Global Change Biology (1999) 5, 781-789

Elevated CO, increases nitrogen fixation and decreases
soil nitrogen mineralization in Florida scrub oak
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Abstract

We report changes in nitrogen cycling in Florida scrub oak in response to elevated
atmospheric CO, during the first 14 months of experimental treatment. Elevated CO,
stimulated above-ground growth, nitrogen mass, and root nodule production of the
nitrogen-fixing vine, Galactia elliottii Nuttall. During this period, elevated CO, re-
duced rates of gross nitrogen mineralization in soil, and resulted in lower recovery of
nitrate on resin lysimeters. Elevated CO, did not alter nitrogen in the soil microbial
biomass, but increased the specific rate of ammonium immobilization (NH,* im-
mobilized per unit microbial N) measured over a 24-h period. Increased carbon input
to soil through greater root growth combined with a decrease in the quality of that
carbon in elevated CO; best explains these changes.

These results demonstrate that atmospheric CO, concentration influences both the
internal cycling of nitrogen (mineralization, immobilization, and nitrification) as well
as the processes that regulate total ecosystem nitrogen mass (nitrogen fixation and
nitrate leaching) in Florida coastal scrub oak. If these changes in nitrogen cycling are
sustained, they could cause long-term feedbacks to the growth responses of plants to
elevated CO,. Greater nitrogen fixation and reduced leaching could stimulate nitro-
gen-limited plant growth by increasing the mass of labile nitrogen in the ecosystem.
By contrast, reduced nitrogen mineralization and increased immobilization will
restrict the supply rate of plant-available nitrogen, potentially reducing plant growth.
Thus, the net feedback to plant growth will depend on the balance of these effects
through time.
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Introduction

Human use of fossil fuels over the last century has
increased the concentration of carbon dioxide (CO,) in
the atmosphere by about 90uLL™ (Keeling 1986), a
change in atmospheric composition unprecedented for
the past 160 000 years (Barnola et al. 1987). Increased CO,
concentration usually stimulates plant carbon uptake
through photosynthesis (Drake etal. 1997), and often
increases carbon distribution below ground (Canadell
etal. 1996; Hungate etal. 1997c). Increased uptake of
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carbon by plants and increased distribution to soil in
elevated CO, could drive changes in the cycling of other
elements, such as nitrogen.

Nitrogen fixation—-the conversion of dinitrogen gas
(Ny) in the atmosphere to ammonium (NH4"), a form
usable by plants —is the major biological process through
which nitrogen enters terrestrial ecosystems (Schlesinger
1997). Initial surveys of experiments conducted on plants
in isolated pots found that elevated CO, generally caused
a larger growth increase in nitrogen-fixing plants than in
plants that do not fix nitrogen (Hunt et al. 1991; Hunt et al.
1993; Poorter 1993). Symbiotic nitrogen fixation is
energetically expensive (Benemann & Valentine 1972),
but it is usually not directly regulated by the availability
of photosynthate (Finn & Brun 1982; Hunt & Layzell
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1993; Hartwig et al. 1994; Weisbach etal. 1996). Thus, the
relatively large growth enhancements of nitrogen-fixers
by elevated CO, might be viewed as a realization of the
COs-limitation of plant growth matched by a ready
supply of nitrogen from the atmosphere, rather than a
direct CO,-limitation of N fixation itself (Hartwig etal.
1996). Whether elevated CO, causes a greater growth
enhancement of nitrogen-fixing plants in naturally
occurring plant assemblages is more controversial
(Mooney etal. 1998), with some studies supporting the
idea that responses of nitrogen fixers are relatively large
compared to nonfixing plants (Soussana & Hartwig 1996;
Hebeisen etal. 1997, Lischer etal. 1998), and others
demonstrating very small or no growth responses of
nitrogen-fixing plants in the field (Schappi & Korner
1996; Leadley & Koérner 1996; Niklaus et al. 1998).

In addition to altering nitrogen fixation, elevated
CO, can influence the rates of transfer between
organic and inorganic nitrogen pools in the soil
Understanding the overall effects of elevated CO, on
nitrogen cycling requires investigating all of these
processes simultaneously. The hypothesis that elevated
CO, will increase nitrogen fixation, though unresolved,
is relatively straightforward, but hypotheses about
CO, effects on the transformations of nitrogen in the
soil remain highly controversial, and the data incon-
clusive. Elevated CO, could alter these nitrogen
transformations by altering the quantity and/or the
quality of the organic substrates plants add to soil
through litterfall, root turnover, and root exudation
(Melillo 1983; Diaz etal. 1993; Zak etal. 1993), or by
altering soil water content (Hungate etal. 1997a;
Arnone & Bohlen 1998). Increased carbon input to
soil is expected to fuel heterotrophic microbial activity,
increasing microbial demand for inorganic nitrogen,
and thus stimulating nitrogen immobilization (Lux-
moore 1981), effects which have been observed in a
number of elevated CO, studies (Diaz etal. 1993;
Morgan etal. 1994; Rice etal. 1994; Rouhier etal. 1994).
In addition to stimulating microbial nitrogen uptake
through increased carbon input to soil, elevated CO,
could directly decrease the process of mineralization if
the quality of root-derived carbon added to the below-
ground system declines, due to lower nitrogen
concentrations or to increased concentration of recalci-
trant carbon compounds (Berntson & Bazzaz 1997). By
contrast, an initial stimulation of microbial nitrogen
uptake could lead to an increase in nitrogen miner-
alization, if increased carbon input to soil enables
microbes to immobilize otherwise inaccessible pools of
nitrogen, and if the subsequent expansion of the
microbial biomass is accompanied by increased rates
of microbial turnover, through predation by protozoa,
for example, a process which enhances nitrogen

mineralization (Clarholm 1985, 1989). Evidence for this
chain reaction also exists in elevated CO, studies (Zak
etal. 1993).

Most studies to date that have examined the effects of
elevated CO, on soil nitrogen transformations have been
conducted in laboratory or outdoor microcosms, with
homogenized soil, simplified plant assemblages (many in
monoculture), and restricted soil volume, simplifications
to the experimental system that are likely to increase
statistical power and facilitate interpretation. However,
these departures from field conditions restrict the suite of
interactions that occurs in the field, and may also
introduce experimental artifacts (McConnaughay etal.
1993; O'Neill & Norby 1996). Thus, capturing the
integrative effects of elevated CO, on nitrogen cycling
requires studying these processes under natural field
conditions.

In this experiment, we investigated the effects of
elevated CO, on nitrogen transformations and pools in
a naturally occurring stand of scrub-oak vegetation in
central, coastal Florida, at the Merrit Island National
Wildlife Refuge. After several decades of fire suppres-
sion, the scrub-oak vegetation in the Merrit Island
National Wildlife Refuge is now managed with con-
trolled burns. Resprouting after fire is rapid-the fire
return time is =7-10years (Schmalzer & Hinkle 1992a) -
and canopy closure occurs as soon as 4 years after fire
(Schmalzer, pers. comm.). Establishing our experiment in
this ecosystem thus presents the opportunity to examine
responses to elevated CO, in a woody perennial
ecosystem over an entire disturbance cycle. Here, we
present results from the first year of the experiment,
before substantial input of above-ground litter, and
before canopy closure.

Materials and methods

We chose a 10-y-old stand of scrub-oak vegetation,
selected sites dominated by Quercus myrtifolia Willd.,
Q. chapmanii Sargent, and Q. geminata Small, and then
burned the above-ground vegetation. The soil at the site
is a Histosol, Pomello series (Huckle etal. 1974). Sixteen
3.8-m wide X 3.8-m tall octagonal open-top chambers
similar in design to Drake etal. (1989) were erected
following the burn to maintain ambient and ambient
+350 ppmv CO, concentrations over the enclosed
vegetation, with 8 chambers at each CO, level. (For
further details of the experimental setup, see Stiling et al.
1999.)

Galactia elliottii, a leguminous vine, grows rapidly in
scrub oak immediately after fire, but diminishes in
relative abundance as the dominant oaks become re-
established (Schmalzer & Hinkle 1992b). G. elliottii is
perennial, but its above-ground parts senesce nearly
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completely during the late autumn (Schmalzer &
Hinkle 1992b). We measured above-ground production
and nitrogen mass in G. elliottii by destructive harvest.
In December 1996, all above-ground parts of G. elliottii
were removed from one-sixth of each plot, separated
into stems and leaves, oven dried, weighed, and
average mass per shoot calculated. Total emergent
shoots were enumerated in the remaining five-sixths
of each plot, and total G. elliottii mass determined as
the product of total shoot number and average mass
per shoot. N content in the destructively harvested
tissue was measured on a Europa Scientific SL
automated CN analyser coupled with a Europa 20-
20 isotope ratio mass spectrometer at the UC Berkeley
Stable Isotope Laboratory. Total N mass per plot of G.
elliottii was determined in an analogous manner to
total mass.

We measured gross NH," turnover in soil in August
1996, December 1996, March 1997, and July 1997. Three
cm diameter by 15cm long bags made from fibreglass
window screen (1 mm mesh) were filled with C horizon
soil from which roots and large pieces of organic matter
had been removed by sieving. The C horizon bags were
buried vertically in the top 15cm of soil in May 1996,
with 12 bags in each chamber. At each sampling date,
one C horizon bag was removed from each chamber for
analyses. Additionally, at each sampling date, 3 soil cores
(2-cm diameter by 15cm deep) were removed from each
chamber and composited for measurements of N
transformations in the O/A horizon soil (hereafter,
‘O/ A horizon’).

In the laboratory, we removed roots and root nodules
from the soil samples (though quantitative removal was
possible only for the C horizon samples). Roots and
nodules were washed in distilled H,O and placed in a
drying oven (65°C) for 72h, after which they were
weighed. We assume that the root nodules recovered in
the C horizon samples were produced by G. elliottii, as it
is the only legume present in the scrub-oak ecosystem.
We removed subsamples of soil from each C and O/A
horizon soil sample for gravimetric moisture determina-
tion, and placed the remaining soil in a small ziploc
plastic bag. To each bag, we added 15N—(NH4)2504 at a
rate of 0.2ug N in 0.1 mL H,O per g soil, and mixed the
solution with the soil by alternating adding solution and
squeezing the soil through the bag. On average, the
addition of "N solution increased the NH," pools by
about 30%, and increased soil water content by about
10%. 15-30 min after adding the 15N solution, =20g of
soil was removed from each bag for extraction in 2.0m
KCl. The remaining soil in the ziploc bag was then
returned to the field, placed inside the hole in the
chamber from which it originated. The following day the
samples were retrieved from the chambers and the
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remaining soil was divided for determination of gravi-
metric moisture content and for extraction in 2.0m KClI
(20-24h after the first extraction). Extracts from both
days were frozen immediately until analysis, 1-3 months
later.

Concentrations of NH,;* in the extracts were
determined colorimetrically on a Technicon autoana-
lyser at the Kennedy Space Center Chemistry Envir-
onmental Laboratory. NH," in the remaining extract
was concentrated for mass spectrometric analysis by a
diffusion procedure (Stark & Hart 1996), as follows:
acid traps were constructed by acidifying a 6-mm
paper disk (Whatman #3) with 10uL 2.5m KHSO,,
sandwiching the disk between 2 layers of PTFE tape,
and then sealing by pressing the rim of a scintillation
vial against the tape. One trap was placed inside each
specimen cup containing the extract solution. We then
added 0.2g of MgO to each cup and quickly sealed
the cups. We shook the cups daily during the
diffusion period. After 7days, we opened the cups
and removed and opened the acid traps. The filter
disks were dried for 24h in a desiccator containing
open vials of concentrated H,SO, to remove any
atmospheric ammonia. We wrapped each disk in a
6 X5mm tin vessel, and analysed these for BN
composition by isotope-ratio mass spectrometer using
a Europa Roboprep/Tracermass system at the UC
Berkeley Stable Isotope Laboratory. We calculated
gross mineralization and consumption rates using the
pool dilution model presented in Wessel & Tietema
(1992). Extractable NH," pools were determined from
the t24 sampling time, thereby allowing a 24-h period
after >N addition for the soil NH," pools to recover.

For the July 1997 harvest, we also measured soil
microbial biomass carbon and nitrogen and 24 h ""NH,*
uptake in the O/A horizon samples. We used the
chloroform-fumigation direct extraction procedure
(Brookes etal. 1985), in which microbial biomass is
determined as the difference in 0.5m K,SO, extractable
C and N between a subsample of soil exposed to
chloroform vapors for 48h and an unexposed soil
sample, divided by a constant for extraction efficiency
of 0.54 (Brookes et al. 1985). To determine total C, N, and
N content, the K,SO, extracts were acidified to
approximately pHb5 by adding drops of concentrated
H,SO,, and dehydrated in a forced-air drying oven at
65°C. The dehydrated extracts were ground in a mortar
and pestle, and =50mg placed in a 8 X 6mm tin vessel
for analysis by combustion/gas chromatography/iso-
tope ratio mass spectroscopy on a Europa SL 20-20 mass
spectrometer.

We also measured nutrient accumulation on resin
lysimeters during this period. Resin lysimeters were
constructed of PVC pipe with a mixed bed (anion and



784 B.A. HUNGATE etal

cation exchange) resin bag set in between two layers of
washed sand (modified from Hart & Gunther 1989). The
lysimeters were left in place for 1year and then extracted
with 2m KClI (including two blanks which were left in a
refrigerator for 1year). Being tension-free, the resin
lysimeters were used to estimate flux via saturated flow
only.

Where appropriate, we used analysis of variance
(anova) or t-tests to compare ambient and elevated CO,
treatments. For above-ground biomass and nitrogen mass
in G. elliottii, the data were severely non-normally
distributed, so we used the nonparametric Kruskal-
Wallis anova to compare treatments. Because gross
nitrogen mineralization and gross ammonium consump-
tion were measured several times throughout the year in
each chamber, we used repeated measures analysis of
variance to test for treatment differences and seasonal
variation.

Results

Elevated CO, stimulated the above-ground growth of
G. elliottii by 128% (Kruskal-Wallis ANovAa P =0.027,
Fig.1), and above-ground nitrogen mass by 96%
(Kruskal-Wallis ANOvA P=0.046, Fig.1). By way of
comparison, above-ground nitrogen mass in the oaks
was 2.03*037g m? in ambient CO, and
221+033gNm™> in elevated CO, at this time (P
Dijkstra, unpubl. data), a nonsignificant difference of
about 9% (ANOvA, P=0.72). Additionally, root nodules
of G. elliottii in the C horizon samples were more
numerous in elevated CO, for each of the four
sampling dates (Fig.2), with, on average, 7.8 times
more nodules occurring in the elevated CO, plots
(ANOvA, F4¢=5.74214, P=0.031). Total nodule mass
followed the same pattern, increasing in elevated
CO, at each sampling date (Fig.2), with an average
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Fig.1 (a) Above-ground production (g m’zy’l) and (b) nitro-
gen mass (g m™>) for Galactia elliottii in ambient () and ele-
vated (M) CO,, after the first growing season of experimental
treatment. Values are means *= SE (n=8).

5-fold stimulation (ANOVA, F4;=4.61614, P=0.049). The
relatively larger stimulation of above-ground nitrogen
mass of G. elliottii (compared to the oaks) together
with increased root nodule production, suggest that
elevated CO, stimulated nitrogen fixation in concert
with the increased growth of G. elliottii.

On average, rates of gross mineralization were 35%
lower in elevated CO, compared to ambient CO, for both
the A/O and C horizon samples (Fig.3, Repeated
Measures ANOVA: A/O, Fgq=14.81114, P=0.002; C,
Fas=4.621 14, P=0.050). Elevated CO; also reduced rates
of gross ammonium consumption in the C horizon
(Fas=14.81, 14, P=0.025, Fig.3). The trend was similar
for gross ammonium consumption in the A/O horizon
samples (Fig.3), but was not significant (Fqs=2.1114 14,
P=0.168). The effect of elevated CO, was particularly
apparent for the first three sampling dates, August,
December, and March 1996, but was less pronounced in
July 1997, where the pattern actually reversed for the C
horizon, significantly for gross ammonium consumption
(COy—time interaction, Fg¢=3.427;14, P=0.026, Fig.3).
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Fig.2 Legume nodule mass (a) and number (b) for four sam-
pling dates in ambient ((0) and elevated (M) CO, recovered in
the C horizon samples (see methods). Values are means + SE
(n=8) for each sampling date, and for the chamber average
across all sampling dates.
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Overall, however, elevated CO, reduced the flux of
nitrogen through the soil ammonium pool. Gross
mineralization and consumption varied through time,
higher during the first sampling in August, and lower in
December, March, and July (Effect of time: A/Omin
Far=4.6435 4, P=0.007; A/Ocons Far=5.1253 4, P =0.004;
Cumin  Far=187234, P<0.001; Ceons Far=342734,
P=0.026). At the final sampling in July, soil microbial
nitrogen was unchanged in elevated CO, (Fig.4,
t4r=0.633114 P=0.537), but gross immobilization (per
gram soil) tended to increase (P=0.093), while the
specific rate of immobilization increased significantly
(P=0.002). Thus, elevated CO, increased microbial
demand for nitrogen, but did not result in an expansion
of the soil microbial biomass.

Elevated CO, reduced NOj;  recovery on the resin
lysimeters (Tablel), indicating a reduction in nitrate
leaching from the A horizon. Elevated CO, did not
significantly affect ammonium or phosphate recovery on
the resin lysimeters (Table1), but extractable NH,"-N
from the O/A horizon samples was lower in elevated
CO, (F4¢=4.620114, P=0.050, Table1). For both treat-
ments, the lysimeters accumulated more mineral P than
mineral N.
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Discussion

These results show that elevated CO, alters nitrogen
cycling in the Florida scrub-oak ecosystem. The relatively
large increase in above-ground nitrogen mass in G. elliottii
is most simply explained by increased nitrogen fixation
in elevated CO,: higher rates of photosynthesis in
elevated CO; stimulate the growth of G. elliottii, creating
additional nitrogen demand, which is met by increased
rates of nitrogen fixation. The positive relationship
between atmospheric CO, concentration and nitrogen
fixation in legumes has long been known (Wilson et al.
1933), and has been supported more recently by a
number of laboratory and microcosm studies (Masterson
& Sherwood 1978; Finn & Brun 1982; Williams et al. 1982;
Norby 1987; Arnone & Gordon 1990; Ryle etal. 1992;
Poorter 1993; Ross etal. 1995; Stewart & Potvin 1996;
Campbell etal. 1997; Tissue et al. 1997). Results from field
studies are less clear, however. In pastures, elevated CO,
stimulated the biomass of Trifolium repens more than that
of Lolium perenne (Soussana & Hartwig 1996; Liischer
etal. 1998), qualitatively similar to the results presented
here, where the increase in growth and above-ground
nitrogen mass in G. elliottii to elevated CO, were
disproportionately larger than responses of nonfixers.
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Fig.3 Gross nitrogen mineralization and consumption for four sampling dates in ambient (CJ) and elevated (M) CO, in the O/A and

C horizon samples. Values are means = SE (n=8).
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Table1 Nitrogen and phosphorus recovery on resin lysimeters
after one year of exposure to ambient or elevated CO,, and
extractable NH4*-N pools from the soil O/A horizon from the
4 sampling dates. Values are mg N or P m~>, mean * SE
(n=8). For the resin lysimeters, P-values are for t-tests
comparing the two CO, treatments. For the soil cores, the P-
value is for the main effect of CO, in a repeated measures
anova for the four sampling dates

Ambient Elevated

Method CO, CO, P-value
Resin Lysimeters

NO; -N 13+3 7+1 0.04

NH,*-N 6112 56 £ 8 0.36

PO,~-P 110 =29 70 =22 0.21
Soil extractable NH,"-N

Soil cores 194+ 14 132 +£18 0.03

However, elevated CO, had no effects on the biomass of
nitrogen-fixers in alpine grasslands (Schéappi & Korner
1996) and in calcareous grasslands (Leadley & Korner
1996). Part of the differences among these field studies
may be due to variation in phosphorus availability. In the
calcareous grassland, low phosphorus availability limits
the growth response of nitrogen-fixing legumes to
elevated CO, (Niklaus etal. 1998). By contrast, in the
scrub-oak ecosystem studied here soil phosphorus
availability is relatively high (Tablel) and thus is
unlikely to limit the growth responses of G. elliottii to
elevated CO,. However, more field studies in native
ecosystems are required to test this idea more broadly.
In addition to stimulating nitrogen fixation, elevated
CO, depressed gross mineralization and ammonium
consumption in soil in this experiment, and caused an
increase in the specific rate of ammonium immobilization
by soil micro-organisms. Consistent with these changes,
elevated CO, also reduced nitrate leaching from the A
horizon, as indicated by lower recovery of NO; ~ N on
the resin lysimeters. Altered carbon partitioning and
altered carbon quality in elevated CO, are the most likely
mechanisms for these changes in soil N transformations.
Elevated CO; increases photosynthesis in Q. myrtifolia, Q.
geminata, and Q. chapmanii in the scrub oak (Vieglais et al.

—_

(ng NH;-N g MBN d™)
o N H » (o] o

Fig.4 Soil microbial biomass nitrogen, and
ammonium immobilization in the soil mi-
crobial biomass for July 1997 in ambient
(O) and elevated (M) CO,. Immobilization
I is expressed on a per gram soil basis and
per unit microbial nitrogen basis. Values
are means * SE (n=8).

1995; Li etal. 1999), and also stimulates root growth (Day
etal. 1996), thereby causing increased carbon input to
soil. The observed increase in the specific rate of NH,"
immobilization by soil microorganisms is likely to be a
simple consequence of this (Hungate 1999). However,
our work demonstrates that elevated CO, does not only
affect microbial demand for inorganic nitrogen from the
soil, but can also affect mineralization, the process
through which microorganisms liberate inorganic N
from soil organic matter during decomposition. Reduced
quality of litter material (higher lignin:nitrogen ratio) in
elevated CO, may slow mineralization of nitrogen
during decomposition (Melillo etal. 1983), though sup-
port for this hypothesis for leaf litter is thin (Canadell
etal. 1996; O'Neill & Norby 1996). Whether elevated CO,
elicits a reduction in the carbon quality of root-derived
substrates in our site (higher concentrations of aromatic,
aliphatic, and other recalcitrant carbon compounds) is
unknown, yet remains a plausible explanation for the
decrease in gross N mineralization we observed. In
recovering temperate forest microcosms, elevated CO,
caused changes in soil nitrogen transformations remark-
ably similar to those observed here: gross mineralization
decreased in elevated CO, and specific microbial uptake
of ammonium increased, together causing reduced
nitrogen uptake by plants (Berntson & Bazzaz 1997). In
this case, elevated CO, increased the C:N ratio of fine
roots, a reduction in substrate quality that could account
for the changes in microbial N transformations.

Gross ammonium consumption is the sum of all
ammonium-consuming processes in soil, including im-
mobilization, but also nitrification, as well as abiotic
processes. Even with fairly low soil nitrate pools in the
Florida scrub oak ecosystem (Tablel, Schmalzer &
Hinkle 1992a), nitrate turnover may still be appreciable
(e.g. Stark & Hart 1997). Previous work has shown that
decreased gross ammonium consumption in response to
elevated CO, can reflect decreased nitrification (e.g.
Hungate etal. 1997b), and the increase in specific NH,*
immobilization by soil micro-organisms observed here is
consistent with this idea. Indeed, in our experiment, the
reduced recovery of NO;  on the resin lysimeters in
elevated CO, indicates reduced nitrification rates in this
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treatment. While the resin lysimeters did not differ in
NH,*-N recovery between the CO, treatments, NH," is
extremely immobile in the soil, so the resin lysimeters
may not reflect ammonium availability as well as
mineralization rates and extractable ammonium pools,
which were significantly lower in the elevated CO,
treatment.

Together, these results support the conceptual model
that elevated CO, increases photosynthesis (Drake et al.
1997), carbon input to soil (van Veen etal. 1991),
stimulating nitrogen demand by heterotrophic micro-
organisms (Luxmoore 1981; Diaz etal. 1993; Zak etal.
1993), leading to decreased ammonium availability for
nitrifiers and thus reduced nitrification and nitrate
accumulation on resin lysimeters. The increase in N fixer
growth and N mass are also consistent with elevated CO,
increasing plant carbon gain, with some of the extra
photosynthate powering N fixation to match the in-
creased plant N demand.

However, these results represent opposing effects on
nitrogen availability to plants. Reduced mineralization
and increased immobilization will decrease ammonium
availability, by reducing the flux of N from organic to
inorganic form, and by tying up N in microbial biomass
or soil organic matter. Though nitrogen in mature Florida
scrub oak is concentrated in vegetation, soil organic
matter nevertheless contains a substantial amount of
nitrogen, around 120gNm’2 (including the O and A
horizons to 30 cm depth), compared to about 45gNm™
in live above-ground vegetation two years after fire
(Schmalzer & Hinkle 1996). Thus, increased accrual of N
in this reservoir, as well as reduced rates of N release
from it, could represent a substantial reduction in N
availability to plants. By contrast, greater rates of
symbiotic nitrogen fixation will increase the mass of
labile nitrogen in soil through increased production of
above- and below-ground litter of N fixers entering the
soil N pool through decomposition, favouring an
increase in mineralization rates and delivery of N to
plants. Finally, these changes may interact, in that
reduced availability of inorganic soil N could increase
the reliance of G. elliottii on atmospheric N, thereby
creating a positive feedback to increased N fixation in
elevated CO, (Soussana & Hartwig 1996; Zanetti &
Hartwig 1997). This hypothesis is currently being tested
at the site by following a '*N tracer and quantifying N
fixation using the "N dilution method (Warembourg
1993).

Determining the overall effect of these changes in
nitrogen cycling is complicated by the short-term nature
of this study, and because these nitrogen transformations
operate on different timescales. Changes in mineraliza-
tion and immobilization should influence nitrogen
availability to plants fairly quickly, as the soil inorganic
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nitrogen pools cycle quite rapidly, turning over on a
timescale of days to weeks (Jackson et al. 1989; Davidson
etal. 1990). Nitrogen fixation, by contrast, is a fairly
minor component of the nitrogen cycle in most eco-
systems in the short term, only becoming significant
when the small annual fluxes are summed over many
years (Comins & McMurtrie 1993; Cannell & Thornley
1998). In the Florida scrub-oak ecosystem, increased N
fixation by G. elliottii might amount to an important
change in the soil N mass over several fire cycles.

Thus, rising atmospheric CO, may alter the nitrogen
cycle in Florida scrub oak through mechanisms that
operate on different timescales, and these effects will
tend to cause opposing feedbacks. Modelling studies in a
number of systems support the importance of consider-
ing different time scales, recognizing that the short-term
responses of ecosystems are dominated by the instant-
aneous increase in production and changes in mineral
nitrogen availability, whereas longer-term feedbacks
through the nitrogen cycle are dominated by the
processes that regulate total ecosystem N mass, such as
N fixation, leaching, and gaseous N losses (Comins &
McMurtrie 1993; Gifford etal. 1996; Rastetter etal. 1997;
Cannell & Thornley 1998). Since these processes become
more important on the timescale of the decades to
centuries, the timescale of most interest for predicting the
effects of elevated CO,, the responses of these processes
to elevated CO, merit greater attention in both empirical
and modelling studies.
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