —2.98 (0.13) <0.05
21 July (202) . <—4.0 <—4.0

11 August (223) 9 —1.79 (0.18) —1.83 (0.09) ns

15 August 227 9 —1.94 (0.05) ~2.00 (0.08) ns

2 Day of year
® Sample size

¢ Values represent mean (standard error) of burned and unburned treatments
¢ Leaf water potential exceeded pressure limits of the pressure chamber, so no measurements were available. Nine leaves were

sampled on each treatment.
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Table 4. Daily Maximum NCE Rates (mg CO, m™* Ground Area s~') for Both Canopy and Leaf Measurements of Burned

and Unburned Treatments in the Tallgrass Prairie During 1987

Date (DOY) Canopy Leaf LAI

Burned Unburned p Burned Unburned p Burned Unburned
11 July (192)  0.66£0.06° 0.47+0.07 <0.15° 1.21£0.09° 0.74£0.13 <0.01 1.65+0.22 1.83+0.22
20 July (201)  0.384+0.06 0.64+0.13 ns L 1.00 +£0.09 0.73+0.22
28 July (209)  0.13£0.04 0.10+0.02 ns 0.69 £0.20 0.97+0.25
15 Angust (227) 0.37£0.11 047£0.14 ns 0.48+0.08 0.44+0.07 ns 1.16 £0.34 0.76+0.09
23 September  (266) 0.50+0.03 0.194+0.02 <0.10 1.17 £0.19 0.75+0.24
6 October (279) 0.11£0.04 0.03+0.03 <0.15 0.25 £0.04 0.11+0.06

The maximum usually occurred about midday. Instantaneous values from three chambers in each treatment were averaged
together to determine the maximum value. Leaf area index (LAI, m? m™?) also is included.

 Values represent mean =+ standard error of three sampling chambers per treatment.

® t-test significance level, Ho: the burned treatment had a higher NCE rate than the unburned treatment, ns = not significant

at p=0.20.

© Values represent mean + standard error of five individual leaves per treatment.

4 Data not available for these dates.

¢ LLAI based on measurement of three 0.1 m? quadrats on each treatment.

plant respiration. These CO, additions to the mi-
croenvironment within the chamber cause the
above-ground NCE rate to be underestimated. Ex-
perimental results discussed later in this paper
show that soil CO, flux may be 10% to 30% of
the NCE rate. On 11 July, 23 September, and 6
October, maximum NCE rates were significantly
different (higher) in the burned canopy than in
the unburned canopy.

The individual-leaf measurements, made on 11
July and 15 August, were compared to the max-
imum canopy NCE rates measured within the
plexiglass chambers (Table 4). The measurements
were made on young, highly productive leaves of
A. gerardii and do not account for less productive
leaves that were included in the canopy measure-
ments. On 11 July, the maximum canopy NCE
rates were 55% and 64% of those measured on
individual leaves in the burned and unburned
treatments, respectively.

The maximum leaf NCE rate was significantly
higher in the burned treatment compared to the
unburned treatment. On 15 August, canopy NCE
rates were 77% and 122% of those measured on
individual leaves in the burned and unburned
treatments, respectively. The maximum leaf NCE
rate in the burned treatment was not significantly
different from that in the unburned treatment.

The seasonal pattern of CO, flux from the soil
is shown in Fig. 1. Rates declined in July (DOY

192 to 212) with drying soil, but more than dou-
bled after rain on August 4, 5, 7, and 13 (DOY
216, 217, 219, and 225). As soil began to dry after
this rain, the CO, evolution declined again.

The NCE measurement underestimated the
contribution of soil CO, flux to photosynthesis.
We quantified the flux of CO, flux from the soil
as follows. The CO, flux from the soil varies di-
urnally. Because our soil CO,-flux measurements
provided only an average flux for the day, it was
not accurate to add the average CO, flux to the
maximum phosotsynthetic rate. Instead, the NCE
curves were integrated over time, and this daily
CO, uptake was then added to the daily soil CO,
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Fig. 1. Soil CO, flux in burned (open circles) and unburned
(closed circles) treatments during 1987. Vertical bars repre-

sent =+ standard error of the mean. If a dot has no bar, the
bar fell within the dot
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Table 5. Net Carbon Dioxide Exchange Rates on Burned and Unburned Areas on the Konza Prairie During 1987

Date (DOY) NCE Soil CO, flux Corrected NCE Soil CO,
(NCE + Soil CO, flux) % of photosynthetic flux
(Soil CO,/Corrected NCE)

11 July (192)

Burned 12.07 0.93 13.00 7.2

Unburned 7.90 2.63 10.53 25.0
15 August (227) 4.06 1.61 5.67 28.4

Burned 7.48 0.95 8.43 11.3

Unburned

Values were obtained by integrating diurnal NCE curves for 5.5 hours (0830 to 1400 CST). Soil CO, flux is also based on
5.5 hours. Corrected NCE is the sum of daily NCE and soil CO, flux. Soil CO, is the soil CO, flux divided by the corrected
NCE and represents the contribution of soil CO, flux to the net photosynthetic flux. All flux values are represented as g

CO,m ™2 ground area day ™.

flux. To standardize the length of time, all values
(NCE and soil CO,) were integrated between the
times of 0830h and 1400 h CST. By integrating,
we were able to estimate the total amount of car-
bon fixed by the plants with a correction for soil
CO, flux throughout each day.

Integrated CO, fixation rates, corrected for soil
CO, flux, followed trends similar to the maximum
NCE rates (Table 5). Carbon exchange rates on
11 July for a 5.5-h period were highest in the
burned treatment (13.0g CO, m~% day~!). The
contribution of CO, from the soil to the net pho-
tosynthetic flux was estimated by dividing the
daily soil CO, flux by the integrated CO, fixation
rates corrected for soil CO, flux. The CO, flux
from the soil ranged from 7.2% to 28.4% of the
total NCE.
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Fig. 2. Net carbon dioxide exchange (NCE) of burned (open
circles) and unburned (closed circles) treatment on 11 July
1987 (DOY 192). Photosynthetically active radiation (PAR)
is represented as ( ). For vertical bars, see legend of
Fig. 2
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Fig. 3. Net carbon dioxide exchange (NCE) of burned (open
circles) and unburned (closed circles) treatment on 20 July
1987 (DOY 201). Photosynthetically active radiation (PAR)
is represented as ( ). For vertical bars, see legend of
Fig. 2
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TIME (HOURS CST)
Fig. 4. Net carbon dioxide exchange (NCE) of burned (open
circles) and unburned (closed circles) treatments on 15 August
1987 (DOY 227). Photosynthetically active radiation (PAR)
is represented as ( ). For vertical bars, see legend of
Fig. 2
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On 11 July and 20 July, both treatments reached
maximum NCE rates and began to decline before
PAR was a maximum for that date (Figs. 2 and
3). This indicated that some other factor, perhaps
water availability, was limiting production in both
treatments. Leaf water potentials on 20 July were
significantly lower in the burned (—3.32MPa)
compared to the unburned (—2.98 MPa) treat-
ments (Table 3). On 15 August, NCE was still
increasing when PAR was at a maximum, indi-
cating that at least some of the plants were not
light saturated at 1900 uEm 2 s~ ' (Fig. 4). Leaf
water potentials on this date averaged —1.94 MPa
and —2.00MPa on the burned and unburned
treatments, respectively, and water was probably
not a factor limiting growth.

Discussion

The present study was unique because it measured
NCE on a canopy basis within the tallgrass prairie.
The canopy NCE rates were generally lower than
those made on individual leaves of A. gerardii.
Rates were lower for two reasons. First, unlike
the individual-leaf measurements, the canopy
NCE measurements included leaves that were not
producing at maximum levels. The less-productive
leaves were senescent or damaged leaves, as well
as those within the canopy that were partially
shaded. These leaves could explain the lower NCE
rates measured within the canopy. Second, soil
CO, flux ranged from 7% to 28% of the total
daily CO, flux into the chambers lowered values.
Canopy NCE rates would be closer to the NCE
rates measured on individual leaves, if one added
the soil CO, flux rate to the measured canopy NCE
rate. In our experiment, soil CO, flux ranged from
7% to 28% of the total daily CO, uptake, values
similar to those reported by others (between 10%
and 20%) (Moss etal.,, 1961; Monteith etal.,
1964). However, the contribution of this soil CO,
component to each NCE value throughout the day
could not be determined, but our CO, flux values
can be compared to those determined by others.
Studies have shown that soil CO, flux ranges from
0.04 to 0.65mg CO, m~ %~ ! in cropped fields
(Lundegardh, 1927; Moss etal., 1961; Monteith
etal., 1964; Kanemasu etal., 1974). Kucera and
Kirkham (1971) reported CO, evolution from the
soil in a mid-Missouri (U.S.A.) tallgrass prairie to
reach a maximum of 0.125mg CO, m~2s~! dur-

ing the summer, which is comparable to the rates
measured here (Fig. 1). Brown and Trlica (1977)
integrated exchange rate curves in terms of g of
carbohydrates m ~2 ground area day ' for a blue
grama (Bouteloua gracilis 1ag.) canopy in north-
east Colorado (U.S.A.). Their values converted to
CO, uptake seemed similar to ours, even though
our values were obtained by integrating only a
5.5-hour interval, while they determined values for
the entire day. On 28 to 29 June 1972, they re-
ported 24.2 g CO, m ™ 2day ~ ! compared to a max-
imum of 13.0g CO, m~? day ! measured in our
experiment. On 6 to 7 July, they obtained an in-
tegrated value of 7.91g CO, m 2 day~ . In our
experiment, by 11 to 12 August, plants had in-
tegrated values of 5.72g CO, m~2 day ..

Most grass species in the tallgrass prairie utilize
the C, photosynthetic pathway. C, species usually
require full solar irradiances for light saturation,
and some may not saturate even in full sunlight.
Knapp (1985) reported that neither A. gerardii nor
Panicum virgatum, two dominant grasses in the
tallgrass prairie, appeared to light saturate at
2200 uE m~2 s~ !. These results are comparable
to those found on 15 August, when plants had
increasing photosynthetic rates, even though PAR
had reached a maximum of 1 900 uEm ~2s~ ! (Fig.
4). On two previous dates, 11 July and 20 July, a
midday decline in NCE occurred before maximum
PAR was reached, presumably caused by stomatal
closure induced by water stress (Figs. 2 and 3).

Even though fire often elevates productivity of
a prairie, as noted in the Introduction, our results
showed that burning may not always increase
growth. We found that, on certain days, the
burned treatment had a higher photosynthetic rate
than that of the unburned treatment. On other
days, however, the burned treatment had a pho-
tosynthetic rate similar to that of the unburned
treatment. Differences were probably due, in part,
to rainfall. But it was not the only factor deter-
mining photosynthetic rate, because both during
a dry period and after a large rainfall, photosyn-
thetic rates were not different between the burned
and unburned treatments. Interaction of several
factors, including rainfall, incident radiation, type
of leaf pigments, and leaf structure (Knapp and
Gilliam 1985) affects productivity. All these fac-
tors must be assessed in deciding whether or not
to burn a prairie for increased production.
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