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Abstract

The effects of six years treatment with elevated [CO2] (350, 525, and 700µl l−1) and nitrogen (N) (0, 10, and
20 g N m−2 yr−1) on soils, soil solution, and CO2 efflux in an open-top chamber study with ponderosa pine
(Pinus ponderosaLaws.) are described. The clearest [CO2] effect was in year 6, when a pattern of lower soil
N concentration and higher C/N ratio with elevated [CO2] emerged. Statistically significant effects of elevated
[CO2] on soil total C, extractable P, exchangeable Mg2+, exchangeable Ca2+, base saturation, and soil solution
HCO3

− and NO3
− were also found in various treatment combinations and at various times; however, these effects

were inconsistent among treatments and years, and in many cases (P, Mg2+, Ca2+, base saturation) reflected pre-
treatment differences. The use of homogenized buried soil bags did not improve the power to detect changes in
soil C and N or help resolve the inconsistencies in soil C patterns. Nitrogen fertilization had the expected negative
effects on exchangeable Ca2+, K+, and Mg2+ in year 6, presumably because of increased NO3

− leaching, but had
no consistent effect on soil C, N, or extractable P.

Introduction

The long-term effects of elevated [CO2] on ecosys-
tem carbon (C) sequestration are highly dependent on
the factors affecting C sequestration in mineral soils
and the interactions of C with other nutrients. The
interactions of C and N under elevated [CO2] are
especially important because N is the nutrient most
commonly limiting growth. Studies to date on the ef-
fects of elevated [CO2] on soil N availability have
produced conflicting and confusing results, however.
Some studies have shown that elevated [CO2] stim-
ulates N mineralization (Zak et al., 1993; Körner and
Arnone, 1992). On the other hand, several studies have
shown that the introduction of high C/nutrient ratio lit-
ter and/or labile organic compounds into the soil with
elevated [CO2] can cause N immobilization (Bernston
and Bazzaz, 1996; Cotrufo et al., 1994; Diaz et al.,
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1993; Johnson et al., 1996). Other studies report no
effect of elevated [CO2] on litter quality, decompos-
ition, or N mineralization (O’Neill 1994; Randlett et
al., 1996), or a mixture of effects depending upon
species (Hungate et al., 1996a).

Studies on the effects of elevated [CO2] on nutri-
ents other than N are far fewer in number but have also
produced conflicting results. Elevated [CO2] has been
found to cause both increases and decreases in soil ex-
tractable phosphorus (P). Norby et al. (1986) found an
increase in soil extractable P with elevated [CO2] in
a pot study withQuercus albaL. and speculated that
elevated [CO2] increased phosphatase activity. On the
other hand, Johnson et al. (1995) found reduced soil
extractable P levels with elevated [CO2] which could
be explained by increased plant P uptake by ponderosa
pine (Pinus ponderosaLaws.) in a greenhouse study
using a nutrient-poor soil. In another greenhouse study
using a richer soil, Johnson et al. (1995) found no ef-
fects of elevated [CO2] on either plant P uptake or soil
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extractable P. Johnson et al. (1995) concluded from
these two studies that the effects of elevated [CO2] on
soil P ‘were inconsistent and no general conclusions
can be drawn’.

Elevated [CO2] could cause reductions in ex-
changeable base cations by stimulating increased up-
take or increased leaching of either bicarbonate or
nitrate. The often-noted increase in soil respiration
under elevated [CO2] (Hungate et al., 1997; Johnson
et al., 1994; Körner and Arnone, 1992; Vose et al.,
1995) could cause increased carbonic acid production
and bicarbonate/base cation leaching if soils are not
extremely acidic. McColl and Cole (1968) artificially
increased pCO2 in soil columns, and demonstrated in-
creased carbonic acid leaching. Johnson et al. (1977)
found that elevated pCO2 due to greater biological
activity in soils at a tropical site (La Selva, Costa
Rica) caused greater carbonic acid leaching rates than
in more northern forest soils with lower pCO2 levels.
Increased N mineralization rate in excess of plant de-
mand for N can lead to increased NO3

− leaching, as
found by Körner and Arnone (1992) in their study of
an artificial tropical ecosystem. On the other hand,
increased N uptake with elevated [CO2] can reduce
NO3

− leaching in an N-rich system, as found Torbert
et al. (1996) for crop systems.

The direct evidence for [CO2] effects on soil ex-
changeable cations is mixed, as is the case for N and
P. Norby et al. (1986) found no statistically signi-
ficant effect of elevated [CO2] on exchangeable K+,
but a downward trend. Potassium leaching was lower
with elevated than with ambient [CO2] in the study
of Norby et al. (1986), and thus the reduced exchange-
able K+ was attributed to uptake. Johnson et al. (1995)
found decreases in exchangeable K+, Ca2+, and Mg2+
with elevated [CO2] in two separate pot studies with
ponderosa pine. These decreases were greater than
could be explained by plant uptake and thus were
attributed to increased leaching.

Studies of the effects of elevated [CO2] on soil C
sequestration have also produced conflicting results.
Isotopic studies usually show increased sequestration
of new soil C with elevated [CO2] (reviewed by Hun-
gate et al., 1996b; see also Ineson et al., 1996; Torbert
et al., 1997), but there are exceptions (the soybean res-
ults from Torbert et al., 1997). In a laboratory study
using13C and14C, Cheng and Johnson (1998) found
the elevated [CO2] stimulated soil organic matter de-
composition when N fertilizer was added but reduced
soil organic matter decomposition without N addi-
tion. Some studies have shown increased total soil C

with elevated [CO2], but the amounts sequestered are
often too large to reconcile with measured C inputs
(reviewed by Hungate et al., 1996b). Hungate et al.
(1996b) concluded from an analysis of results from
their own studies and from the literature that, ‘either
[CO2] does not affect soil C content, or that reported
[CO2] effects on soil C are too large to be a simple
consequence of increased plant carbon inputs, sug-
gesting that other mechanisms are involved, or that the
differences are due to chance’.

In this paper, we summarize the results of six years
of investigation on the effects of [CO2] and N fertil-
ization on soils from open-top chamber planted with
ponderosa pine. In earlier papers addressing results
from year 1 through year 3 of this study, we repor-
ted that elevated [CO2] caused: 1) elevated soil pCO2
and soil respiration, 2) increased rates of carbonic acid
leaching; 3) reduced soil NO3− concentrations; and
4) declines in soil extractable P (Johnson et al., 1996,
1997; Vose et al., 1995). The reductions in soil NO3

−
concentration were attributed to increased inputs of
labile C below ground (causing increased N immob-
ilization, denitrification, or both). The only treatment
effect at three years was the negative effect of elevated
[CO2] on extractable P which appeared to be associ-
ated with increases in exchangeable Al3+ (Johnson et
al., 1997).

Site and methods

Site description and experimental design

The open-top chamber site for the ponderosa pine
(Pinus ponderosaLaws.) research was located at the
Institute of Forest Genetics in Placerville, California.
The soil is Aiken clay loam, a Xeric Haplohumult de-
rived from andesite. During February – April 1991,
24 hexagonal open-top chambers (3.6 m in dia) were
established on the site. The basic experimental design
consisted of three levels of nitrogen (0, 10, and 20 g
m−2 yr−1 of N as ammonium sulfate, applied in early
spring), and four [CO2] treatments (ambient, no cham-
ber; ambient, chambered; 525µl l−1 [CO2]; and 700
µl l−1 [CO2]). Water was delivered to each plot via
a timed standpipe to a looped 2.54 cm dia manifold,
and low pressure spray heads. Each of the chambered
treatments was replicated three times (except for the
10 g m−2 yr−1 N, 525µl l−1 [CO2] treatment, which
was excluded.) and each of the unchambered treat-
ments was replicated twice. Only the results from
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the chambered measurements will be reported in this
paper.

In May 1991, ponderosa pine was planted in each
chamber. Both seeds and seedlings (21 per chamber),
were planted, the latter being a backup in the event of
excessive mortality. Seed-grown seedling survival was
sufficient such that the seedling-grown stock was re-
moved in October 1991. Three seed-grown trees from
each chamber were harvested in October 1991, in-
cluding complete root systems. In October 1992 (year
2) and October 1993 (year 3), three trees from each
chamber were harvested again, but only one complete
root system per chamber was obtained because of the
increased size of the seedlings and concern for excess-
ive plot disturbance. The final harvest (including roots)
took place in October 1996.

Sampling and analysis methods

Measurement and calculation of soil CO2 efflux
Between March, 1992 and August 1996, soil pCO2
concentrations were monitored from gas wells estab-
lished at 15 and 30 cm depths in each chamber. The
gas wells consisted of 4 mm tubing inserted to the
proper depth in the soil and fitted at the surface with
a stoppered, female end of a plastic union. During
gas collections, stoppers were removed and 15 ml of
soil gas was withdrawn from each well (enough to
completely evacuate the tubing and obtain soil gas)
using a 50 ml syringe fitted with tygon tubing and
the male half of the plastic union. Samples for CO2
analyses were obtained with Hamilton gas syringes
from the section of Tygon tubing between the large
syringe and the union. Carbon dioxide analyses were
performed on a LiCOR 6250 CO2 gas analyzer using
peak heights compared to a standard gas. Soil tem-
perature and moisture were recorded at each soil gas
sampling. Results from the period July 1992 through
July 1993 were previously reported by Johnson et al.
(1994).

Soil moisture was measured by various methods
during the early part of the study. From July 1992
to August 1992 portable tensiometers (Soil Moisture
Corp.) were used. The portable tensiometers were re-
placed by gravimetric analyses between October 1992
and May 1993 because of time considerations. After
May 1993, gypsum blocks were calibrated and used
for estimations of water content because of concern
over the repeated effects of destructive soil sampling.

Cumulative soil respiration over the period March
1992 through August 1996 was estimated using the

profile method (De Jong and Schappert 1972, De Jong
et al., 1974; Johnson et al., 1994; Mattson, 1995:

q= D
dC

dz
(1)

whereq = CO2 efflux (g CO2-C m−2 day−1), C = soil
[CO2] concentration (g m−3), z = depth (m), andD =
diffusion coefficient (m2 day−1).

Because CO2 diffusion in water is much lower
than in air, D is strongly affected by soil water con-
tent. There are several formulations for D (Collins
and Rasmuson, 1988), all of which take soil moisture
content into account. In a previous paper, we used
the formulation for D given by Collins and Rasmuson
(1988), that requires total porosity and soil water con-
tent as well as a value for a coefficient that accounts
for non-ideal pore shape and dead-end pores. For
the Placerville soil, the value of this coefficient was
determined from comparisons with measured CO2
efflux using the IRGA system (Vose et al., 1995).
Since the publication of that paper, Moldrup et al.
(1996) provided a more general empirical formulation
for D which depends upon commonly-measured soil
properties:

D = (f )(Da)(E−4/3)

(
Peff

E

(1.5+3/b)
)

(2)

wheref = a factor converting cm2 sec−1 to m2 day−1

(8.64),Da = diffusion coefficient of CO2 in air (cm2

sec−1 ); E = voids ratio, or total soil porosity;Peff =
effective porosity = total porosity (E) minus volumet-
ric water content (Vw); b = [(0.303 – 0.093(lnBD)) –
0.0565(ln(CL)) + 0.00003(FS2)]−1; BD = bulk density
(g cm−3); CL = percent clay (<0.002 mm); and FS =
percent fine sand (0.02 to 0.20 mm). This formulation
for D was found to be an improvement over the previ-
ous method and was used to calculate soil CO2 efflux
in this paper. Cumulative CO2 flux was calculated by
trapezoidal integration of respiration values (Cotrufo
et al., 1994) for the period September 1992 through
August 1996.

Soil sampling and analysis

Soils were sampled by horizon in March 1991, March
1993, and September 1996 by punch auger. Soils from
each sampling were analyzed on the Perkin-Elmer
CHN Analyzer for total C and N at the Desert Re-
search Institute (DRI). Soils from the 1991 and 1993
samplings were also analyzed at DRI for exchange-
able Ca2+, Mg2+, K+, and Al3+ and cation exchange
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capacity (CEC) (1M NH4Cl followed by an ethanol
wash to displace interstitial solution and a 1M KCl ex-
tract to displace exchangeable NH4

+); and extractable
P (0.5 M HCl plus 1M NH4F; Olsen and Sommers,
1982). Soils from the 1996 sampling were analyzed
for exchangeable base cations, CEC, and extractable
P at the Soil and Plant Analysis Laboratory, Univer-
sity of Missouri. At the University of Missouri, ex-
changeable base cations were extracted by ammonium
acetate and CEC determined by subsequent displace-
ment of NH4

+ with 1M NaCl. Eleven subsamples
from the 1991 and 1993 samplings were sent to the
University of Missouri for quality assurance checks
on laboratory bias. Unfortunately, significant bias was
detected (University of Missouri results were lower)
in all cases except exchangeable K+, precluding ana-
lyses of changes in extractableP and exchangeable
Ca2+, Mg2+, and Al3+ over time for the 1993-1996
period.

In addition to standard soil sampling, homogenized
soil bags (David et al., 1990) were buried in the cham-
bers for the purpose of assessing changes in soil C and
N with greater precision. Homogenized samples from
the Aiken Ap horizon were placed in 1 mm mesh bags,
labelled, and inserted in the Ap horizons of each cham-
ber (three per chamber) in August, 1995. The bags
were retrieved in September 1996 and analyzed for C
and N on the Perkin-Elmer CHN Analyzer. The homo-
genized bags were not intended to provide estimates
of actual rates of soil change (because the disturbance
of homogenizing soils precludes this), but rather as a
means of measuring relative treatment effects on soil
chemical properties. David et al. (1990) used this tech-
nique to detect very small changes in soil chemical
properties in response to acidification treatments to a
Spodosol in Maine. The buried soil bags were ana-
lyzed for C and N as described above and stored for
possible future analyses.

Soil solution sampling and analysis

Ceramic cup, falling head lysimeters were installed
in each of the unfertilized chambers in November
1993, and collections were made on approximately
a bimonthly basis until April 1995. All soil solution
samples were analyzed for NH4

+ and NO3
− (auto-

mated colorimetric analysis), and selected samples
were also analyzed for Ca2+, K+, Mg2+, and Na+
(atomic absorption), SO42−, Cl−, ortho-phosphate
(automated colorimetric analysis), pH, and HCO3

−

Table 1. Results of unbalanced ANOVA tests for effects of CO2
and N treatments on soil chemical parameters

Parameter Year 0 Year 3 Year 6

N CO2 N CO2 N CO2

Ap Horizons

C NS NS NS ∗∗ NS NS

N NS NS NS ∗ NS ∗∗∗
C/N NS NS NS NS NS ∗∗∗
P NS NS NS ∗∗∗ NS ∗
Ca2+ NS ∗ NS NS ∗∗∗ NS

Mg2+ NS ∗∗ ∗∗ ∗∗ ∗∗∗ NS

K+ NS NS NS NS ∗∗∗ NS

CEC1NS NS NS NS NS NS

%BS1 ∗ ∗ ∗ ∗ ∗∗∗ NS

Bw Horizons

C NS NS NS NS NS ∗∗
N NS NS NS NS NS ∗∗∗
C/N NS NS NS NS NS ∗∗∗
P NS NS NS ∗∗ NS ∗∗
Ca2+ NS NS NS NS NS NS

Mg2+ NS ∗∗ NS ∗∗∗ ∗∗∗ NS

K+ NS NS NS NS ∗∗∗ NS

CEC ∗∗ NS NS ∗ NS NS

%BS ∗∗ ∗∗ NS ∗∗∗ ∗∗ NS

1Cation exchange capacity
1Base saturation

(by titration to pH 4.5) at the Water Analysis Labor-
atory at the Desert Research Institute.

Statistical analyses

Statistical analyses for treatment effects on soils in
any given year were performed using PROC GLM in
Statistical Analysis System software.

Results

Soil carbon, nitrogen, and C/N ratio

Prior to treatment (year 0), there were no statistically
significant differences in total C, total N or C/N ratio
among the treatments (Table 1). In year 3, there was a
significant effect of [CO2] treatment on Ap horizon C
which was due largely to greater soil C in the low N
(0 g N m−2 yr−1, or unfertilized), 525µl l−1 [CO2]
treatment (Figure 1; Table 1). Similarly, there was a
significant effect of [CO2] treatment on Ap horizon N
due largely to greater soil N in the high N (20 g N
m−2 yr−1), 525µl l−1 [CO2] treatment (Figure 2 and
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Figure 1. Soil total carbon in 1991 (year 1), 1993 (year 3), and 1996 (year 6) of the study in chambers treated with elevated [CO2] and N.
[CO2] treatments: 350, 525, and 700µl l−1. N treatments: 0, 10, and 20 g N m−2 yr−1 as ammonium sulfate.

Table 1). In year 6, there were no significant [CO2]
treatment effects on soil C in the Ap horizon, but there
was a significant effect in the Bw horizon due largely
to greater soil C in the high N, 525µl l−1 and me-
dium N, 525µl l−1 [CO2] treatments (Figure 1 and
Table 1). There was a significant effect of [CO2] treat-

ment on soil N in both horizons in 1996 due to reduced
soil N with elevated [CO2] in the low and medium N
treatments (Figure 2 and Table 1). This in turn caused
significantly higher C/N ratio with elevated [CO2] in
the low and medium N treatments in 1996 (Figure 3;
Table 1).
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Figure 2. Soil total nitrogen in 1991 (year 1), 1993 (year 3), and 1996 (year 6) of the study in chambers treated with elevated [CO2] and N.
[CO2] treatments: 350, 525, and 700µl l−1. N treatments: 0, 10, and 20 g N m−2 yr−1 as ammonium sulfate.

The homogenized soil bags showed little change in
C concentration after thirteen months and no treatment
effects on C (Figure 4). There were net gains in N in
soil bags in all treatments, however, and significant (p
< 0.05) effects of N treatment on soil N and C/N ratio.

Soil pCO2, CO2 Efflux, and soil carbon pools

In previous papers, we reported a significant, positive
effect of the 525µl l−1[CO2] treatment on soil pCO2
and respiration in the low and high N treatments (0 and
20 g N m−2 yr−1) during the period from July 1992 to
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Figure 3. Soil C/N ratio in 1991 (year 1), 1993 (year 3), and 1996 (year 6) of the study in chambers treated with elevated [CO2] and N. [CO2]
treatments: 350, 525, and 700µl l−1. N treatments: 0, 10, and 20 g N m−2 yr−1 as ammonium sulfate.

July 1993 (Johnson et al., 1994; Vose et al., 1995).
This was apparently due to the greater root biomass at
the 525µl l−1 [CO2]level. These effects are evident in
Figures 5 and 6, which summarize the pCO2 data from

March 1992 through August 1996 for the 15 and 30 cm
depths, respectively. However, Figures 5 and 6 also
reveal that the effects of the 525µl l−1 [CO2] level
treatment faded during the summer of 1993, reappear-
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Figure 4. Soil C and N in homogenized, buried bags prior to and 13 months after treatment with elevated [CO2] and N. [CO2] treatments: 350,
525, and 700µl l−1. N treatments: 0, 10, and 20 g N m−2 yr−1 as ammonium sulfate.

ing only sporadically in some N treatments. In the
summer of 1994, [CO2] treatment effects on soil pCO2
again became significant, but only at the 700µl l−1,
medium and high N treatments. This transition from
higher pCO2 in the 525µl l−1 to the 700µl l−1 [CO2]

matched the patterns observed in tree biomass between
1991 and 1993 as well as in tree diameter and heights
between 1993 and 1996: the initially higher values for
the 525µl l−1 [CO2] treatments faded after year 2,
and the 700µl l−1 [CO2] treatment became dominant
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Figure 5. Soil pCO2 at 15 cm depth in chambers treated with elevated [CO2] and N. [CO2] treatments: 350, 525, and 700µl l−1. N treatments:
0 (panel a), 10 (panel b), and 20 (panel c) g N m−2 yr−1 as ammonium sulfate.

(Johnson et al., 1997 and J.T. Ball, pers comm.). By
the summer of 1996, however, the effects of the 700µl
l−1 [CO2] had also faded into insignificance, with the

exception of the 700µl l−1 [CO2], high N treatment
at the 30 cm depth (Figure 6).



108

Figure 6. Soil pCO2 at 30 cm depth in chambers treated with elevated [CO2] and N. [CO2] treatments: 350, 525, and 700µl l−1. N treatments:
0 (panel A), 10 (panel B), and 20 (panel C) g N m−2 yr−1 as ammonium sulfate.

Estimated cumulative soil CO2 efflux between
September 1992 and August 1996 and soil C contents
in year 0, 3, 6 are presented in Table 2. Cumulative soil
CO2 efflux was substantially greater in the high N, 700

µl l−1 [CO2] treatment than in all other treatments,
primarily because of the high pCO2 concentrations
in the summers of 1994 and 1995 in this treatment
(Figure 5). The cumulative CO2 effluxes equaled ap-
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Table 2. Estimated cumulative CO2-C flux from soils at the Placerville field site between
March, 1992 and August, 1996

N Treat. CO2 Treat. Cumulative Soil C Pools

Flux Year 0 Year 3 Year 6

(g N m−2 yr−1) (µl l−1) kg C m−2

0 350 3.0±0.5 8.4±1.3 7.6±0.8 7.4±0.7

0 525 3.9±1.1 8.6±1.4 8.7±2.1 8.2±1.7

0 700 3.6±1.5 8.0±1.6 7.6±1.3 7.6±0.9

10 350 3.0±1.0 7.8±1.0 7.7±1.2 7.4±0.8

10 700 3.9±0.4 7.9±1.3 7.8±1.8 8.3±0.7

20 350 4.6±0.5 8.1±1.4 7.5±0.8 7.4±0.9

20 525 4.5±1.4 9.2±1.8 8.3±1.4 8.7±0.8

20 700 7.1±1.4 7.5±1.4 8.5±1.1 8.1±0.8

proximately 50 to 100% of the standing soil C pools
measured in any year and were many fold greater than
any change in soil C which may have occurred.

Soil solution

Soil solution NO3
− and NH4

+ concentrations were
very low with the exception of the first sampling (May
1993) (Figure 7). The high values in this first sampling
may have been due to disturbance associated with
lysimeter installation. Soil solution NO3− was signi-
ficantly lower with elevated [CO2] in the first sampling
but there were no effects on soil NO3

− or NH4
+

thereafter (Figure 7).
As reported previously (Johnson et al., 1996),

soil solution HCO3
− concentrations were significantly

greater in the 700µl l−1 [CO2] treatment (unfertilized
N treatments) in one sampling (July 1993 collection)
(not shown). Later samplings revealed no significant
differences in HCO3− concentration. There were no
other statistically significant differences in the concen-
tration of any other measured ion (Ca2+, K+, Mg2+,
Na+, SO4

2−, Cl−, NO3
−) in soil solution throughout

the sampling period.

Soil extractable P, exchangeable Ca2+, Mg2+, K+,
base saturation and cation exchange capacity

Prior to treatment (year 0), there were no statist-
ically significant differences in exchangeable K+ or
extractable P in any treatment or horizon; but there
were significant differences in CEC and base satura-
tion among the N treatments, and exchangeable Ca2+,
exchangeable Mg2+, and base saturation among the
[CO2] treatments (Tables 1 and 3). In year 3, the

differences in exchangeable mg2+ and base satura-
tion among [CO2] treatments remained significant,
the differences in exchangeable Ca2+ were no longer
significant, and the differences in extractable P be-
came significant (Tables 1 and 3). There were also
significant (negative) effects of N treatment on ex-
changeable Mg2+ in the Ap horizon in year 3. In year
6, the differences in exchangeable Mg2+ and base
saturation among [CO2] treatments were no longer
significant, but the differences in extractable P re-
mained significant in both horizons. There were also
significant (negative) effects of N treatment on base
saturation, exchangeable Ca2+, K+, and Mg2+ in year
6 (Tables 1 and 3).

Discussion

While statistically significant effects of [CO2] treat-
ment on soil C and nutrient concentrations were de-
tected at various times and treatment combinations,
no consistent patterns emerged in most cases, even
after 6 years. In the case of soil C, the data suggest
that [CO2] treatment effects first occurred in the Ap
horizon in year 3, but in year 6 this effect disappeared
and significant [CO2] treatment effects appeared in the
Bw horizon. These effects were rather small, however,
and the possibility of Type II errors exist. Unfortu-
nately, the homogenized soil bags did little to clarify
the situation: coefficients of variation for C and N
concentrations in the bag soils averaged 8 and 11%,
respectively whereas those in the 1996 soil samples
averaged 9 and 9%, respectively.

As in several other studies, we were able to de-
tect highly significant effects of elevated [CO2] on soil
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Figure 7. Soil solution NO3
− and NH4

+ concentrations in unfertilized chambers treated with elevated [CO2] in unfertilized chambers treated
with elevated [CO2] . [CO2] treatments: 350, 525, and 700µl l−1. N treatments: 0 (panel A), 10 (panel B), and 20 (panel C) g N m−2 yr−1 as
ammonium sulfate.

CO2 efflux. Also as in many other studies, CO2 efflux
was considerably greater than any change in soil C that
may have occurred. The high CO2 effluxes with elev-
ated [CO2] were apparently a result of root respiration
(Johnson et al., 1994) and did not coincide with net
losses of soil C relative to the low [CO2] treatments.

Carbon dioxide efflux is seldom estimated using
the profile method, and thus comparisons of the val-
ues obtained in this study with those reported in the
literature using active or passive chamber methods are

of interest. When expressed on an annualized basis,
the values for soil CO2 efflux in this study (0.8 to
1.8 kg CO2-C m−2 yr−1) fall in the low end of the
range of values summarized by Raich and Nadelhof-
fer (1989) from the literature (0.7 to 5.2 kg CO2 -C
m−2 yr−1). This may be in part due to the lack of a
well-established litter layer in these open-top cham-
bers. Previous studies at this site suggested that root
respiration accounted for more than 90% of total soil
CO2 efflux (Johnson et al., 1994); thus, soil respir-
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Table 3. Soil chemical properties before, 3 and 6 years after treatment with CO2 and nitrogen

Treatments Extr. P Exch. Ca2+ Exch Mg2+ Exch K+ CEC Base Sat.

CO2
1 N2 (µg g−1) molc kg−1 %

Year 0

Ap Horizons

350 0 9.2± 4.1 57.2± 3.4 7.5±0.6 9.8±0.2 110.3± 4.7 68± 3

525 0 7.2± 3.0 54.2± 3.1 6.8±2.3 8.0±1.9 105.0± 3.9 66± 5

700 0 5.2± 0.2 54.4± 9.9 6.1±0.9 8.8±0.3 120.7± 22.9 60± 18

350 10 6.4± 1.9 70.2± 23.4 8.8±2.4 8.9±0.7 123.1± 18.3 71± 11

700 10 5.2± 0.2 48.2± 9.7 5.7±1.6 8.5±0.6 99.9±9.1 63±14

350 20 7.8± 5.2 52.9± 6.6 6.9±1.2 8.6±0.4 107.1± 3.3 64± 5

525 20 5.1± 0.1 51.2± 2.0 5.4±0.5 9.2±0.6 113.7± 3.0 58± 3

700 20 5.4± 0.2 42.8± 9.1 4.8±1.4 8.3±0.6 124.8± 12.2 46± 11

Bw Horizons

350 0 47.6± 6.4 61.8± 5.9 7.7±0.8 8.1±0.5 117.6± 9.5 66± 2

525 0 23.2± 2.5 61.1± 10.5 6.9±0.8 8.0±0.4 120.4± 16.7 64± 7

700 0 24.0± 10.7 55.2± 5.9 6.8±1.3 8.0±0.3 120.4± 10.1 59± 11

350 10 46.3± 11.1 70.4± 24.9 8.4±1.6 8.2±0.7 101.3± 28.4 88± 19

700 10 33.2± 14.4 52.5± 7.0 6.5±0.7 7.5±0.3 109.2± 14.3 62± 12

350 20 36.0± 11.6 60.7± 7.8 7.6±0.7 7.7±0.7 122.3± 7.4 63± 10

525 20 99.1± 110.2 62.2± 5.6 6.5±1.1 8.6±1.8 125.8± 3.7 62± 4

700 20 30.1± 6.7 56.3± 5.4 6.3±1.0 8.2±0.4 137.5± 13.7 52± 3

Year 3

Ap Horizons

350 0 4.1± 0.8 55.3± 6.7 7.2±0.4 8.0±0.3 101.6± 18.2 73± 11

525 0 2.0± 1.2 49.9± 2.6 6.4±1.8 7.0±0.3 108.4± 2.2 60± 6

700 0 1.5± 0.5 51.1± 14.6 6.1±1.8 7.6±0.8 132.1± 33.1 51± 6

350 10 2.3± 2.0 60.9± 27.1 7.3±2.3 11.2±7.0 110.1± 15.4 73± 27

700 10 1.3± 0.7 38.5± 16.7 4.6±1.9 6.5±0.7 105.3± 4.1 49± 21

350 20 3.8± 1.7 44.2± 2.6 5.5±0.2 6.5±0.6 116.3± 8.8 50± 3

525 20 0.9± 0.6 44.8± 2.4 4.5±0.3 8.0±0.4 120.3± 28.7 50± 9

700 20 1.2± 0.2 33.1± 6.4 3.8±0.7 6.3±0.9 100.4± 14.0 45± 12

Bw Horizons

350 0 1.3± 0.9 50.2± 2.8 7.3±0.2 7.9±1.1 93.8±7.1 72±2

525 0 1.2± 0.9 56.8± 9.1 6.6±1.3 7.2±0.7 119.5± 5.6 61± 9

700 0 1.1± 0.2 50.6± 8.0 6.0±0.9 7.1±0.5 106.8± 5.1 61± 9

350 10 2.3± 0.9 60.8± 12.4 7.8±0.5 7.8±0.2 105.8± 20.7 76± 17

700 10 0.5± 0.4 48.8± 9.5 5.6±1.4 7.0±0.3 104.8± 6.5 60± 9

350 20 1.9± 0.9 58.5± 11.3 7.5±1.4 7.3±0.6 102.7± 28.4 75± 8

525 20 0.4± 0.2 55.3± 10.9 6.0±0.5 8.4±1.5 119.3± 7.3 60± 7

700 20 0.8± 0.6 50.1± 6.0 6.1±0.9 7.6±0.5 108.8± 1.9 60± 7

Year 6

Ap Horizons

350 0 7.8± 1.7 58.0± 5.6 8.0±0.0 4.7±0.6 190.7± 8.1 38± 3

525 0 6.2± 1.6 55.0± 4.4 6.7±2.3 4.3±0.6 188.3± 11.7 36± 6

700 0 8.4± 2.2 54.7± 7.1 6.7±2.3 4.7±0.6 190.0± 9.5 36± 7

350 10 7.7± 1.0 64.0± 23.4 6.7±2.3 4.0±0.0 187.0± 5.3 41± 14

700 10 6.9± 3.3 46.0± 9.8 5.3±2.3 4.0±0.0 177.0± 21.8 32± 4

350 20 8.9± 2.1 44.7± 3.5 4.0±0.0 3.7±0.6 191.0± 4.6 28± 3

525 20 5.7± 0.9 39.0± 1.7 4.0±0.0 3.0±0.0 191.3± 5.5 25± 2

700 20 8.5± 3.2 39.0± 6.6 4.0±0.0 3.3±0.6 189.3± 7.0 25± 4
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Table 3. continued

Bw Horizons

350 0 6.7± 1.1 54.0± 4.4 8.0±0.0 4.3±0.6 180.3± 8.1 38± 3

525 0 3.7± 1.3 53.3± 2.9 5.3±2.3 4.3±0.6 182.3± 17.6 36± 4

700 0 4.9± 1.2 52.3± 10.0 6.7±2.3 4.3±0.6 171.3± 15.9 38± 9

350 10 5.6± 0.6 62.3± 19.9 6.7±2.3 4.0±0.0 179.3± 7.8 42± 14

700 10 5.6± 2.4 48.7± 8.3 5.3±2.3 3.7±0.6 189.0± 2.6 32± 6

350 20 6.4± 0.4 48.7± 4.0 4.0±0.0 3.7±0.6 184.3± 8.4 31± 1

525 20 4.0± 0.9 44.3± 7.4 4.0±0.0 3.0±0.0 183.0± 9.8 29± 3

700 20 4.0± 1.7 45.3± 4.7 4.0±0.0 3.7±0.6 184.7± 10.8 29± 4

1µl CO2.
20, 10 and 20 g N m−2 yr−1 as ammonium sulfate.

ation is not necessarily related to any change in soil
C pools. Given that root respiration is the dominant
source of soil CO2 efflux, one would expect a trend of
increased soil pCO2 and soil CO2 efflux over time as
root biomass increased (Johnson et al., 1997). In this
study, we identified weak (r2< 0.30) upward trends in
pCO2 (Figures 5 and 6) and calculated soil CO2 efflux
(not shown), except in the low N, 525µl l−1 [CO2]
treatment.

In contrast to previous greenhouse studies (includ-
ing one study on the same soil; Johnson et al., 1996),
there were no consistent [CO2] treatment effects on
soil exchangeable base cation concentrations or base
saturation over the six-year duration of this field study.
Despite the problems in laboratory bias between the
1991–3 and 1996 analyses (see methods), the statist-
ical analyses of treatment effects within each year in-
dicate that elevated [CO2] had no consistent effect on
exchangeable base cations or base saturation. The stat-
istically significant differences in exchangeable Mg2+
and base saturation in year 3 were clearly artifacts of
pretreatment biases, and all effects of [CO2] on base
cations and base saturation disappeared in year 6. The
increase in base cation uptake with elevated [CO2]
(Johnson et al., 1997) was apparently insufficient to
cause any detectable depletion of soil exchangeable
base cation pools. Elevated [CO2] caused tempor-
ary increases in soil solution NO3− and HCO3

−, but
these were transient and quantitatively unimportant for
either N or base cation leaching. The significant reduc-
tions in exchangeable Ca2+, K+, and mg2+ with N
fertilization were undoubtedly due to increased nitrate
leaching in the fertilized treatments (which was not
measured due to funding constraints).

The effects of [CO2] treatment on extractable P,
while statistically significant, were inconsistent and
reflective of pretreatment patterns. There was cer-

tainly no pattern of significant soil P depletion or
immobilization with elevated [CO2]. Extractable P,
like exchangeable NH4+ and NO3

−, is an ephemeral
quantity which is known to vary on a seasonal basis
(e.g., Johnson et al., 1988).

Perhaps the clearest [CO2] treatment effects on
soils were those on soil N and C/N ratio in year 6 (Fig-
ures 2 and 3; Table 1). The apparent negative effect of
[CO2] treatment on soil N raises interesting questions
regarding the source of N for tree uptake under elev-
ated [CO2]. As noted in a previous paper, N uptake
rates were significantly greater with elevated [CO2],
including the unfertilized treatments (Johnson et al.,
1997). This leads to the question of whether the ad-
ditional N for uptake with elevated [CO2] came from:
1) increased mineralization, 2) increased soil explor-
ation, or 3) non-symbiotic N fixation (cf., Bormann
et al., 1993). Nitrogen mineralization rates during the
course of this study were initially reduced (during year
1) and later unaffected (during year 4) by elevated
[CO2] (Johnson et al., 1996). Thus, our conclusion at
the end of year 3 was that the source of additional N
uptake was either increased soil exploration or non-
symbiotic N fixation. These results suggest that trees
subjected to elevated [CO2] were able to ‘mine’ soil
N in the unfertilized N treatments, even though this
was not detected by laboratory N mineralization tests
or in the buried bag studies. This possibility will be
explored in a future paper using15N analyses of plant
tissues and soils.

Acknowledgements

Research supported by the Electric Power Research
Institute (RP3041-02), the U.S. Deparment of En-
ergy, and the Nevada Agricultural Experiment Station,



113

University of Nevada, Reno. Technical assistance by
Valerie Yturiaga, Donn Geisinger, Carol Johnson, and
Rick Susfalk is greatly appreciated.

References

Bernston G M and Bazzaz F A 1996 Belowground positive and
negative feedbacks on CO2 and growth enhancement. Plant Soil
187, 119–13

Bormann B T, Bormann F H, Pierce R S, Hamberg S P, Wang D,
Snyder M C and Ingersoll R C 1993 Rapid N2 fixation in pines,
alder, and locust: Evidence from the sandbox ecosystem study.
Ecology 74, 583–598.

Cheng W W and Johnson D W 1998 Elevated CO2, rhizosphere
proceses, and soil organic matter decomposition. Plant Soil 202,
167–174.

Collins M, and Rasmuson A 1988 A comparison of gas diffusivity
models for unsaturated porous media. Soil Sci. Soc. Amer. J. 52,
1559–1656.

Cotrufo M F, Ineson P and Rowland A P 1994 Decomposition of
tree leaf litters grown under elevated CO2: Effect of litter quality.
Plant Soil 163, 121–130.

David M B, Fuller R D, Fernandez I J, Mitchell M J, Rustad L E,
Vance G F, Stam A C and Nodvin S C 1990 Spodosol variability
and assessment of response to acidic deposition. Soil Sci. Soc.
Amer. J. 54, 541–548.

De Jong E and Schappert H J V 1972 Calculation of soil respiration
and activity from CO2 profiles in the soil. Soil Sci. 119, 328–333.

De Jong E, Schappert H J V and MacDonald K B 1974. Carbon
dioxide evolution from virgin and cultivated soil as affected by
management practices and climate. Can. J. Soil Sci. 54, 299–307.

Diaz S, Grime J P, Harris J and McPherson E 1993 Evidence for
feedback mechanism limiting plant response to elevated carbon
dioxide. Nature 365, 616–617.

Hungate B A, Canadell J and Chapin F S III 1996a Plant species
mediate changes in soil microbial N in response to elevated CO2.
Ecology 77, 2505–2515.

Hungate B A, Holland E A, Jackson R B, Chapin F S III, Field C
B and Mooney H A 1997 The fate of carbon in grasslands under
carbon dioxide enrichment. Nature 388, 576–579.

Hungate B A, Jackson R B, Field C B and Chapin F S III 1996b De-
tecting changes in soil carbon in CO2 enrichment experiments.
Plant Soil 187, 135–145

Ineson, P, Cotrufo M F, Bol R, Harkness D D and Blum H 1996
Quantification of soil carbon inputs under elevated CO2: C3
plants in a C4 soil. Plant Soil 187, 345–350.

Johnson D W, Ball J T and Walker R F 1997 Effects of CO2 and
nitrogen fertilization on vegetation and soil nutrient content in
juvenile ponderosa pine. Plant Soil 190, 29–40.

Johnson D W, Cole D W, Gessel S P, Singer M J and Minden R V
1977 Carbonic acid leaching in a tropical, temperate, subalpine,
and northern forest soil. Arctic Alpine Res. 9, 329–343.

Johnson D W, Geisinger D R, Walker R F, Newman J, Vose J M,
Elliot K J and Ball J T 1994 Soil pCO2, soil respiration, and

root activity in CO2-fumigated and nitrogen-fertilized ponderosa
pine. Plant Soil 165, 111–121.

Johnson D W, Henderson P H, Ball J T and Walker R F 1996 Effects
of CO2 and N on growth and N dynamics in ponderosa pine: Res-
ults from the first two growing seasons.In Carbon Dioxide and
Terrestrial Ecosystems. Eds G W Koch G W and H A Mooney.
pp 23–40. Academic Press, San Diego, CA.

Johnson D W, Henderson G S and Todd D E Jr. 1988 Changes in
nutrient distribution in forests and soils of Walker Branch wa-
tershed, Tennessee, over an eleven-year period. Biogeochem. 5,
275–293.

Johnson D W, Walker R F and Ball J T 1995 Combined effects of
nitrogen and elevated CO2 on forest soils. Water Air Soil Pollut.
85, 1551–1556

Körner C and Arnone J A 1992 Responses to elevated carbon diox-
ide in artificial tropical ecosystems. Science 257, 1672–1675.

Mattson K G 1995 CO2 efflux from coniferous forest soils: Com-
parison of measurement methods and effects of added nitrogen.
In Soils and Global Change Eds R. Lal, J. Kimble E Levine, and
B A Stewart pp. 329–341. Lewis Publishers, Boca Raton, FL.

McColl J G and Cole D W 1968 A mechanism of cation transport in
a forest soil. Northwest Sci. 42, 132–140

Moldrup P, Kruse C W, Rolston D E and Yamaguchi T 1996 Model-
ing diffusion and reaction in soils: III. Predicting gas diffusivity
from the Campbell soil-water model. Soil Sci 161, 366–375.

Norby R J, O’Neill E G and Luxmoore R J 1986 Effects of atmo-
spheric CO2 enrichment on the growth and mineral nutrition of
Quercus albaseedlings in nutrient-poor soil. Plant Physiol. 82,
83–89.

Olsen S R and Sommers L E 1982 Phosphorus.In Methods of
Soil Analysis. Part 2. Chemical and Microbiological Properties.
Eds A L Page, R H Miller and D R Keeney pp 403–430. 2nd
Edn. Number 9 in the Series, Agronomy. American Society of
Agronomy, Madison, WI.

O’Neill E G 1994 Responses of soil biota to elevated atmospheric
carbon dioxide. Plant Soil 165, 55–65.

Raich J W and Nadelhoffer K J 1989 Belowground carbon alloc-
ation in forest ecosystems: Global trends. Ecology 70, 1346–
1354.

Randlett D L, Zak D R, Pregitzer K S and Curtis P S 1996 Elevated
atmospheric carbon dioxide and leaf litter chemistry: Influences
on microbial respiration and net nitrogen mineralization. Soil
Sci. Soc. Amer. J. 60, 1571–1577.

Torbert H A, Rogers H H, Prior S A, Schlesinger W H and Runion G
B 1997. Effects of elevated atmospheric CO2 in agroecosystems
on soil carbon storage. Global Change Biology 3, 513–521.

Torbert H A, Prior S A, Rogers H H, Schlesinger W H, Mullins G
L and Runion G B 1996. Elevated atmospheric carbon dioxide
in agroecosystems affects groundwater quality. J. Environ. Qual.
25, 720–726.

Vose J M, Elliot K J, Johnson D W, Walker R F, Johnson M G and
Tingey D T 1995 Effects of elevated CO2 and N fertilization on
soil respiration from ponderosa pine (Pinus ponderosaDoug. ex
Laws.) Can. J. For. Res. 25, 1243–1251.

Zak D R, Pregitzer K S, Curtis P S, Teeri J A, Fogel R and Rand-
lett D L 1993 Elevated atmospheric CO2 and feedback between
carbon and nitrogen cycles. Plant Soil 151, 105–117.


