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Abstract. Elevated carbon dioxide (CO2) caused greater accumulation of carbon (C)
and nutrients in both vegetation and O horizons over a 5-yr sampling period in a scrub oak
ecosystem in Florida. Elevated CO2 had no effect on any measured soil property except
extractable phosphorus (P), which was lower with elevated CO 2 after five years. Anion and
cation exchange membranes showed lower available nitrogen (N) and zinc (Zn) with elevated CO2. Soils in both elevated and ambient CO2 showed decreases in total C, N, sulfur
(S), and cation exchange capacity, and increases in base saturation, exchangeable Ca 21, and
Mg21 over the 5-yr sampling period. We hypothesize that these soil changes were a delayed
response to prescribed fire, which was applied to the site just before the initiation of the
experiment. In the ambient CO2 treatment, the increases in vegetation and O horizon C,
N, and S were offset by the losses of soil total C, N, and S, resulting in no statistically
significant net changes in ecosystem C, N, or S over time. In the elevated CO 2 treatment,
the increases in vegetation and O horizon C content outweighed the losses in soil C, resulting
in a statistically significant net increase in ecosystem C content. Nitrogen and S contents
showed no statistically significant change over time in the elevated CO 2 treatment, however.
Comparisons of vegetation contents and soil pools of potassium (K), calcium (Ca), and
magnesium (Mg) suggest that a substantial proportion of these nutrients were taken up from
either groundwater or deep soil horizons. This study demonstrates that changes in ecosystem
C sequestration due elevated CO2 or any other factor cannot be accurately assessed in the
absence of data on changes in soils.
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INTRODUCTION
The long-term effects of elevated carbon dioxide
(CO2) on growth and carbon (C) sequestration are highly dependent upon the availability and cycling of nutrients, especially nitrogen (N). Elevated CO 2 can mitigate N deficiencies by facilitating increased uptake
and/or biomass production per unit uptake (Zak et al.
1993, McGuire et al. 1995, Bernston and Bazzaz 1996,
Johnson et al. 1997, Curtis et al. 2000, Medlyn et al.
2000). Some studies have suggested that elevated CO 2
can also facilitate greater soil exploration by increasing
root and mycorrhizal biomass (Norby et al. 1987, Rogers et al. 1992, Tingey et al. 1996, Pregitzer et al. 2000),
increased N mineralization (e.g., Zak et al. 1993), or
‘‘mining’’ of older soil N (Johnson et al. 2000a, b). On
the other hand, elevated CO2 could also exacerbate nutrient deficiencies by introducing high C:N ratio litter
or other organic compounds into the soil, causing N
immobilization (Diaz et al. 1993, Rice et al. 1995, Hungate et al. 1999). Elevated CO2 has been found to cause
both increased (Körner and Arnone 1992) and deManuscript received 25 April 2002; revised 18 November
2002; accepted 13 January 2003. Corresponding Editor: I. C.
Burke.

creased (Torbert et al. 1996) NO32 leaching, depending
on the degree to which N mineralization and N uptake
are affected. Nitrogen status seems to have an effect
on how elevated CO2 affects soil organic matter and N
mineralization. Cheng and Johnson (1998) found that
elevated CO2 reduced soil organic matter decomposition by 18% without N fertilization, but increased it by
22% with N fertilization in a greenhouse experiment
with wheat.
Studies on the effects of elevated CO2 on nutrients
other than N are fewer in number and have produced
conflicting results. Elevated CO2 often causes reduction
in tissue concentrations of nutrients besides N, but
there are numerous and inconsistent exceptions that
appear to relate to nutrient status and relative growth
rates (Luxmoore et al. 1986, Norby et al. 1986, Brown
1991, Johnson et al. 1997). Elevated CO2 has been
found to cause increases (e.g., Norby et al. 1986), decreases (e.g., Johnson et al. 1995, 2000a), or no effect
(e.g., Johnson et al. 1995, 2000a) in soil extractable P
and exchangeable Ca21, K1, and Mg21 in various greenhouse studies and open-top chamber studies. The often
noted increase in soil respiration under elevated CO2
(Körner and Arnone 1992, Johnson et al. 1994, Vose
et al. 1995, Hungate et al. 1997) could cause increased
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carbonic acid production and bicarbonate base cation
leaching if soils are not extremely acidic (Andrews and
Schlesinger 2001).
The interactions among changes in tissue nutrient
concentration, litter quality, root exudation, uptake and
recycling of nutrients are especially important in
closed-canopy forests; yet, because of logistical and
funding constraints, few studies have addressed the effects of elevated CO2 in closed canopy forests. Exceptions to this include the studies by Oren et al. (2001)
who noted a large reduction in growth response to elevated CO2 after three years of treatment in the prototype Free Air CO2 Enrichment (FACE) study at Duke.
They attributed this decline in CO2 response to progressive N deficiency, which was supported by increased growth response to CO2 after the addition of
N fertilizer. Allen et al. (2000) did not find significant
effects of elevated CO2 on O horizon C:N ratio during
the first year of treatment in the FACE site, and thus
the direct causes of the progressive N deficiency noted
by Oren et al. (2001) apparently did not include changes in the litter quality–decomposition pathway.
Elevated CO2 is only one of many factors that could
affect C sequestration in terrestrial ecosystems. Among
the other factors is the incidence of fire. Fire is an
important component of the global carbon cycle: the
contributions of fire to global CO2 emissions have been
estimated to rival those of fossil fuel emissions (Olson
1981, Crutzen and Andreae 1990, Mack et al. 1996).
Similarly, N emissions from fire appear to make a substantial contribution to the global N budget (Crutzen
and Andreae 1990, Galloway et al. 1995). The temperatures at which nutrients are gasified during fire
largely determine the effects of fire on nutrient budgets:
virtually all N in burned material is gasified, much of
the S, much less of the P, and little or none of the Ca,
K, and Mg (Raison et al. 1985). Thus, fire causes a net
loss of C, N, S, and possibly P (the latter only in hotter
fires) and lower concentration of K, Ca, and Mg in ash
left on site. Post-fire changes in soils depend largely
on the degree of revegetation, especially with regard
to nitrogen fixers (Johnson and Curtis 2001). In some
cases, invasion of nitrogen fixers can cause a net increase in soil C and N compared to pre-fire conditions
(Johnson and Curtis 2001).
We had the opportunity to study the effects of elevated CO2 on nutrient cycling in a fire-adapted scrub
oak system in Florida (Hungate et al. 1999). The Florida scrub oak system offers a unique opportunity to
study the combined effects of elevated CO2 and fire on
a model forest ecosystem. Fire is a dominant feature
of these ecosystems, with a natural fire return interval
of ;5–20 yr (Schmalzer and Hinkle 1996). Because of
the small stature of these scrub oak systems and their
rapid progression toward canopy closure after fire
(Schmalzer and Hinkle 1987, 1996), the feedback effects of elevated CO2 on stand-level nutrient cycling
can be realistically assessed within the lifetime of an
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experiment. Previous results from this site have shown
that elevated CO2 caused increased biomass for one of
the two major species (Quercus myrtifolia Willd.), increased fine root biomass (Day et al. 1996), but no
effects on root decomposition (Dilustro et al. 2001).
Elevated CO2 was found to have negative effects on
soil C, N, and P availability in soils in this study (Hungate et al. 1999, Shortemeyer et al. 2000, Johnson et
al. 2001). We hypothesized that the observed reductions in soil N and P availability with elevated CO 2
were due in part to increased uptake of these nutrients
by plants under this treatment (Johnson et al. 2001).
In this paper, we test this hypothesis and report the
results of a reinventory of soil nutrient pools 5 yr after
a stand-replacing prescribed fire and after 5 yr of treatment with elevated CO2.
SITE

AND

METHODS

Site
The study site is located on Merritt Island, a barrier
island off the east coast of central Florida and part of
the Kennedy Space Center (288389 N, 808429 W). The
substrates are well drained Pomello (Arenic Haplahumods) and Poala sands (Spodic Quartzipsamments).
Both soils are acidic and low in nutrients, and nutrients
tend to be concentrated in the standing biomass and in
the O and A horizons (Schmalzer and Hinkle 1996).
The experimental site is representative of a fire-maintained, scrub oak palmetto community (Breininger and
Schmalzer 1990). Two oak species, Quercus myrtifolia
Willd and Q. geminata Small. constituted up to 87%
of aboveground biomass in this system (Schmalzer and
Hinkle 1996). Minor species included Q. chapmannii
Sargent, Lyonia fruticosa, L. lucida, Vaccinium myrsinites, and Galactia eliotii (Dijkstra et al. 2002). Also
present was the saw palmetto Serenoa repens Small,
which typically contains considerable biomass in its
rhizomes (Schmalzer and Hinkle 1996). The climate is
subtropical, warm, and humid, with a 100-yr mean annual precipitation total of 131 cm and high year-to-year
variability. One-hundred-year mean maximum and
minimum temperatures in July, the hottest month, are
33.38C and 21.88C, respectively, and 22.38C and 9.58C,
respectively, in January, the coldest month (Mailander
1990).

Experimental design
The study site was burned in August 1995 with a
few remaining areas burned in January 1996 prior to
establishment of 16 open-top chambers (OTCs). Of the
16 OTCs, 8 were maintained at current ambient CO2
and 8 at ambient plus 350 mL/L CO2 (elevated). The
OTCs were octagonal in design with the largest diameter 3.66 m and with sides 1.4 m long. Each chamber
was 3.3 m high with the frustum at the midpoint providing a chamber volume of 18.9 m3. Eight unchambered control plots of identical surface area were also
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FIG. 1. Carbon, nitrogen, and sulfur contents in soil, O horizon, and vegetation in the study site in 1996 (Year 0) and
2001 (Year 5). Soil contents in the 21–60 cm depth are shown as negative values so that total ecosystem contents using soils
at 0–21 cm depths can be compared. (Soils at the 21–60 cm depth were not sampled in 1996.) Standard errors of total
ecosystem and soil pools are shown. Statistically significant differences in ecosystem content over time are represented as
follows: *P , 0.05 (Student’s t test). See Table 1 for other statistical analyses.

established. The plots were blocked according to preburn aboveground biomass, species composition, and
proximity. Each block consisted of one of each of the
ambient, elevated, and unchambered plots.

Methods
In April of 1996, after the plots had been chosen but
before the chambers had been constructed, we removed
soil samples from the A (0–9 cm) and E (9–21 cm)
horizons for pretreatment chemical analysis. The cores
were taken using a 5-cm diameter corer from two points
within 50 cm of the center of each plot.
Five years later, in April of 2001, we sampled soils
by depth (0–9, 9–21, and 21–60 cm, corresponding to
the A, E, and BC horizons) using a 2.5 cm diameter
punch auger at 10 random points in each chamber. The
top two depths were used so that analyses between the
original sampling in 1996 could be compared to the
2001 sampling; no samples were taken at the 21–60
cm depth in 1996. In order to minimize disturbance to
the treatment chambers, soil bulk density pits were dug
outside of the chamber area. Five soil pits were dug

near the treatment area and sampled at the same depths
as the chambers using a coring device. Coarse fragments were negligible throughout the sandy profile. In
March of 2001, we collected samples from the two
dominant oaks, Q. myrtifolia and Q. geminata, for nutrient analyses. Two stems of each species were cut at
ground level from each plot and divided immediately
into leaf and stem subsamples. We also removed one
sample of the O horizon from each experimental chamber, collecting all litter material within a randomly
placed 0.053 m2 ring. Plant and O horizon samples were
then oven dried at 608C to constant mass and ground
to 40 mesh. Biomass of Q. myrtifolia and Q. geminata
was estimated using regressions between biomass and
stem diameter (Dijkstra et al. 2002) and diameter tallies
of all oak stems within each chamber. Litterfall was
collected over a period of one year in elongated,
screened troughs measuring 76.2 3 5.1 cm (387 cm2),
three per chamber. For this analysis, all litterfall was
combined by chamber and ground for analysis.
Vegetation, litterfall, and O horizon samples were
analyzed for nutrient concentrations at A&L Western
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TABLE 1. Probability values for repeated-measures ANOVA tests on the effects of treatment
on vegetation, litter, and soil nutrient contents and effects of time on soil content.
C

N

P

K

Ca

Mg

S

Vegetation
Treatment

Sample

0.04

0.08

0.11

0.06

0.05

0.11

0.14

Litter
Treatment

0.04

0.03

0.35

0.26

0.08

0.39

0.17

0.39
,0.01
0.87

0.30
,0.01
0.47

0.05
0.06
0.74

0.75
0.33
0.42

0.60
0.13
0.33

0.57
0.07
0.08

0.96
0.01
0.20

Soils, 0–60 cm
Treatment

0.39

0.41

0.41

0.43

0.61

0.49

0.04

Ecosystem (0–21 cm)
Treatment
Time
Treatment 3 time

0.80
0.52
0.39

0.35
0.29
0.37

0.33
,0.01
0.40

0.09
,0.01
0.25

0.04
,0.01
0.17

0.14
,0.01
0.67

0.97
0.24
0.40

Ecosystem (0–60 cm)
Treatment

0.41

0.48

0.31

0.13

0.04

0.25

0.16

Soils, 0–21 cm
Treatment
Time
Treatment 3 time

Agricultural Laboratories (Modesto, California, USA).
At A&L, nitrogen analyses were performed on a Leco
FP428 combustion analyzer (Leco, St. Joseph, Michigan, USA). All other elements were analyzed by inductively coupled plasma emission spectroscopy after
microwave digestion (Borkowska-Burnecka et al.
2000) using a nitric acid–hydrogen peroxide digestion
mixture. Vegetation nutrient content was calculated by
multiplying estimated biomass by mean nutrient concentration by species and component (foliage and
stem). For the nutrient content estimates for minor species (which constituted a mean of 13% of total aboveground biomass), total biomass of these species was
multiplied by the biomass-weighted mean nutrient concentration of Q. geminata and Q. myrtifolia for each
chamber. Biomass-weighted mean aboveground plant
concentration gives an index of overall changes in ‘‘nutrient use efficiency’’ with treatment. This value is obtained as
WTD 5 [(FM)(FC) 1 (SM)(SC)]/[FM 1 SM]
where WTD 5 weighted mean concentration, FM 5
foliage mass (kg/ha), FC 5 foliage concentration, SM
5 stem mass (kg/ha), SC 5 stem concentration. For
this calculation, both species were combined.
Soils were analyzed at the Oregon State University
Soil Testing Lab (Corvallis, Oregon, USA). At OSU,
soil extractable P was analyzed by the bicarbonate
method (2 g soil in 50 mL 0.05 mol/L NaHCO3), exchangeable cations and cation exchange capacity by
the ammonium acetate method (10 g soil in 50 mL 1
mol/L ammonium acetate, atomic absorption analyses
for Ca 21, Mg 21, K1, and Na 1, followed by soil extraction with 0.1 mol/L HCl to displace the ammonium, with automated colorimetric analysis), and total
C, N, and S by PerkinElmer 2400 CHNS analyzer
(PerkinElmer, Wellesley, Massachusetts, USA). Anal-

yses of the 1996 soils for exchangeable K1, Ca21, and
Mg21 were available from the NASA soil analytical
laboratory. These were also extracted by 1 mol/L ammonium acetate, but using a different soil : solution ratio (i.e., 1:4, or 5 g soil in 20 mL) than that used in
2001. Perhaps because of the different soil : solution
ratios, comparisons of 2001 (‘‘new’’) and 1996 (‘‘old’’)
analyses revealed significant laboratory bias, where the
new analyses were substantially greater than the old
analyses for Ca21 and Mg21: old Ca21 5 0.00 1 (0.36
3 new Ca21), r2 5 0.36; old Mg21 5 0.00 1 (0.38 3
new Mg21), r2 5 0.70. In the case of K1, the 2001
analyses were also substantially greater than the 1996
analyses, and the correlation coefficient was also very
poor and not statistically significant (r2 5 0.002). It is
not possible to know the true, absolute values for these
soils, and thus we avoided the laboratory bias problem
by using the 2001 analyses exclusively. No values for
C, N, or S were available from the 1996 analysis data
set.
In June 2000, soil N and P availability were measured using Plant Root Simulator (PRS) probes (Western Ag Innovations, Saskatoon, Canada). These probes
consist of either anion or cation exchange membranes
conveniently imbedded in plastic stakes for easy installation and recovery. In this case, the probes were
installed for a period of two weeks before recovery.
Upon recovery, the probes were sent to Western Ag
Innovations for extraction. At Western Ag, each probe
was first rinsed of all soil material and then extracted
with 17.5 mL of 0.5 mol/L HCl for one hour. The eluent
was analyzed for NO32 and NH41 by automated colorimetric procedures, and for P, S, Ca, K, Mg, Na, Mn,
Zn, Cu, Fe, and B by inductively coupled plasma emission spectroscopy.

Statistical analyses
Statistical analyses were performed using Student’s
t tests for treatment effects in Microsoft Excel for those
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TABLE 2. Biomass and nutrient contents of Quercus myrtifolia and Quercus geminata in
ambient and elevated CO2 treatments. P values for Student’s t tests are given.

Q. myrtifolia
Mean (61

Q. geminata
Mean (61

P

SE )

SE )

P

Carbon (kg/ha)
Ambient
Elevated

1621 (326)
2984 (543)

0.03

1250 (256)
1129 (350)

0.39

Nitrogen (kg/ha)
Ambient
Elevated

25.5 (5.1)
35.8 (6.4)

0.11

20.9 (4.1)
16.8 (5.0)

0.27

Phosphorus (kg/ha)
Ambient
Elevated

3.70 (0.67)
6.53 (1.30)

0.04

4.73 (0.99)
3.45 (1.08)

0.320

Sulfur (kg/ha)
Ambient
Elevated

0.96 (0.18)
1.19 (0.21)

0.22

1.09 (0.24)
0.92 (0.30)

0.33

Potassium (kg/ha)
Ambient
Elevated

11.5 (2.4)
21.4 (5.1)

0.05

10.1 (1.8)
9.6 (2.9)

0.16

Calcium (kg/ha)
Ambient
Elevated

24.2 (4.5)
46.1 (9.2)

0.03

23.1 (5.0)
17.0 (5.1)

0.20

Magnesium (kg/ha)
Ambient
Elevated

3.93 (0.73)
5.98 (1.07)

0.07

3.98 (1.08)
2.73 (0.86)

0.19

Zinc (g/ha)
Ambient
Elevated

128 (21)
244 (62)

0.05

86 (17)
83 (28)

0.45

Manganese (g/ha)
Ambient
Elevated

141 (23)
307 (64)

0.02

150 (35)
153 (48)

0.48

Iron (g/ha)
Ambient
Elevated

267 (138)
350 (124)

0.33

108 (30)
91 (25)

0.33

Copper (g/ha)
Ambient
Elevated

18 (3)
41 (8)

0.02

17 (4)
15 (5)

0.39

Boron (g/ha)
Ambient
Elevated

51 (9)
79 (14)

0.06

50 (10)
37 (11)

0.20

ecosystem components that were not measured more
than once (e.g., vegetation, O horizons). For soils, General Linear Model (GLM) in DataDesk software (Velleman 1997) was used to detect the effects of treatment
and time. Within GLM, analysis of variance was used
for overall treatment effects and the repeated measures
option was used to detect soil changes.
RESULTS

Carbon, nitrogen, and sulfur
Elevated CO2 caused a 138% increase in aboveground vegetation C, a 31% increase in O horizon C,
and an 82% increase in total aboveground C compared
to the ambient treatment (Fig. 1, Table 1). As noted
previously (Dijkstra et al. 2002), most of the aboveground vegetation response was due to Q. myrtifolia,

which comprised approximately half of aboveground
vegetation C content and showed a 78% increase with
elevated CO2 (Table 2). The effects of elevated CO2 on
Q. geminata, which comprised approximately one third
of the vegetation C content, were not statistically significant.
Nitrogen and sulfur contents in vegetation followed
the same basic patterns as carbon, with some variation
due to differing nutrient concentrations in vegetation
components (foliage and wood) and the effects of elevated CO2 on nutrient concentrations (Table 3). Elevated CO2 caused reduced tissue nutrient concentrations of N and S, including the biomass weighted mean
concentrations, indicating greater ‘‘nutrient use efficiency’’ for these nutrients. The differences in N concentration were more than offset by the differences in
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Nutrient concentrations in vegetation and litter.
K
(%)

Mg
(%)

0.20
0.17

0.49
0.51

0.15
0.12**

0.70
0.62

679
621

24
26

Q. myrtifolia
Ambient CO2 1.24
0.09
Elevated CO2 1.09** 0.09

0.46
0.46

0.14
0.12

0.58
0.67

550
418**

Treatment

N
(%)

Foliage
Q. geminata
Ambient CO2 1.13
Elevated CO2 1.03*

P
(%)

Ca
(%)

S
(mg/g)

Zn
(mg/g)

Mn
(mg/g)

Fe
(mg/g)

Cu
(mg/g)

B
(mg/g)

59
83

48
40

5.3
5.2

31
23***

34
38

63
86*

58
80

5.1
5.5

25
24

Stems
Q. geminata
Ambient CO2 0.56
Elevated CO2 0.52

0.16
0.14

0.32
0.35

0.130
0.110*

1.02
0.78*

229
213

42
37

58
58

41
59

6.5
7.3

10
11

Q. myrtifolia
Ambient CO2 0.46
Elevated CO2 0.39

0.12
0.11

0.26
0.28

0.110
0.090

0.82
0.77

129
113

41
38

31
35

66
35

5.7
7.1

10
9*

Weighted mean
Q. geminata
Ambient CO2 0.79
0.18
Elevated CO2 0.72** 0.15*

0.39
0.44

0.14
0.11**

0.85
0.71**

410
380

33
33

57
68*

45
52

6.3
6.4

19
16

Q. myrtifolia
Ambient CO2 0.74
0.11
Elevated CO2 0.59** 0.11

0.33
0.33

0.12
0.10*

0.73
0.74

284
190***

38
38

48
50

64
49

5.5
6.6

15
13**

Total vegetation
0.14
Ambient CO2 0.76
Elevated CO2 0.63** 0.12**

0.36
0.36

0.13
0.10**

0.77
0.74

338
261**

35
37

48
54

57
51

5.8
6.6

17
14

Litterfall
Ambient CO2 1.00
Elevated CO2 1.01

0.09
0.10

0.25
0.27

0.10
0.08**

0.66
0.71

837
762*

59
57

66
101***

175
129

Standing litter
Ambient CO2 0.99
Elevated CO2 1.03

0.05
0.04

0.12
0.12

0.101
0.085*

0.93
1.02

850
763*

50
65*

73
100**

99
107

19
7
4.3
7.2

54
42***
17
14*

Note: Statistically significant differences between elevated and ambient CO2 are represented as follows: *P , 0.05; **P
, 0.01; ***P , 0.001.

biomass, however, and thus uptake and accumulation
of N in vegetation were greater with elevated CO2 (Fig.
1, Table 1).
Lower foliar N concentrations under elevated CO2
did not result in lower litterfall and O horizon N concentrations, suggesting that translocation reduced foliar
N concentrations to an approximately constant value
before senescence (Table 3). In contrast, litterfall and
O horizon S concentrations did reflect the reduction
with elevated CO2 seen in foliage. The reduced O horizon S concentrations with elevated CO 2 offset the
increases in O horizon biomass, resulting in no statistically significant treatment effect on O horizon S content. The fact that litterfall S concentrations exceeded
live foliage concentrations suggests that there was little
or no translocation of S (depending on how much mass
loss foliage experienced during senescence).
There were no statistically significant CO2 treatment
effects on soil total C, total N, or total S at any depth
or time (Fig. 2, Tables 1, 4). The PRS probes showed
significantly lower NO32, NH41, and mineral N (NO32
1 NH41) with elevated CO2 in June 2000, however

(Table 5). The negative effect of elevated CO2 on soil
available N was noted previously (Johnson et al. 2001),
and was hypothesized to be due to greater vegetation
N uptake under elevated CO2. The current results support this hypothesis.
Statistically significant decreases in C, N, and S concentrations in the A horizon were noted over the 5-yr
sampling period (Fig. 2, Tables 1, 4). There were no
statistically significant changes in soil C:N ratio, but
there was a statistically significant decrease in cation
exchange capacity (CEC), probably a result of a decrease in organic exchange sites. The losses of C from
soils over the sampling period offset the gains in aboveground biomass and O horizon, so that there was no
statistically significant change in ecosystem C contents
in the ambient treatment (P 5 0.14) or when treatments
were combined (Fig. 1, Table 1). In the elevated CO2
treatment, however, the increased aboveground C outweighed the decrease in soil C, resulting in a net increase in ecosystem C (P 5 0.05) over time. There
were no changes in ecosystem N or S content in either
treatment because the soil losses offset the gains in
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FIG. 2. Total carbon, nitrogen, and sulfur, C:N ratio, and cation exchange capacity (CEC) in soils from the study site in
1996 (before treatment) and in 2001 (five years after treatment). Note that BC horizons were not sampled in 1996. Error
bars represent 11 SE.

aboveground and O horizon components (Fig. 1, Table 1).

Phosphorus, potassium, calcium, and magnesium
Elevated CO2 caused increased vegetation P, K, and
Mg contents and increased O horizon Ca content. Elevated CO2 had no statistically significant effect on
vegetation Ca content, O horizon P, K, or Mg contents
(Fig. 3, Table 1). Elevated CO2 caused significantly
lower concentrations of P, Ca, and Mg in some cases,
but not K. As was the case for S, the reductions in
foliar Mg concentrations with elevated CO2 were also

reflected in reduced litterfall and O horizon Mg concentrations. Litterfall concentrations of K and Mg were
lower than those in live foliage, indicating positive
translocation and foliar leaching (especially in the case
of K).
The only statistically significant treatment effect on
soils was for extractable P, which was lower with elevated CO2 in the 2001 sampling but not in the 1996
sampling (Fig. 4, Table 4). This response in soil extractable P may simply reflect a pretreatment difference
(even though the initial differences in extractable P
were not statistically significant) because the treatment
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TABLE 4. Probability values for repeated-measures ANOVA tests on the effects of treatment and time on soil chemical
properties.

Total C

Total N

Cation
C:N exchange Total
ratio capacity
S

0.44
,0.01
0.95

0.29
,0.01
0.49

0.26
0.06
0.05

0.78
0.04
0.98

0.56
0.05
0.98

0.06
0.62
0.25

0.67
0.27
0.91

0.59
,0.01
0.11

0.7
0.01
0.03

0.88
,0.01
0.25

E horizons (9–21 cm)
Treatment
Time
Treatment 3 time

0.57
0.4
0.93

0.44
0.74
0.86

0.57
0.4
0.93

0.39
0.73
0.85

0.41
0.98
0.09

0.19
0.05
1.00

0.28
0.02
0.28

0.88
0.11
0.80

0.94
0.16
0.81

0.84
0.42
0.7

BC horizons (21–60 cm)
Treatment

0.69

1.00

0.69

0.68

0.08

0.55

0.55

0.76

1.00

0.83

Soil sample
A horizons (0–9 cm)
Treatment
Time
Treatment 3 time

3 time interaction term was not significant (Table 4).
There were no statistically significant CO2 treatment
effects on soil exchangeable K1, Ca21, or Mg21 at any
depth or time (Fig. 4, Table 4). Similarly, the PRS
probes showed no treatment effects on available P, K,
Ca, or Mg in June 2000 Table 5).
A horizons showed statistically significant increases
in base saturation, exchangeable Ca21 and Mg2 over the
5-yr sampling period (Figs. 3–4, Table 3). The only
change in the E horizons was a statistically significant
decrease in exchangeable K1 over the sampling period.
There were no statistically significant changes in soil
C:N ratio or extractable P over the sampling period.
There were significant increases in ecosystem P, K,
Ca, and Mg contents over the sampling period (where
ecosystem content was defined as including only extractable or exchangeable pools to a depth of 21 cm;
Fig. 3, Table 1). These gains were due almost exclusively to increased vegetation and O horizon contents.
Changes in soil contents of these nutrients were small,
and in the cases of K1 and Ca21 not statistically significant, despite the previously noted increases in A
horizon exchangeable Ca21 and Mg21.

TABLE 5.

Percent
Extract- Exchange- Exchange- Exchangebase
1
2
1
2
1
able P
able K
able Ca able Mg saturation

Zinc, manganese, iron, copper, and boron
Elevated CO2 caused generally lower boron (B) concentrations in live tissues (statistically significant in
foliage of Q. geminata, stem in Q. myrtifolia, weighted
mean in Q. myrtifolia, and weighted mean overall; Table 3). The lower foliar concentrations apparently resulted in significantly lower B concentrations in litterfall and O horizons. O horizon B concentrations were
lower than those in litterfall and foliage, suggesting
that B was leached from the O horizon. Elevated CO 2
caused significantly greater concentrations of manganese (statistically significant in foliage of Q. myrtifolia), which apparently caused greater concentrations
of Mn in both litterfall and O horizons (Table 3). Zinc
concentrations in the O horizon were also significantly
greater with elevated CO2, apparently as a result of
greater Zn concentrations in foliage (even though these
concentrations were not statistically significant). The
PRS probes showed significantly lower Zn availability
with elevated CO2, but no treatment effects on any other
measured micronutrient (Table 5). Neither tissue analyses nor PRS probe data showed any treatment effects
on Fe or Cu.

Results of plant root simulator probe analysis of soil nutrient availability.

Nutrient
NH41 1 NO32
NO32
NH41
Ca21
Mg21
K1
Ortho-P
Fe
Mn
Cu
Zn
B
S

Ambient CO2
(m/10 cm2)
7.05
3.08
4.08
160
89
131
8.1
3.4
0.5
0.20
2.3
0.4
118

(1.51)
(1.26)
(0.56)
(12)
(10)
(9)
(4.1)
(0.5)
(0.1)
(0.00)
(0.2)
(0.1)
(27)

Elevated CO2
(mg/10 cm2)
3.73
1.18
3.20
145
80
141
4.3
4.0
0.6
0.20
1.9
0.48
89

(0.37)
(0.18)
(0.23)
(7)
(5)
(34)
(0.8)
(0.8)
(0.1)
(0.00)
(0.1)
(0.06)
(15)

Note: Data are reported as means, with standard error in parentheses.

P
0.03
0.08
0.08
0.14
0.21
0.38
0.20
0.26
0.35
1.00
0.05
0.57
0.95
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FIG. 3. Phosphorus, potassium, calcium, and magnesium contents in soil (exchangeable for K1, Ca21, and Mg21; extractable
for P), O horizon, and vegetation in the study site in 1996 (Year 0) and 2001 (Year 5). Soil contents in the 21–60 cm depth
are shown as negative values so that total ecosystem contents using soils at 0–21 cm depths can be compared. (Soils at the
21–60 cm depth were not sampled in 1996). Standard errors of total ecosystem and soil pools are shown. Significant differences
in ecosystem content over time are represented as follows: ***P , 0.001 (Student’s t test). See Table 1 for other statistical
analyses.

DISCUSSION
These results illustrate the importance of taking soil
changes into account when assessing the changes in
ecosystem carbon. The prescribed fire prior to the establishment of the experiment eliminated virtually all
of the vegetation and O horizon, allowing us to clearly
define and measure the reaccumulation of C and nutrients in aboveground components. Ignoring soil
changes would result in estimates of increases in ecosystem C capital of 10.5 Mg C/ha with elevated CO2
and 7.4 Mg C/ha with ambient CO2, for a difference
of 3.1 Mg C/ha. When soil changes are taken into account, however, ecosystem changes were 3.7 Mg C/ha
with elevated CO2 and 0.0 Mg C/ha with ambient CO2,
for a difference of 6.2 Mg C/ha. Thus, while the effects
of elevated CO2 in each case are approximately the
same, the net changes in the ecosystem C capital are
very different. It is unfortunate that soils were not sampled from greater depths in 1996 so that we could have
made a full accounting of soil change.
We hypothesize that the changes observed in the A
horizons were a delayed response to fire. Specifically,
we hypothesize that (1) soil organic matter continued

to oxidize after the fire, before the ground surface was
shaded and vegetation regrowth began to add new organic matter to the soil, and (2) Ca21 and Mg21 left in
the ash after the fire leached into the A horizon, causing
the observed increases there. These results contrast
with those of Schmalzer and Hinkle (1987, 1996), who
found little effect of fire on soils in their chronosequence studies near this site. Two factors may account
for this. First, we found much lower concentrations of
exchangeable base cations than Schmalzer and Hinkle
did, allowing us to detect changes more readily. Secondly, our studies provide a more accurate assessment
of soil change in that they were conducted in real time
and not confounded by site differences, as can be the
case in chronosequence studies.
The lack of any depletion of soil pools of Ca21 or
Mg21 over time demonstrates that the vegetation did
not obtain much of its Ca and Mg from the 0–21 cm
depth. In the case of K1, the decreases in exchangeable
E horizon concentration were far less than the increases
in vegetation and O horizon pools, so the conclusion
is similar to that for Ca and Mg (i.e., uptake could not
have occurred exclusively from the upper 21 cm of
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FIG. 4. Extractable P, exchangeable K1, Ca21, and Mg21, and base saturation in soils from the study site in 1996 (before
treatment) and in 2001 (five years after treatment). Note that BC horizons were not sampled in 1996. Error bars represent
61 SE. Statistically significant difference between elevated and ambient CO2 are represented as follows: *P , 0.05 (Student’s
t test).

soil). It is not possible to determine to what extent (if
any) the lower soil horizons (21–60 cm depth) were
depleted of base cations over the sampling period because these horizons were not sampled in 1996. These
soils are derived from beach sands and are nearly devoid of weatherable minerals, and thus the replenishment of Ca, K, and Mg by soil weathering is not likely.
We hypothesize that the uptake of K and Ca, at least
(and probably other nutrients as well), originated from
either deeper soil horizons or from groundwater.
It is interesting to note that lower foliar N concentrations did not cause lower litterfall and O horizon N

concentrations. This suggests that translocation reduced foliar N values to a relatively constant concentration (e.g., Turner 1977) rather than reducing foliar
concentrations by a percentage of live foliage concentration (e.g., Nambiar and Fife 1991). Thus, there
would seem to be little chance for a CO2-induced reduction in litter decomposition due to higher C:N ratio
in litterfall. These results contrast with those of Norby
et al. (2001), who found translocation percentages for
ambient and elevated CO2 to be essentially identical
(49% and 48%, respectively) in a meta analysis of the
literature.
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SUMMARY

AND

CONCLUSIONS

1) Elevated CO2 stimulated growth and nutrient uptake in the scrub oak stand studied here. The increased
growth and nutrient uptake were due mainly to one of
the two major species, Q. myrtifolia, a response noted
previously at this site (Dijkstra et al. 2002). Because
of the greater primary productivity, there were also
greater accumulations of C and nutrients in the O horizon under elevated CO2.
2) We observed declines in C, N, S, and cation exchange capacity, increases in exchangeable Ca 21, Mg21,
and base saturation in the A horizon soils over the 5yr sampling period. We hypothesize that these soil
changes were a delayed response to prescribed fire applied to the site before the start of the experiment.
3) Over the 5-yr sampling period, the increases in
vegetation and O horizon C, N, and S were offset by
the losses of soil total C, N, and S, resulting in no
statistically significant net changes through time in the
ambient CO2 treatments. In the elevated CO2 treatments, the increases in vegetation and O horizon C
outweighed the losses in soil C, resulting in a net ecosystem gain in C.
4) There were no treatment effects on any measured
soil property except extractable P, which was lower
with elevated CO2 after five years. Anion and cation
exchange membranes (PRS probes) showed lower
available N with elevated CO2, as in previous studies,
and also lower Zn with elevated CO2.
5) Comparisons of vegetation contents and soil pools
of K, Ca, and Mg suggest that a substantial proportion
of these nutrients was taken up from either groundwater
or deeper soil horizons over the sampling period.
This study demonstrates that the effects of elevated
CO2 or any other perturbation on ecosystem C sequestration cannot be assessed in the absence of data on
changes in soils. In this instance, the delayed response
of soil C and associated nutrients to fire significantly
offset the aboveground responses, and ignoring soil
changes could have led to erroneous conclusions about
the magnitudes of ecosystem C sequestration and the
effects of elevated CO2 on them.
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