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ABSTRACT

Soil respiration (RSOIL) is the second largest carbon

flux between terrestrial systems and the atmo-

sphere, with a magnitude 10 times greater than

anthropogenic carbon dioxide production. There-

fore, it is important that we understand, and be able

to predict, how RSOIL responds to climate change.

Although a positive, significant temperature effect

on RSOIL has long been recognized, recent studies

emphasize the overriding importance of current

photosynthesis in controlling RSOIL. We tested the

hypothesis that model inclusion of intra-annual

variations in aboveground net primary productivity

(ANPP) significantly improves RSOIL estimates over

predictions based on soil temperature alone. We

also evaluated the possibility that canopy produc-

tion is less directly linked to RSOIL, by testing the

hypothesis that intersite differences in RSOIL corre-

late more strongly with root biomass than with

ANPP. We tested these hypotheses by measuring

RSOIL, ANPP, and root biomass at four Iowa grass-

lands that differed in aboveground growth phenol-

ogy and productivity. Among all sites, intra-annual

variations in RSOIL were most strongly related to soil

temperature (R2 = 0.89), not ANPP (R2 = 0.53).

All sites responded identically to changes in

soil temperature (site-by-temperature P = 0.53),

but inconsistently to variation in aboveground

dynamics (site-by-canopy P < 0.0001). Incorporat-

ing canopy dynamics into temperature-based pre-

dictive models improved model R2 by a maximum

of 0.01. Among-site differences in RSOIL were

related to root biomass (P < 0.001) but not ANPP

(P = 0.34). We found no useful linkage between

canopy characteristics and intra-annual or site-

specific RSOIL predictions, perhaps because shoot

and root dynamics were not consistently linked

through time or among sites.

Key words: C3 versus C4; net primary productiv-

ity; plant phenology; root biomass; soil carbon

dioxide flux; standing live biomass; Iowa

grasslands.

INTRODUCTION

Global estimates suggest that 75–80 Pg of carbon

dioxide–carbon (CO2-C) are produced by soils

annually (Schlesinger 1977; Raich and others

2002), in contrast to approximately 6 Pg from

fossil fuel emissions and approximately 2 Pg from

land-use change (Houghton and others 2001).

Any factors that serve to increase or decrease

the magnitude of soil respiration (RSOIL) could

significantly alter atmospheric CO2 concentrations
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and thus play an important role in future climate

change. For this reason, clarifying the relative

importance of the environmental factors that

control RSOIL would substantially improve our

understanding of the terrestrial C cycle and thus

our ability to model it.

Soil respiration is a composite measure of total

soil activity, driven by respiration from roots, their

symbionts, and microbial activity (Raich and

Schlesinger 1992). This process has been described

historically as a function of soil temperature and

moisture (Kucera and Kirkham 1971; Anderson

1973; Knapp and others 1998; Mielnick and Dugas

2000), a relationship justified by the known effects

of these variables on microbial and root metabolic

activity (Meentemeyer 1978; Boone and others

1998). Recently, however, several studies have

suggested that RSOIL is directly dependent on recent

plant photosynthesis or growth (Bremer and others

1998; Craine and others 1999; Högberg and others

2001; Bremer and Ham 2002; Franzluebbers and

others 2002; Yuste and others 2004). Although

these two perspectives are not mutually exclusive,

traditional views assume that soils contain excess

C substrate, and thus emphasize the importance of

factors influencing rates of metabolic C losses,

whereas more recent, plant photosynthesis–based

views suggest that RSOIL is substrate limited, not

climatically limited.

Several studies have emphasized that the

physiological linkage between recent plant pho-

tosynthesis and RSOIL provides a means to improve

RSOIL predictions, if information on aboveground

plant growth or canopy characteristics is included

in intra-annual RSOIL models (Bremer and others

1998; Fitter and others 1998; Craine and others

1999; Bremer and Ham 2002; Franzluebbers and

others 2002; Wan and Luo 2003). For example,

Reichstein and others (2003) adopted this ap-

proach in a study that used canopy characteristics

to improve the site-specific predictive accuracy of

a large-scale RSOIL model. The conceptual argu-

ment for this position is that a large portion of

RSOIL is derived directly from recent plant photo-

synthesis (Högberg and others 2001; Craine and

others 1999; Yuste and others 2004), coupled with

the fact that direct quantification of root activity is

difficult. In other words, this position suggests

that the quantification of aboveground growth or

canopy characteristics serves as a useful surrogate

for canopy-to-root C flow.

Clearly, relationships between plant photosyn-

thesis or production and RSOIL must exist over the

long term, given that soil-derived CO2 is ulti-

mately based on photosynthetically derived or-

ganic C. In fact, this relationship has been

established by a number of large-scale studies

(Schlesinger 1977; Raich and Nadelhoffer 1989;

Raich and Tufekcioglu 2000; Janssens and others

2001; Litton and others 2004). One key difference,

however, is that the more traditional views do not

demand the tight linkage between canopy photo-

synthesis and RSOIL suggested by the recent sub-

strate-limited models. According to the older

paradigm, plant production affects RSOIL through

less direct or longer-term influences—for example,

through effects on root biomass or soil C pool si-

ze—yet C release from these pools, via either

respiration or decomposition, remains largely

temperature controlled.

Despite the logical basis for approaches that use

easily quantifiable canopy properties to improve

RSOIL predictions, there are many important

assumptions that still need to be evaluated. First,

the proportion of aboveground to belowground

production differs among sites (Coupland 1979;

McCulley and others 2005). Second, plant C-allo-

cation strategies vary with site characteristics and

nutrient availability (Giardina and others 2003,

2004). Further, above- and belowground activity

need not be temporally synchronized, and time lags

between the activity of shoots and roots can vary

among sites (Fitter and others 1998, 1999). These

complications could limit the utility of approaches

that use canopy characteristics to improve RSOIL

models.

Our objective was to improve the accuracy of

intra-annual RSOIL predictions for central Iowa

grasslands by investigating the relationship bet-

ween canopy characteristics and RSOIL. We tested

the hypothesis that including intra-annual varia-

tions in aboveground net primary productivity

(ANPP) or live biomass would significantly improve

estimates of RSOIL, in comparison to predictions

made from soil climate data alone (for example,

Bremer and others 1998; Craine and others 1999;

Bremer and Ham 2002; Franzluebbers and others

2002; Wan and Luo 2003). In addition, we tested

the hypothesis that intersite differences in RSOIL

would be more strongly correlated to among-site

differences in root biomass than in annual ANPP.

To test these two hypotheses, we investigated four

planted grasslands in central Iowa, USA, that were

located within 2.7 km of each other, occurred on

the same soil series and landscape position, and

experienced the same weather conditions. How-

ever, the sites differed in terms of history, man-

agement, age, and dominant plant species. We

selected these diverse sites to capture the landscape

variability that exists within a regional vegetation
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type, including a variety of phenologies and growth

patterns. Because weather conditions were similar

among sites, but the sites differed in vegetative

characteristics, our site selection provided the

greatest potential for observing the effects of

canopy dynamics on RSOIL.

MATERIALS AND METHODS

Site Description

This study was conducted from May 2001 to

June 2002 at four sites in Story County, Iowa,

USA (42�11¢ N, 93�30¢ W). All sites were located

on Coland soils, a fine-loamy, mixed, mesic Cu-

mic Haplaquoll (DeWitt 1984). General soil

properties (0 to 15 cm) for each site are presented

in Table 1. Sites varied in planting age and in

dominant species. They included a cool-season

(C3) meadow dominated by Bromus inermis Leys-

ser (smooth brome), Dactylis glomerata L. (orchard

grass), and Phalaris arundinacea L. (reed canary

grass). This site was formerly grazed pasture;

grazing was stopped in 1990. The remaining three

sites were dominated by warm-season (C4) spe-

cies and were all under conventional row crop

agriculture prior to being planted. The oldest C4

site (1994-C4) was a virtual monoculture of

Panicum virgatum L. (switchgrass) planted in 1994.

A second site (1999-C4) was planted in 1999 and

was dominated by P. virgatum L., Sorghastrum

nutans L. (Indian grass), and Setaria spp. (foxtails),

but also contained the forbs Echinacea purpurea

(L.) Moench (Asteraceae), Solidago canadensis L.

(Asteraceae), Verbena stricta Vent. (Verbenaceae),

and Desmanthus illinoensis (Michx.) MacM. ex B.

L. Robinson & Fern (Fabaceae). The fourth site

(2001-C4) was planted in 2001, just before this

study began, and contained a mixture of young

C4 grasses and dicotyledonous C4 annual weeds

such as Amaranthus spp. (Amaranthaceae) and

Xanthium strumarium L. (Asteraceae). Both the

1994 and 1999 plantings were burned prior to

study initiation in the early spring of 2001. Each

site contained three nonadjacent plots that varied

in size from 72 to 360 m2.

Central Iowa has a continental climate, with a

mean annual temperature of 9.2�C; and average

monthly temperatures ranging from 23.2�C in July

to –7.5�C in January. Approximately 62% of the

86.5 cm of mean annual precipitation falls between

April and September, when average monthly

temperatures are greater than 15�C (data from the

Midwestern Regional Climate Center, available

online at http://mcc.sws.uiuc.edu/). T
a
b
le

1
.

M
e
a
n
A
n
n
u
a
l
S
o
il
R
e
sp
ir
a
ti
o
n
,
A
b
o
v
e
g
ro
u
n
d
N
e
t
P
ri
m
a
ry

P
ro
d
u
ct
io
n
,
R
o
o
t
B
io
m
a
ss
,
S
o
il
C
a
rb
o
n
a
n
d
N
it
ro
g
e
n
C
o
n
te
n
t,
a
n
d
S
o
il
B
u
lk

D
e
n
si
ty

in
F
o
u
r
G
ra
ss
la
n
d
s
in

C
e
n
tr
a
l
Io
w
a
,
U
S
A

S
it
e

S
o
il
C

(%
)

S
o
il
N

(%
)

S
o
il

B
u
lk

D
e
n
si
ty

(g
cm

)
3
)

S
o
il
R
e
sp

ir
a
ti
o
n

(g
C

m
)
2
y
)
1
)

S
cu

rl
o
ck

A
N
P
P

(g
C

m
)
2
y
)
1
)

G
o
m
p
e
rt
z
A
N
P
P
G

(g
C

m
)
2
y
)
1
)

B
e
lo
w
g
ro
u
n
d

B
io
m
a
ss

(g
C

m
)
2
)

C
3

3
.4

±
0
.2

a
0
.2
9
±
0
.0
2
a

1
.0
2
±
0
.0
8
b

1
3
0
0
±
1
0
0
a

2
7
0
±
7
0
b

2
8
0
±
7
0
b

3
2
0
±
5
0
a

1
9
9
4
-C

4
1
.4

±
0
.2

b
0
.1
1
±
0
.0
2
b

1
.2
7
±
0
.0
6
a

1
2
6
0
±
3
0
a

8
2
0
±
1
2
0
a

8
5
0
±
1
3
0
a

1
9
0
±
7
0
a
,
b

1
9
9
9
-C

4
3
.7

±
0
.4

a
0
.3
0
±
0
.0
3
a

1
.1
6
±
0
.0
4
a
,
b

9
4
0
±
4
0
b

3
2
0
±
8
0
b

3
3
0
±
8
0
b

1
1
0
±
1
0
b

2
0
0
1
-C

4
1
.9

±
0
.2

b
0
.1
6
±
0
.0
2
b

1
.2
8
±
0
.0
1
a

7
3
0
±
1
0
b

3
8
0
±
2
0
b

4
0
0
±
2
0
b

2
0
±
1
0
b

C
,
ca
rb
on
;
N
,
n
it
ro
ge
n
;
A
N
P
P
,
a
b
ov
eg
ro
u
n
d
n
et

p
ri
m
a
ry

p
ro
d
u
ct
io
n
;
A
N
P
P
G
,
A
N
P
P
d
et
er
m
in
ed

u
si
n
g
th
e
G
om

p
er
tz

gr
ow

th
m
od
el
.

M
ea
n
±
S
E
is
p
re
se
n
te
d
fo
r
a
ll
va
ri
a
b
le
s
(n

=
3
).

A
ll
si
te
s
w
er
e
on

C
ol
a
n
d
so
il
s,
w
it
h
so
il
a
n
d
ro
ot

b
io
m
a
ss
va
lu
es

d
er
iv
ed

fr
om

fo
u
r
sa
m
p
le
s
p
er

p
lo
t
a
n
d
th
re
e
p
lo
ts
p
er

si
te

(0
to

1
5
cm

).
S
oi
l
C
a
n
d
N

co
n
te
n
ts
w
er
e
d
et
er
m
in
ed

u
si
n
g
a
F
la
sh

E
A
1
1
1
2
E
le
m
en
ta
l
A
n
a
ly
ze
r
(T
h
er
m
o

F
in
n
ig
a
n
It
a
li
a
,
R
od
a
n
o,
M
I,
It
a
ly
).
B
u
lk

d
en
si
ty
w
a
s
d
et
er
m
in
ed

on
vo
lu
m
et
ri
c
co
re
s
a
n
d
is
co
rr
ec
te
d
fo
r
gr
a
ve
l
vo
lu
m
e
(<
5
%

of
to
ta
l
so
il
vo
lu
m
e)
.
T
h
e
C
3
si
te
w
a
s
a
m
ix
ed
-s
p
ec
ie
s,
co
ol
-s
ea
so
n
m
ea
d
ow

;
1
9
9
4
-C

4
w
a
s
a
vi
rt
u
a
l
m
on
oc
u
lt
u
re

of
P
.
vi
rg
a
tu
m

p
la
n
te
d
in

1
9
9
4
;
1
9
9
9
-C

4
w
a
s
a
m
ix
ed
,
w
a
rm

-s
ea
so
n
gr
a
ss
la
n
d
es
ta
b
li
sh
ed

in
1
9
9
9
;
a
n
d
2
0
0
1
-C

4
w
a
s
a
m
ix
ed
,
w
a
rm

-s
ea
so
n
gr
a
ss
la
n
d
p
la
n
te
d
in

sp
ri
n
g
2
0
0
1
a
n
d
w
a
s
st
il
l
d
om

in
a
te
d
b
y
a
n
n
u
a
l
w
ee
d
s.
A
N
P
P
w
a
s

ca
lc
u
la
te
d
fo
ll
ow

in
g
S
cu
rl
oc
k
a
n
d
ot
h
er
s’

(2
0
0
2
)
m
et
h
od

6
,
or

b
y
fi
tt
in
g
a
th
re
e-
p
a
ra
m
et
er

G
om

p
er
tz

m
od
el

to
cu
m
u
la
ti
ve

p
ro
d
u
ct
io
n
d
a
ta
.

D
if
fe
re
n
t
le
tt
er
s
(a
,
b
)
w
it
h
in

a
co
lu
m
n
d
en
ot
e
st
a
ti
st
ic
a
ll
y
si
gn
if
ic
a
n
t
d
if
fe
re
n
ce
s
(T
u
k
ey
-K
ra
m
er

H
S
D
,
a
=
0
.0
5
).

Plant Growth and Soil Respiration 911



Soil Respiration

Soil CO2 efflux rates were measured twice monthly

from day-of-year (DOY) 164 through DOY 235 and

monthly during the remainder of the study;

measurements were taken between 10:00 AM and

3:00 PM. The large number of sites and samples

made it impossible to measure RSOIL at all sites on a

single day; thus, each sample period took between

2 and 4 days to complete. Subsequent sample dates

in this report refer to the median date of each

sample period. Soil respiration was measured using

a LI-COR 6400 portable photosynthesis system at-

tached to a 6400)09 soil efflux chamber (LI-COR,

Lincoln, NE, USA) following standard procedures

recommended by LI-COR and used by other au-

thors (Norman and others 1992; Knapp and others

1998; Mielnick and Dugas 2000; Luo and others

2001; Bremer and Ham 2002). Briefly, measure-

ments were taken by setting the soil chamber on

10-cm–diameter PVC collars that were placed ran-

domly throughout each plot. All live aboveground

plant tissues within collars were removed, but

surface litter was left intact. Soil CO2 fluxes for each

collar were based on an average of two to three

measurement cycles. During the growing season,

an average of eight collars per plot were installed

roughly 1 day prior to RSOIL measurements. From

November 2001 to March 2002, six collars were

installed per plot and measured throughout the

dormant season. Annual RSOIL rates were deter-

mined by integration of the area under the intra-

annual RSOIL curve from May 2001 to May 2002, as

done previously by Bremer and Ham (2002) and

Knapp and others (1998).

Soil temperature (�C) at 5-cm depth was re-

corded whenever RSOIL was measured. Gravimetric

soil moisture content (0–5-cm depth) was mea-

sured whenever the soil was not frozen. To en-

hance comparability with other studies, soil

gravimetric moisture data were converted to per-

cent water-filled pore space (WFPS) following Linn

and Doran (1984).

Plant Biomass and Aboveground
Productivity

All living and dead aboveground biomass and

surface litter was harvested eight times from four

0.25-m2 quadrats per plot. Biomass harvest loca-

tions were subsequently excluded from RSOIL

measurements. Biomass was sorted into live bio-

mass and detritus. Samples for each date and plot

were analyzed for C and nitrogen (N) content using

a Flash EA 1112 Elemental Analyzer (Thermo

Finnigan Italia, Rodano, MI, Italy). Plant biomass

was converted to a C and N mass basis and cor-

rected to 105�C dry mass, Surface timer values

were reported as ash-free (3h at 500�C) dry ma to

adjust for possible soil contamination was treated

identically, except all values were reported as ash-

free (3 h at 500�C) dry mass.

Monthly plot-level live biomass and detritus

mass were incorporated into a rule-based proce-

dure to determine ANPP between each successive

sample date (method 6 as described by Scurlock

and others 2002). Across each time period, ANPP

was calculated based on the following rules:

If DLive > 0 and DDetritus > 0, then ANPP =

DLive + DDetritus
If DLive > 0 and DDetritus < 0, then ANPP = DLive
If DLive < 0 and DDetritus > 0, then ANPP =

DLive + DDetritus
If DLive < 0 and DDetritus < 0, then ANPP = 0

If ANPP < 0, then ANPP = 0

where DLive represents change in live biomass

between successive sample dates, and DDetritus
represents change in dead biomass between suc-

cessive sample dates. This method attempts to ac-

count for concurrent biomass production and

losses, providing a robust method of estimating

grassland ANPP (Scurlock and others 2002).

Annual ANPP for each plot was determined by

summing ANPP from all periods between DOY 150,

2001, and DOY 154, 2002, then correcting to a

365-day year.

To describe the intra-annual dynamics of

aboveground growth, we also used a Gompertz

growth model to calculate daily and annual ANPP

(ANPPG). To do so, the field-based estimates of

ANPP described above were cumulated through

time for each plot, and those cumulative biomass

production estimates were fit with a three-param-

eter Gompertz model using SigmaPlot (SPSS,

Chicago, IL, USA).

Root biomass (gC m)2) for the 0- to 15-cm depth

was sampled using a 5.4-cm–diameter corer in

November 2001. Four cores were taken from each

plot, roots were carefully removed from soil by

hand-washing over a 0.5-mm sieve, organic debris

was removed, and all mass values were converted

to a 105�C mass basis following the procedure

described previously for standing aboveground

biomass.

Statistical Analysis

All data were analyzed using JMP version 4.0.4

(SAS Institute, Cary, NC, USA). We applied a two-

step process to test the hypothesis that intra-annual

912 M. E. Dornbush and J. W. Raich



variations in aboveground productivity signifi-

cantly improve intra-annual estimates of RSOIL.

First, stepwise multiple linear regression was used

to objectively identify variables useful for predict-

ing intra-annual patterns of RSOIL, including both

biotic and abiotic variables. We evaluated multiple

measures of plant canopy dynamics, because we

had no a priori knowledge of which measure would

best correlate with RSOIL and because different

studies have suggested different variables (for

example, Franzluebbers and others 2002; Bremer

and Ham 2002). Second, those variables identified

as important by stepwise regression were tested for

significance using a general linear model repeated

measures analysis of covariance (RM-ANCOVA).

Nonsignificant terms (a > 0.05) were removed from

the final model. All statistics were conducted using

plot-level data (n = 3/site). To meet model

assumptions of uniform variance, (RSOIL) values

were natural-log–transformed prior to analyses,

whereas live aboveground biomass and ANPP were

square-root–transformed.

Independent abiotic factors considered included

soil temperature and soil moisture content. To avoid

spurious results due to freeze–thaw events, we ex-

cluded the January and February sample dates from

our statistical analyses. This resulted in the exclu-

sion of 24 of 168 values, leaving a sample size of 144

in the RM-ANCOVA. Biotic variables examined

included live aboveground biomass C, live above-

ground biomass N, and ANPPG. Standing live bio-

mass on RSOIL sampling dates was determined by

linear regression between adjacent live biomass

harvests. The first derivative of the fitted Gompertz

model for each plot was used to determine plot-

specific ANPP rates for each RSOIL measurement

date. Soil temperature, ANPPG, live aboveground C,

and live aboveground N were also evaluated inde-

pendently with RM-ANCOVA to define their indi-

vidual effectiveness for predicting RSOIL.

We used a post hoc analysis that correlated site-

specific annual aboveground production (ANPP

[g C m)2 y)1] and ANPPG [g C m)2 y)1]) and root

biomass (g C or g N m)2) with site-specific inter-

cepts taken from our soil temperature–based pre-

dictive model to address hypothesis two—that

canopy production may be less directly linked to

RSOIL than suggested by recent substrate-limited

models. In addition, we correlated the same inter-

site RSOIL values with site-specific soil properties

(bulk density [g cm)3], soil C [g C m)2], and soil

N [g N m)2]) to address potential site-specific effects

resulting from the varied site histories.

Among-site differences in soil temperature,

WFPS, aboveground biomass C and N, ANPPG, and

RSOIL were determined using a general linear model

repeated-measures analysis of variance. Model

parameters included site, sample date, and a site-by-

date interaction term. Intra-annual periods of max-

imum soil temperature, live aboveground biomass,

and RSOIL were identified using Tukey-Kramer HSD

tests (a = 0.05). Intersite differences in annual RSOIL

(g C m)2 y)1), ANPP (g C m)2 y)1), end-of-year root

biomass (gCm)2), soil C andN (%), andbulk density

(g cm)3) were determined using analysis of variance

(ANOVA), followed by pairwise comparisons using

Tukey-Kramer HSD tests (a = 0.05).

RESULTS

Soil Temperature and Moisture

Soil temperature (�C) was significantly affected

by site (F3,8 = 9.7, P < 0.01), sample date

(F11,88 = 906.8, P < 0.0001), and the site-by-date

interaction (F33,88 = 8.4, P < 0.0001). Averaged

across sample dates, 1999-C4 and 2001-C4 hadmean

soil temperatures of 16.9 ± 1.6 and 17.0 ± 1.5�C,
respectively, versus 15.0 ± 1.4�C in 1994-C4 and

14.7 ± 1.4�C in C3 (Tukey-Kramer HSD, a = 0.05).

The fact that the sample date effect (F11,88 = 906.8)

was over 100 times greater than the site-by-sample

date interaction effect (F33,88 = 8.4) highlights that

intra-annual soil temperature patterns were similar

at all sites (Figure 1a). The significant site-by-date

interaction resulted at least in part from day-to-day

differences in temperature occurring within sample

periods (for example, cloudy skies and cool

temperatures versus clear skies and warm tempera-

tures). Maximum soil temperatures occurred be-

tween DOY 177 and 214 at all sites (Tukey-Kramer

HSD, a = 0.05).

Soil water-filled pore space (WFPS) was signifi-

cantly affected by sample date (F11,88 = 40.6, P <

0.0001), due to intra-annual variations in moisture

(Figure 1b). The site main effect was not siginifi-

cant (F3,8 = 0.2, P = 0.9), indicating that all sites

had similar soil moisture conditions when averaged

across the year. The site-by-date interaction was

significant (F33,88 = 3.2, P < 0.0001), largely be-

cause individual sample periods included rainfall

events (for example, DOY 200). Water-filled pore

space ranged between 30% and 60% for most of

the year (Figure 1b). Lowest recorded WFPS coin-

cided with maximum summer soil temperatures,

dropping below 30% from DOY 177 to DOY 214.

Live Aboveground Biomass

Standing live biomass C differed significantly

among sites (F3,8 = 58.2, P < 0.0001) and sample
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periods (F11,88 = 280.7, P < 0.0001), and the site-

by–sample period interaction was also significant

(F33,88 = 30.6, P < 0.0001). Averaged across sample

dates, 1994-C4 had the highest average standing

live biomass (246 ± 40 g C m)2) (Tukey-Kramer

HSD, a = 0.05). The C3 site had the next highest

average biomass level (86 ± 8 g C m)2), which was

statistically greater than levels in both 1999-C4

(72 ± 12 g C m)2) and 2001-C4 (63 ± 14 g C m)2)

(Tukey-Kramer HSD, a = 0.05). Peak live biomass

occurred earliest in the C3 site, by DOY 164, fol-

lowed roughly 2 weeks later (DOY 177) in 1999-C4

(Figure 1c). Maximum live biomass did not occur

until DOY 201 at 1994-C4 and DOY 234 at 2001-C4.

Live biomass at the C3 site showed low intra-annual

changes, with maximum levels maintained for

roughly 70 days, starting on DOY 164. This is in

contrast to the strong intra-annual variability of C4

sites, where maximum live biomass was maintained

for as little as 28 days at 2001-C4 and 34 days at

1994-C4. The 1999-C4 site maintained a longer

period of maximum live aboveground biomass,

from DOY 177 to DOY 263, likely reflecting the

mixture of C3 forbs and C4 grasses in this planting.

In addition to intra-annual biomass differences

there was a 3.8-fold difference in maximum live

biomass C between the C3 and 1994-C4 sites, and

a 1.6-fold difference between the 1999-C4 and

2001-C4 sites.

Standing live biomass N was significantly affected

by site (F3,8 = 19.9, P < 0.001), sample period

(F11,88 = 99.6, P < 0.0001), and the site-by–sample

period interaction (F33,88 = 11.7, P < 0.0001).

Averaged across sample dates, 1994-C4 (5.8 ± 0.9 g

N m)2) had statistically higher average live biomass

N than 1999-C4 (1.7 ± 0.3 g N m)2) and 2001-C4

(3.7 ± 0.8 g N m)2), but did not differ from C3

(3.4 ± 0.3 g N m)2) (Tukey-Kramer HSD, a = 0.05).

Average biomass N for C3 was statistically greater

than for 1999-C4, but 1999-C4 and 2001-C4 did not

differ statistically. Peak live biomass N was reached

by DOY 142 and maintained until DOY 269 at both

the C3 and 1999-C4 sites (Figure 1d). Maximum

live biomass N was reached by DOY 166 at 1994-C4

Figure 1. Intra-annual trends inA soil temperature, B water-filled pore space, C live aboveground biomass carbon, D live

aboveground biomass nitrogen, E cumulative aboveground production, and F soil respiration at four grasslands in central

Iowa, USA. Samples were taken from May 2001 to May 2002. A legend identifying the sites is embedded in part.
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and DOY 201 at 2001-C4 (Figure 1d). These levels

were maintained for 95 days, at 1994-C4 and 61

days at 2001-C4. As observed with C, biomass N

varied considerably among sites: maximum live N

at 1994-C4 and 2001-C4 were roughly 2.6 times

greater than at C3.

Aboveground Production

The three-parameter Gompertz models fit observed

data with an average coefficient of determination

(R2) of 0.98 for each of the 12 plots. At the site

level, R2 ranged from 0.97 for 2001-C4 to 0.99 for

1994-C4 and 1999-C4. ANPPG was significantly af-

fected by site (F3,8 = 4.4, P < 0.05), sample date

(F11,88 = 54.5, P < 0.0001), and the site-by–date

interaction (F33,88 = 9.6, P < 0.0001). Average

growth rate in 1994-C4 (3.6 ± 0.8 g C m)2 d)1) was

statistically greater than that in C3 (0.9 ± 0.2 g

C m)2 d)1) (Tukey-Kramer HSD, a = 0.05), but

there were no other statistically significant differ-

ences among sites (1999-C4: 1.4 ± 0.3; 2001-C4:

1.7 ± 0.4 g C m)2 d)1). The C3 site was the first to

begin accumulating new biomass in the spring,

followed successively by 1994-C4, 1999-C4, and

2001-C4 (Figure 1e). Maximum ANPPG at the C3

site occurred earliest in the growing season,

reaching 3.5 ± 0.4 g C m)2 d-1 on DOY 136 (Fig-

ure 2). Aboveground productivity peaked at

13.3 ± 2.5 g C m)2 d)1 on DOY 159 at 1994-C4, and

at 3.7 ± 0.7 g C m)2 d)1 from DOY 163 to DOY 165

at 1999-C4. Maximum ANPPG was 5.6 ± 1.5 g C

m)2 d)1 at 2001-C4, but it did not occur until over

1 month later (DOY 205) than at the other two

C4 sites, and more than 2 months later than at the

C3 site. Thus, our sites displayed three distinct

intra-annual growth patterns, with maximum

aboveground productivity occurring in spring

(C3 site), early summer (1994-C4 and 1999-C4),

and late summer (2001-C4). In addition, there was

a 3.8-fold difference in maximum productivity

between 1994-C4 and the C3 sites. The 1994-C4 and

1999-C4 sites, which had nearly identical intra-

annual growth patterns, differed in maximum

productivity by 3.6-fold (Figure 2).

Soil Respiration

Average RSOIL rates (g C m)2 d)1) differed signifi-

cantly among sites (F3,8 = 30.5, P < 0.0001) and

sample dates (F11,88 = 289.9, P < 0.0001), and the

site-by–date interaction was also significant

(F33,88 = 7.1, P < 0.0001). Average RSOIL was sig-

nificantly greater in C3 (4.8 ± 0.5 g C m)2 d)1) and

1994-C4 (4.6 ± 0.5 g C m)2 d)1 g C m)2 d)1) than

in 1999-C4 (3.6 ± 0.5 g C m)2 d)1) and 2001-C4

(2.8 ± 0.3 g C m)2 d)1) (Tukey-Kramer HSD,

a = 0.05). Soil respiration rates at the C3 site rose

rapidly in spring, reaching roughly half of maxi-

mum observed rates by DOY 106. Maximum RSOIL

rates at the C3 site were reached as early as DOY

164 (8.3 ± 1.0 g C m)2 d)1) and remained relatively

constant until DOY 214 (Figure 1f). In contrast,

RSOIL rates at the three warm-season sites rose

steadily through spring and early summer to rela-

tively sharp maximum peaks between DOY 177

and DOY 212, before declining again to winter

lows. Maximum observed RSOIL rates were 11 ± 0.5

g C m)2 d)1 at 1994-C4. These values are lower

than the 16 g C m)2 d)1 maximum fluxes observed

in Texas tallgrass prairie (Mielnick and Dugas

2000), but they are nearly identical to the maxi-

mum fluxes (10.6 g C m)2 d)1) reported for a

Kansas tallgrass prairie (Bremer and others 1998).

Predicting Intra-annual Soil Respiration

A soil temperature–based model that included site,

date, and soil temperature effects accounted

for virtually all differences in observed RSOIL

rates among sites and among dates (R2 = 0.89,

R2
adj = 0.88, F12, 131 = 85.5, P < 0.0001). Site

identity (F3, 8 = 24.3, P < 0.001) and soil tempera-

ture (F1, 131 = 935.8, P < 0.0001) main effects were

both significant in the model, but the site-by–soil

temperature interaction term was not (P = 0.5).

Thus, all sites, irrespective of the dominant vege-

tation, past history, or management, responded

identically to intra-annual variations in soil tem-

perature, but the sites had significantly different

intercepts. In contrast, live aboveground biomass

N, which had the highest correlation with RSOIL

of all plant variables, was less successful in predict-

Figure 2. Intra-annual trends in aboveground net pri-

mary productivity (ANPP) at four grasslands in central

Iowa, USA. Productivity was determined by taking the

first derivative of three-parameter Gompertz models fit-

ted to cumulative production at each plot (n = 3 per site).
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ing RSOIL (R2 = 0.68, R2
adj = 0.65, F15, 128 = 18.4,

P < 0.0001). As with the temperature-based model,

site identity (F3, 8 = 8.8, P < 0.0001) and above-

ground biomass N (F1, 128 = 208.1, P < 0.0001)

main effects were both significant. However, this

model also required the addition of a site-by–

aboveground biomass N interaction term (F3,

128 = 18.0, P < 0.0001). In general, RSOIL in the C3

and 1999-C4 sites showed a stronger response to

increases in aboveground biomass N than did the

1994-C4 and 2001-C4 sites. Furthermore, predic-

tions based on soil temperature, live aboveground

biomass N, and a significant site-by–aboveground

biomass N interaction term, as suggested by step-

wise selection, provided only minuscule improve-

ments (R2 = 0.90, R2
adj = 0.89, F16, 127 = 73.8, P <

0.0001) over RSOIL predictions based on soil tem-

perature alone (R2 = 0.89, R2
adj = 0.88).

We also tested the effects of live aboveground

biomass C and ANPPG on intra-annual RSOIL

independent of other variables. The predictive

accuracy of live aboveground biomass C

(R2 = 0.65, R2
adj = 0.60, F15, 128 = 15.5, P <

0.0001) was slightly lower than that of live

aboveground biomass N (R2 = 0.68, R2
adj = 0.65).

Live aboveground biomass C, as with above-

ground biomass N, also required the inclusion of a

significant site-by–biomass C interaction term (P <

0.0001). ANPPG was the poorest biotic predictor of

RSOIL that we examined (R2 = 0.53, R2
adj = 0.47,

F15, 128 = 9.6, P < 0.0001), and also required the

inclusion of a significant site-by-ANPPG interac-

tion term. Irrespective of the model used, soil

temperature consistently provided R2 values of

0.89, did not require the site-specific interaction

terms needed for canopy-based models, and the

addition of live aboveground biomass N, live

aboveground biomass C, or ANPPG added no more

than 0.01 to model R2. Reducing our data set to

include only the growing season (n = 107)—that

is, excluding all data from November through

March—did not alter any of these trends. The

same trends and findings also held true when site-

specific analyses were conducted. Thus, our find-

ings were robust across both dominant vegetation

types and site histories.

Annual Aboveground Production, Root
Biomass, and Soil Respiration

Sites differed significantly in ANPP (ANOVA

F3, 11 = 10.2, P < 0.01), ranging from 270 ± 70 g C

m)2 y)1 at the C3 site to 820 ± 120 g C m)2 y)1 at

1994-C4 (Table 1). Aboveground production was

significantly greater at 1994-C4 than at all other sites

(Tukey-Kramer HSD, P £ 0.05). Our ANPP values

for C3, 1999-C4, and 2001-C4 are similar to the

81–340 g C m)2 y)1 reported from a Kansas tallgrass

prairie (Briggs and Knapp 1995; assuming grass

biomass was 45% C). The ANPP values for 1994-C4

are within the range of production values reported

for planted grasslands by Heaton and others (2004)

and similar to values reported by Tufekcioglu and

others (2003) from a nearby site. Aboveground NPP

values (ANPPG) determined using the Gompertz

model were very similar to those determined using

Scurlock and others’ (2002) method 6, but were in

general slightly higher (Table 1).

End-of-season root biomass also differed signifi-

cantly among sites (ANOVA F3, 11 = 8.1, P < 0.01),

ranging from 22 ± 7 g Cm)2 at 2001-C4 to 320 ± 51

g C m)2 at the C3 grassland (Table 1). Root biomass

was significantly greater (P £ 0.05) at the C3

planting than at 1999-C4 and 2001-C4, but it did not

differ significantly from that at 1994-C4.

Mean annual RSOIL varied nearly twofold among

sites, ranging from 730 ± 10 g C m)2 y)1 at 2001-

C4 to 1300 ± 100 g C m)2 y)1 at the C3 site

(ANOVA F3, 11 = 21.6, P < 0.001) (Table 1). Annual

RSOIL at the C3 and 1994-C4 sites did not differ

significantly, nor was there a significant difference

between 1999-C4 and 2001-C4. Annual RSOIL in

the two oldest plantings (that is, the C3 and 1994-

C4 sites) were significantly higher than rates in the

two youngest plantings (1999-C4 and 2001-C4)

(Tukey-Kramer HSD, P £ 0.05). The annual RSOIL

values that we report from the C3, 1994-C4, and

1999-C4 sites are similar to the 1- to-2.1 kg C m)2

y)1 range reported by Mielnick and Dugas (2000)

for humid Texas tallgrass prairie and the 1.3- to-2.1

kg C m)2 y)1 range reported for Kansas tallgrass

prairie by Knapp and others (1998). The recently

planted 2001-C4 site had slightly lower RSOIL val-

ues than these older sites.

Post hoc Test of Hypothesis Two

Despite the fact that all of our sites responded

identically to changes in soil temperature (site-by–

soil temperature: P = 0.5), RSOIL at a given soil

temperature still varied significantly among sites

(site identity: F3, 8 = 24.3, P < 0.001). We found no

significant correlation between site-specific model

intercepts and soil bulk density (r = )0.45, n = 12,

P = 0.14), soil C (r = )0.15, n = 12, P = 0.65), soil

N (r = )0.14, n = 12, P = 0.66), annual ANPP

(r = 0.30, n = 12, P = 0.34) (Figure 3a) or annual

ANPPG (r = 0.30, n = 12, P = 0.35). However, site-

specific model intercepts were positively and sig-

nificantly correlated with root biomass C (r = 0.85,
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n = 12, P < 0.001) (Figure 3b) and root biomass

N (r = 0.84, n = 12, P < 0.001).

DISCUSSION

Intra-annual RSOIL was more strongly correlated

with soil temperature (R2 = 0.89) than plant

ANPPG (R2 = 0.53). The highest R2 for any mea-

sured plant variable was 0.68 for live standing

biomass N. In addition, all three canopy charac-

teristics examined required the addition of a site-

by–canopy measure interaction term, complicating

the general applicability of these variables for RSOIL

models. Omission of interaction terms from can-

opy-based models significantly reduced their

effectiveness; R2 reductions ranged from 0.08 to

0.13. In contrast, our findings support previous

results showing a strong relationship between RSOIL

and soil temperature (Knapp and others 1998;

Buchmann 2000; Mielnick and Dugas 2000;

Tufekcioglu and others 2001). Furthermore, soil

temperature–based models were also more parsi-

monious than canopy-based models: the site-by–

soil temperature interaction term was not signifi-

cant.

Recently, several studies have reported a strong

relationship between canopy characteristics and

RSOIL, suggesting a tight coupling between photo-

synthesis and belowground CO2 production. Most

notably, Högberg and others (2001) girdled Pinus

sylvestris L. (Scots pine) trees in northern Sweden,

and after 1–2 months they noted a 54% reduction

in RSOIL. Their result clearly establishes a relation-

ship between RSOIL and recent plant photosynthe-

sis. Our findings do not dispute this conclusion,

because prolonged starvation of belowground

C supply will result in reduced C availability and

subsequent metabolism. In contrast, we addressed

the inherent assumption that the inclusion of some

measure of canopy activity would significantly

improve landscape-level predictive estimates of

RSOIL by providing a meaningful surrogate of shoot-

to-root C flow. We found no useful linkages be-

tween aboveground canopy dynamics and soil

respiration rates in our central Iowa grassland sites.

Bremer and others (1998), Bremer and Ham

(2002), and Craine and others (1999) reported

reductions in RSOIL rates of 19% to 49% after

growing-season clippings. Although their results

provide evidence that the condition of the canopy

can influence C availability and supply below-

ground, in agreement with root C supply theory

(Farrar and Jones 2000), we believe that they may

have overestimated the relative importance of this

effect. For example, Bremer and others (1998) re-

ported that RSOIL was reduced by up to 49% 2 days

after clipping. However, when considered on

an annual basis, clipping reduced RSOIL by only

roughly 18% (Bremer and others 1998). More

significantly, the effects of clipping and grazing may

better reflect subsequent changes in root biomass

(Knapp and others 1998; Wan and Luo 2003) or

plant allocation strategies (Culvenor and others

1989a, 1989b) than intra-annual effects of canopy-

to-root C flow on RSOIL. Our results support this

conclusion. When data collected during all seasons

were evaluated, the addition of live aboveground

biomass in our temperature-based intra-annual

RSOIL model improved total model R2
adj by only

0.01. This result occurred despite three distinct in-

tra-annual growth patterns (Figures 1e and 2) and

a nearly fourfold difference in maximum above-

ground live biomass C (Figure 1c) among our sites.

Stated another way, the magnitude and importance

of seasonal changes in soil temperature far out-

weighed seasonal changes in, and differences

among, aboveground production in affecting RSOIL

at our sites.

Despite a threefold range in annual aboveground

production (270–820 g C m)2 y)1) and a nearly

twofold range in RSOIL (730–1300 g C m)2 y)1)

across our sites, there was no significant correlation

Figure 3. Correlations between plot-specific model soil

respiration (RSOIL) intercepts and A annual aboveground

net primary production (ANPP) and B root biomass C (0

to 15-cm deep) at four grasslands in central Iowa, USA.
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between aboveground production and site-specific

RSOIL rates (that is, site-specific model intercepts)

(Figure 3a). However, site-specific differences in

RSOIL were significantly and positively correlated

with root biomass (Figure 3b). The dominance of

belowground production in total grassland NPP

(Dahlman and Kucera and others 1965; Kucera

1992; Gill and Jackson 2000) and the frequent re-

moval of aboveground biomass by fire (Knapp

1985; Knapp and others 1998), mowing, or grazing

(McNaughton 1985; Collins and others 1998; Bre-

mer and Ham 2002) may weaken the relationship

between grassland ANPP and RSOIL. This conclusion

agrees with the results of other grassland studies

conducted across similar geographical scales. Ku-

cera and Kirkham (1971) found a strong correla-

tion (r = 0.72) between root biomass and soil

respiration rates in Missouri tallgrass prairie. Wan

and Luo (2003) conducted a clipping and shading

experiment in Oklahoma tallgrass prairie. They

found that soil respiration reductions of 42%, 46%,

and 58%, respectively, for the clipped shaded, and

clipped-plus-shaded plots corresponded with de-

creases in root biomass of 24%, 38%, and 45%,

respectively, over the same period. Craine and

Wedin (2002) found strong positive relationships

between root biomass and soil respiration rates

measured in Minnesota experimental grasslands.

Knapp and others (1998) attributed observed in-

creases and decreases in soil respiration associated

with fire and grazing treatments in Kansas tallgrass

prairie to changes in belowground biomass result-

ing from the same treatments. Our results suggest

that intersite differences in RSOIL among grasslands

may be better explained by differences in root

biomass, root production, or root activity than by

differences in aboveground production.

The underlying assumption supporting the use

of canopy characteristics for predicting RSOIL is

that they can provide a surrogate for a nearly

immeasurable flux, short-term C flow from

shoots-to-roots. We found no evidence that this is

a tenable assumption at our grasslands. In con-

trast, our results are in direct agreement with

numerous studies showing strong positive rela-

tionships between temperature and rates of CO2

loss from incubated soils (Kätterer and others

1998; Lomander and others 1998) and roots

(Boone and others 1998; Vose and Ryan 2002).

However, our results also underscore the impor-

tance of plants, because among-site differences in

RSOIL were related to differences in root biomass.

Although the total allocation of gross primary

production belowground is likely to exert a strong

influence over RSOIL (Janssens and others 2001),

canopy characteristics at our sites did not serve as

an appropriate surrogate measure for this flux.

Our study design included four sites that had

unique histories and dominant species. This is

exactly what real-world ecosystems are composed

of, and any predictive model must be robust to

land-cover variability. From this perspective, our

study indicates that using canopy characteristics to

improve intra-annual predictions of RSOIL has

limited value in grasslands. Future investigations

need to address the influence of root biomass

pools, and root production, decay, and activity on

RSOIL directly.
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