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Abstract

Ecosystem studies often study soil CO, flux as a function of environmental factors, such as temperature, that
affect respiration rates by changing the rate of utilization of carbon substrates. These studies tend not to include
factors, such as photosynthesis, that affect the supply of carbon substrates to roots and root-associated processes.
We examined the role of decreased carbohydrate source on soil CO; flux and root respiration in an annually-burned
grassland through manipulations of light intensity and removal of above ground biomass. We also quantified the
contribution of root respiration to soil CO; flux by measuring the respiration rates of excised roots. Two days
of shading caused a 40% reduction in soil CO, flux, while clipping was associated with a 19% reduction in soil
CO» flux. Both reductions were independent of soil and air temperature at the time of measurement. The relative
decrease in soil CO; flux observed in the clipping experiment was similar in magnitude to an observed decrease
in root respiration per gram of root, linking decreased root activity and soil CO; flux. From these experiments, we
conclude that variation in factors that affect carbon availability to roots can be important determinants of soil CO»
flux and should be included explicitly in studies that measure or model soil CO, flux.

Abbreviations: NPP — net primary production; SOM - soil organic matter; SRR — specific root respiration

Introduction physiological level, an emphasis on temperature im-
plies that respiration of carbon substrates in roots
and by microbes is more dependent on factors that
affect the rate at which available carbon substrates
are respired (*pulls’ sensu Amthor, 1994) rather than
factors that affect the rate at which these substrates
are supplied below ground (‘pushes’ sensu Amthor,
1994). However, some studies show weak relation-
ships between temperature and soil CO2 flux or root
respiration (Ham et al., 1995; Lambers et al., 1996)

Accurate predictions of carbon exchange between ter-
restrial ecosystems and the atmosphere require an
understanding of factors influencing patterns of soil
CO2 flux. Temperatore has been the abiotic factor
most associated with soil CO; flux in reviews of global
patterns of soil CO2 flux (Lloyd and Taylor, 1994;
Raich and Potter, 1995), models of ecosystem car-
bon exchange (Keith et al, 1997; Zhang et al., 1994),

and global change models (Ryan, 1991). This focus
on temperature comes from the systems tradition of
ecosystem ecology in which soils are modeled as a
compartment whose behavior can be predicted with
simple thermodynamic principles such as a Qo re-
lationship between respiration and temperature. At a
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without identifying other ‘pulling’ determinants.
Even when temperature and soil CO» flux are well-
correlated, this association may not be causal. Heating
of the soil is primarily caused by solar radiation and
consequently, soil temperature and light availability to
canopies are often correlated at diurnal (e.g., Thomas
et al., 1996) and annual time scales (Lloyd and Tay-
lor, 1994). The relative importance of temperature and
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light in correlative studies may be difficult to sepa-
rate. The responses of cellular processes to changes
in temperature are thought to be immediate and are
consistent with the results of lab and field observa-
tions that show strong correlations between short-term
changes in temperature and the two components of
soil CO; flux: root-associated activity (respiration of
recently fixed carbon by roots, mycorrhizae, and the
rhizosphere) and the decomposition of litter and/or
soil organic matter (Kirschbaum, 1995; Petetjohn et
al., 1994; Zak and Pregitzer, 1995). Yet the rela-
tionships between temperature and soil CO; flux are
often derived at monthly time scales, long enough for
roots to acclimate to changes in temperature (Amthor,
1994; Bryla et al., 1997; Ryan, 1991). Although
soil temperature and soil CO; flux may be generally
well-correlated, this relationship may not adequately
predict soil CO; flux under situations where the rela-
tionship between light and soil temperature is altered
(e.g., climate warming).

Ecophysiological studies consistently demonstrate
tight linkage between photosynthesis and carbohy-
drate supply to roots as and between carbohydrate sup-
ply and root respiration (Amthor, 1994; Lambers et al.,
1996; Szaniawski and Kielkiewicz, 1982). Therefore,
studies of factors affecting root carbohydrate status,
such as light or defoliation, often find that factors in-
fluencing carbohydrate supply explain patterns of root
respiration better than does temperature (Bassirirad et
al., 1993; Fukuoka et al., 1996; Percival et al., 1996).
Autotrophic respiration is thought to comprise 40—
60% of total soil CO, flux (Raich and Schlesinger,
1992), an asscrtion supported by physiological stud-
ies (Bouma et al., 1996; Van der Werf et al., 1996)
and empirical studies (Ewel et al., 1987; Haynes and
Gower, 1995; Lamade et al., 1996; Landsberg and
Waring, 1997). It is reasonable to predict thut controls
over plant carbon gain and allocation could provide
key links between light availability, its interception
and soil CO» flux. This ecophysiological perspective
has generally not been applied to ecosystem studies of
soil CO» flux.

To address the influence of factors that affect car-
bohydrate source on soil COz flux at the daily time
scale, we examined the effect of decreased carbohy-
drate source on soil CO flux and root respiration in an
annually burned, nitrogen-limited grassland through
manipulations of light intensity and removal of above-
ground biomass. We also quantified the contribution
of root respiration to soil CO2 flux and examined cor-
relations between soil CO, flux and soil temperature,

air temperature and root biomass. We hypothesized
that with decreased light supply or removal of bio-
mass, soil CO, flux would decline. If declines in soil
CO; flux in our experiments are driven by decreased
carbohydrate supply rates, they should correspond to
declines in the respiration rates of roots.

Materials and methods

Study area

The study was performed in late July and early Au-
gust (1997) at the Cedar Creek Natural History Area
in east-central Minnesota, USA (mean annual tem-
perature = 5.5 °C, mean annual precipitation = 726
mm). Cedar Creek lies on a glacial outwash sand-
plain and, prior to settlement, had upland vegetation
dominated by oak savanna, oak woodlands and tall-
grass prairie. Plots for this study were located in a
former agricultural field that was plowed, repeatedly
disked, and planted to native prairie grasses three years
prior to the study (1994). Soils in the field were sandy
(94% sand, 6% silt plus clay), with low soil carbon
(0.45% C in 0-20 cm horizon). The predominant grass
in the plots was Schizachyrium scoparium (Michx.)
Nash (little bluestem), a native perennial bunchgrass
with the Cy photosynthetic pathway. Cover was non-
continuous with S. scopariun clumps approximately
50 cm apart and surrounded by mostly bare ground.
Previous studies at Cedar Creek indicate that S. sco-
parium can approach steady-state belowground bio-
mass within three years in experimental monocultures
or prairie restoration plots (Tilman and Wedin, 1991).
Thus, root biomass values and aboveground vegetative
cover in our plots at the time of the study were compa-
rable to areas with S. scoparium-dominated vegetation
in late successional old fields and native prairies at
Cedar Creek. Because the field had been burned in
the spring, aboveground dead biomass in the plots was
minimal, The period of the experiments corresponded
to the period of peak aboveground live biomass in
Cg4-dominated vegetation at Cedar Creek.

Clipping experiment

In the clipping experiment, we established 28 1 x 2
meter plots, separated by 1 m buffer strips on July 22,
1997. Each plot was separated into two 1 x 1 m sub-
plots that were randomly assigned to be clipped or left
unclipped as control subplots. At the beginning of the
experiment, we clipped the vegetation in four subplots



to a height of 2 cm and their measured parameters in
two locations in the clipped subplots and one in the
control subplots in each of the four plots (see below).
These four plots were then remeasured followed by the
addition of four new plots, whose clipped subplots had
just been clipped. This serial addition of plots contin-
ued for the entire experiment, such that 16 plots were
clipped the first day, 8 the second day, and 4 the third
day. This experimental design reduces the correlation
between the time since a subplot was clipped and the
time into the experiment. Therefore, trends in abiotic
factors (e.g. weather) that occur over the course of
the experiment can be better distinguished from trends
associated with increasing time since a subplot was
clipped.

Prior to the clipping of a subplot, a S. scoparium
clump was identified in the central area of each sub-
plot and marked. After clipping, plastic (PVC) collars
were inserted into the ground on top of the marked
clumps ‘clip’) and 5 cm away from the edge of the
clump (‘clip-adjacent’). These two treatments would
allow examination of the response of soil COz flux to
clipping directly on top of plants as well as adjacent
to them. In the unclipped control subplots, one collar
was placed 5 cm away from of the clump (‘control-
adjacent’) to serve as a control for the clip-adjacents.
Measurement of soil CO; flux requires that there is no
aboveground vegetation at the spot of measurement.
As it is necessary to remove any aboveground vegeta-
tion from the point of measurement, there could be no
control for measurements made on top of clumps that
were clipped. Collars were 10 cm across and 5 cm high
and inserted approximately 2.5 cm into the ground.
Measurements of soil CO; flux were performed with
the LI-COR 6200 gas exchange system (LI-COR,
Lincoln. NE, USA) fitted with the LI-COR 6400-09
soil respiration chamber. At the beginning of each
measurement, we measured the ambient CO» concen-
tration at the surface of the soil and then scrubbed
CO; from the chamber using soda lime such that the
concentration of CO> was approximately 20-30 ppm
below ambient concentrations. CO, flux was mea-
sured during 6 five-second observations over 90 s
during which CO2 concentration increased from sub-
ambient to supra-ambient concentrations. In addition,
we measured the temperature of the soil at 10 cm
(Tsoilyp) and chamber air temperature (Tair). All mea-
surements took place between the hours of 8:00 and
20:00. Measurements were temporarily halted on the
first and third days due to rain. Rain was unlikely to
strongly affect CO, diffusion rates in these porous,
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sandy soils and should not differentially affect treat-
ments. Estimated soil CO» fiux for each measureme
was calculated at ambient CO» concentration from the
linear regression of soil CO2 flux and CO» concentra-
tions over time for each measurement using S-Plus 4.0
(MathSoft).

On the morning following the last measurements,
we collected cores that were 5 cm in diameter and 25
cm deep from the center of each collar. This depth
contains approximately 90% of the total root biomass
for vegetation at this site dominated by S. scoparium
(Wedin, uapublished data). Roots were washed free
of soil and chilled in an insulated container. Within
12 hours, the respiration of the root sample was de-
termined at 25 °C at approximately 370 ppm with
an ADC LCA3 infrared gas exchange system (Ana-
lytical Development Company, Hoddesdon, UK) in a
PLC-C conifer chamber with the system in an open
configuration. This system has been used previously
to measure rates of root respiration in the past (Re-
ich et al., 1998). Flow rates were set to 350 mL
min~!, and magnesium perchlorate removed water va-
por from the analyzer airstream. The entire sample of
roots from the core, or a representative subsample, was
placed in the chamber. We recorded the respiration
rate after the differential between CO; concentrations
entering and leaving the chamber stabilized (typically
four minutes). Roots were then dried at 60 °C for 72
h and weighed. From these data, we calculated the
dry mass of roots per unit ground area, respiration per
gram dry root (specific root respiration, SRR), and the
respiration of roots on a ground-area basis.

Shading experiment

For the shade experiment, we chose 24 S. scoparium-
dominated plots in a nearby 15 x 150 m area of the
same field. Each4 m x 4 m plot contained three 1.5 x
1.5 m subplots, separated by a 0.5 m buffer, that were
randomly assigned to three weatments: ‘shade’, ‘sun’
and “shade-sun’. Shading was applied to shade and
shade-sun plots for two days (August 9-10, 1997) be-
fore measurements began for this experiment on Au-
gust 11. The shade treatment consisted of double-layer
80% black shade cloth that provided a 95% reduction
in light intensity. The shade cloth was supported with
a 50 cm tall frame, and the edges of the shade cloth
extended to the ground on three sides with the north-
ern face open. The sun subplot was unmanipulaied
and served as the control. The shade-sun treatment
was identical to the shade treatment, but immediately
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before a plot was first measured, we removed the
shade cloth and the subplot remained unshaded for the
duration of the experiment. This treatment allows ex-
amination of the response of soil CO; flux following
an increase in light supply after shading.

Just as in the clipping experiment, at the beginning
of the measurement period four plots were measured,
then immediately remeasured, followed by four ad-
ditional plots. These eight plots were then measured
again followed by four new plots. Serial addition of
plots continued in this manner such that sixteen plots
were added to the measurement cycle the first day and
eight new plots added the second day. Before a plot
was measured, collars were placed 5 cm away from the
edge of a S. scoparium clump in the center of each sub-
plot. In the four shade-sun subplots, shade cloths were
removed at this time. The measurement protocol for
Tair, Tsoill0, soil CO; flux, and root biomass were the
same as in the clipping experiment. No measurements
of root respiration were made on these samples.

The first two days of the experiment, during which
the shade and shade-sun treatments were applied, were
cloudless (1600 xmol m~2 s~! photosynthetically ac-
tive radiation (PAR)). The third and fourth days of
the experiment during which all measurements were
taken were cloudy, with values for PAR approximately
400 umol m—2 s~! at peak intensity, except during
the last measurement cycle when there was low cloud
cover and higher light intensities observed (PAR not
measured). Measurements were halted for -2 h mid-
morning each day due to rain. While soil moisture was
not measured in either experiment, rain was frequent
during this period, and there was no obvious relation-
ship between rain events and soil CO; flux, suggesting
that soil moisture hud minimal effect on respiration or
COa diffusion during the experimeni and should have
had little relative effect vith different treatments.

Analysis

For each experiment, we used ANOVA (JMP-IN 3.1.5,
SAS Institute) to compare parameters between differ-
ent treatments. The ratio of root respiration to soil
CO; flux was calculated for each collar in the clipping
experiment and then the treatment mean calculated
from the average of the ratios. Also, for each ex-
periment, we regressed the plot means of soil COa
flux taken over the entire measurement period against
the relevant explanatory variables (see below). These
regressions were also performed on the last set of
measurements taken during each experiment. Analysis

of the data for all measurements allows comparisons
that are representative of the environmental condi-
tions over the entire experiment, while analysis of the
last data set is more directly comparable to root res-
piration values derived from excised roots. We also
performed repeated measures analysis over the entire
data set with within- and between-plot differences de-
termined using the ANOVA procedure of S-Plus 4.0,
including an error term based on plot. For both ex-
periments differences were minor between the resulis
of the within-plot variation of the repeated measures
analysis and the plot means for the regression analy-
sis. The results of the regression of soil CO; flux and
plot means are presented and discussed to facilitate
interpretation.

For the clipping experiment, the soil CO; flux was
regressed with all measured independent parameters:
soil temperature at 10 cm (TSoilyg), temperature of
the air in' the respiration chamber (TAir), biomass of
roots per unit area (Rootass), specific root respira-
tion (SRR), time since the beginning of the experiment
(ExperimentalTime), time since the plot was clipped
(TimeSinceClip), Treatment, and the interactions be-
tween the continuous variables and Treatment. For the
shade experiment, soil CO; Alux was regressed with
Tsoiljg, Tair, RootMass, ExperimentalTime, the time
since the shade cloth was removed (TimeSincePull),
Treatment, and the interactions between the continu-
ous variables and Treatment. The distribution of data
for each parameter was centered at zero by adding a
constant to each value, except for temporal data for
which a constant was added to each data point such
that the first measurement occurred at time zero. With
this centering technique, the intercept of the model
represents the average flux rate for all treatments at the
beginning of the measurement period at mean values
for all other measured parameters.

Only significant parameters (p < 0.05) were al-
lowed to remain in the final regression model after
stepwise deletion of non-significant parameters, ex-
cept for Tair in the regression of data from the last cy-
cle of the clipping experiment. In this model, soil CO2
flux appeared to decrease with increasing Tair, which
was significantly correlated with TimeSinceClipping
(r=—0.39, p < 0.001), an apparent consequence of
increasing temperature during this period and plots
having been measured in order of TimeSinceClip. The
relationship between Tair and soil CO; flux only af-
fected those plots that were clipped and not unclipped
plots, indicating that TimeSinceClip was the driving
variable and the relationship with Tair coincidental.



Removing Tair from the model produced a model
for which TimeSinceClip became significant and the
resultant rzadj decreased by only 0.02.

Standard errors reported are based on pooled vari-
ance. For the results of the regression, if treatment was
significant in the model we also present the value of
the treatment effect for each treatment. Combination
of this constant and the value of the intercept provides
the value for the soil CO; flux rates at the beginning of
the measurement period at mean parameter values for
each treatment. If an interaction term between treat-
ment and a parameter was significant, then the specific
value of this interaction for each treatment is also pre-
sented. Combination of this value with the value of the
relationship between soil CO; flux and the parameter
for which the interaction with treatment is significant
provides the relationship between soil CO; flux and
the parameter for each treatment. This process can be
considered to adjust the slope of the relationship be-
tween the pararmeter and soil CO; flux for the specific
treatment.

Results
Clipping experiment

Analysis of the data from the last set of measurements
of soil COy flux (taken on average approximately
24 h after clipping) revealed that soil CO, flux was
19% less adjacent to clipped plants than adjacent to
unclipped plants, even though these treatments did
not significantly differ in soil temperature, air tem-
perature, or root biomass (Table 1). Respiration rate
per unit dry mass of excised root (SRR) was ap-
proximately 14% less adjacent to clipped plants thian
adjacent to unclipped plants and root respiration com-
prised a similar proportion (38—40%) of total soil CO,
flux in the two treatments (Table 1). This implies that
microbial respiration would have decreased also with
clipping. These results indicate that clipping not only
affected root respiration but also total belowground
respiration through its effect on carbohydrate supply
rather than through its effect on environment or on root
biomass.

Beneath clipped plants all of the soil CO; flux is
accounted for by root respiration (Table 1). This large
value may be unrealistically high as the roots beneath a
clump of S. scoparium are composed of mainly crowns
and other coarse roots and these roots may respond
to the measurement process by increasing their res-
piration rates. However, it is not unreasonable that
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these roots are relatively non-mycorrhizal and decom-
pose slowly and the large value calculated indicative
of a large fraction of the soil CO; flux beneath plants
mainly being generated by respiring roots and not
microbes.

Five factors were significant in modeling experi-
mental mean soil CO; flux in the clipping experiment:
TAir, TSoil;g, Treatment, TimeSinceClip, and the in-
teraction between Treatment and TimeSinceClip (Ta-
ble 2a) There was no significant difference between
the values of the Treatment effect for clip-adjacent
(—0.51 £ 0.30) and control-adjacent (—0.70 &£ 0.30)
plants. The difference between these two values rep-
resents the difference between the soil COs flux at
the beginning of the experiment for all plots and the
individual treatment. The lack of a significant differ-
ence between the two values reveals that there was no
difference in the soil CO; flux rate at the time of clip-
ping for these two treatments. Thus, any differences
between these two treatments were not due to initial
differences.

Combining the value for the TimeSinceClip pa-
rameter and the value of the Control-adjacent*Time-
SinceClip provides the relationship between soil CO-
flux and TimeSinceClip for the control-adjacent treat-
ment. This shows that there was no marked change in
soil CO; flux over the three days of the experiment
for control-adjacent plots (0.03 pmol m~2 s~ d-1).
The analogous process for clip and clip-adjacent treat-
ments reveals that the soil CO; flux directly beneath
and adjacent to the aboveground parts of the bunch-
grass decreased at similar absolute rates after clipping
(—1.47 and —1.41 umol m~2 s~ d~!, respectively).

Since the value of the relationship between soil
CO; flux and Tair was negative, soil CO, flux de-
creased with increasing Tair. Conversely, soil CO2
flux increased with increasing Tsoiljp Results for re-
gressions performed on the values from the last set
of measurements taken during the experiment were
similar to the model of the experimental mean soil
CO> flux, except that no temperature component was
significant in the model (Table 2b).

No root parameters were significant components
of the model of soil CO; flux in the clipping experi-
ment. This does not mean that there is no relationship
between root mass or root respiration rates and soil
CO; flux, since there were significant correlations be-
tween mean soil CO; fiux and both root biomass and
SRR (data not shown). However, the root effects are
mostly contained in the treatment effect. Removal of
Treatment from the model produces a model that in-
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Table [. Effect of clipping on soil CO; flux, temperature of the air (Tair), temperaturc of the soil at 10 cm
(Tsoilg), root mass per unit ground area (Rootmass), the specific rate of respiration of excised roots (SRR),
the rate of root respiration per unit ground area (RootResp), and the ratio of root respiration to soil CO3 flux
(% soil COy tlux from roots). Treatments include measurements made on top of clipped plants (clip), adjacent
to the clipped plants (clip-adjacent) and adjacent to unclipped plants in the control plots (control-adjacent).
Treatment means and standard erroys are provided for (1) the entire data set where data was first averaged for
all measurenients taken in a plot's treatment (entire set), and (2) the last set of measurements of the experiment
(last set). Significant differences (p < 0.05) between treatments arc denoted by different superscript letters

Parameter Units Dataset  Clip Clip-adjacent  Control-adjacent
Soil CO5 flux pmol m—2 s~! last set 6.58 £ 0247  485+0.14° 601 £0.15°
Soil CO; flux pmolm~2s~ ! m2 entireset 7.640.2¢ 57+ 0.2b 6.5 0.2°
Tair °C lastset 260037  263£03% 2614039
Tair °C entire set  24.8£02%  25.0+£02%  249+0.29
Tsoiljg °C lostset  227£007 227019  225+0.2¢
Tsoiljg °C entire set  22.1 £ 0.17 22.1 %0109 21.9 £ 0.14
Rootmass gm™2 1307 £ 1160 201 £ 299 201 % 150
SRR nmol g~! 5! 56720548 102+£06%  11.9+04¢
RootResp pumolm~2 s~! 6.58 £ 0437  1.82+£020° 240+0.21°
¢ s0il CO flux last set 100 & §9 3840 40 % 4b
from roots

cludes these two parameters as significant (results not
shown).

Shading experiment

Averaging measurements of soil CO5 flux for a subplot
over the entire shading experiment, soil CO; flux was
35-39% lower for plots that were shaded than plots
that were unshaded, regardless of whether the shade
cloth was removed during the experiment or not (Table
3). There was on average less than 1°C ditference in
soil temperature at 10 cm between treatments during
the time of measurement (Table 3) despite an aver-
age of 10 °C daily variation (data not shown). There
were no significant ditferences in root biomass be-
tween treatments (Table 3). These results show that,
as in the clipping experiment, shading influenced soil
CO; flux primarily through its eftfect on carbohydrate
supply as we measured little effect on environment.
Four factors were significant components of the
model of soil CO, tlux averaged over the entire ex-
periment: Treatment, Tsoiljg, Rootmass, and the in-
teraction between Tsoiljp and Treatment (Table 4b).
The Treatment effect shows that at the beginning of
the measurements unshaded subplots had a higher soil
CO; flux than did the subplots that were shaded during
the previous two days of the experiment (shade-sun,
shade treatments), with no significant difference be-
tween subplots where shade cloths were removed in

the experiment and subplots where the shade cloths
remained for the entire experiment (Table 4b). The
lack of response from removal of the shade cloth is
probably associated with the overcast conditions of
this portion of the experiment, such that any increase
in soil CO» flux would have been too small to detect.

" There were relationships between temperature and
soil CO,, flux associated with temporal changes during
the experiment, but these were variable in sign and
magnitude. Results for regressions performed on the
values from the last set of measurements taken dur-
ing the shading experiment were similar to the model
of the experimental mean soil CO; flux, except the
sign of the relationship between Tsoiljp and soil CO2
flux was positive (Tuble 4a), whereas in the model of
the last set of measurement the sign of the relution-
ship was negative (Table 4b). We observed that for
the last set of measurements, air and soil tempera-
ture declined while cloud cover declined causing an
increase in light intensity. This may have caused the
apparent negative relationship between soil CO; flux
and soil temperature.

Discussion
Our results show that factors affecting plant canopy

carbon status and carbohydrate supply to roots had
large effects on soil respiration in this grassland






