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Abstract

Elevated atmospheric carbon dioxide (CO,°) increases soil respiration rates in forest,
grassland, agricultural and wetland systems as a result of increased growth, root biomass
and enhanced biological activity of soil microorganisms. Less is known about how forest
floor fluxes respond to the combined effects of elevated CO, and nutrient amendments;
until now no experiments have been in place with large forest trees to allow even
preliminary investigations. We investigated changes in forest floor respiration (S¢) in a
Pinus taeda L. plantation fumigated with CO, by using free-air CO, enrichment (FACE)
technology and given nutrient amendments. The prototype FACE apparatus (FACEp;
707 m?) was constructed in 1993,10years after planting, on a moderate fertility site in
Duke Forest, North Carolina, USA, enriching the stand to 55 Pa (CO;°). A nearby ambient
CO, (CO,? plot (117 m?) was designated at the inception of the study as a reference (Ref).
Both FACEp and Ref plot were divided in half and urea fertilizer was applied to one half
at an annual rate of 11.2gNm™? in the spring of 1998,1999 and 2000. Forest floor
respiration was monitored continuously for 220 days — March through November 2000 —
by using two Automated Carbon Efflux Systems. Thirty locations (491 cm? each) were
sampled in both FACEp and Ref, about half in each fertility treatment. Forest floor
respiration was strongly correlated with soil temperature at 5 cm. Rates of S¢c were greater
in CO,° relative to CO,* (an enhancement of ~178gCm™?) during the measurement
period. Application of fertilizer resulted in a statistically significant depression of res-
piration rates in both the CO,* and CO,° plots (a reduction of ~186 g C m~?). The results
suggest that closed canopy forests on moderate fertility sites cycle back to the atmosphere
more assimilated carbon (C) than similar forests on sites of high fertility. We recognize
the limitations of this non-replicated study, but its clear results offer strong testable
hypotheses for future research in this important area.
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Introduction

The role played by forests in mitigating rising carbon
dioxide (CO,) levels in the atmosphere is currently the
subject of interest and debate. Forests in the northern
hemisphere are considered to be a large sink for
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atmospheric CO, (Ciais et al., 1995; Schimel, 1995; Tans
& White, 1998). Considering the positive effect that ele-
vated CO; has on carbon (C) assimilation via photosyn-
thesis in trees and forests systems (Ceulemans et al.,
1999), it may seem logical that this C sink would at the
very least remain if not increase. New research indicates
that soil fertility limits the ability of forests to sequester
and store C in a CO,-enriched environment (Oren et al.,
2001). In the absence of adequate soil fertility, trees may
be unable to sequester carbohydrates into woody tissues.
Forest floor respiration (Sg) or soil respiration is the major
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avenue for C loss from the terrestrial pool and is con-
sidered the main determinant of C balance in forests in
the northern hemisphere (Valentini et al., 2000). Microbial
and soil respiration rates have been almost universally
found to increase when exposed to elevated CO, (Zak
et al., 2000), whereas the effect of fertilization on Sg is
much more complex and variable. No studies using
mature trees have been reported to investigate CO,—soil
fertility interactions in Sg.

Forest floor respiration is the net result of both auto-
trophic and heterotrophic below-ground C processes,
which include root respiration and respiration associated
with decomposition and soil organisms. These compon-
ents can be very difficult to separate, so many studies use
S¢ to balance C budgets and quantify how much C is
released from the below-ground ‘black box” to the atmos-
phere. When assessing the literature to elucidate the
impact of elevated CO, and fertilization on Sg it is helpful
to separate or identify the reported responses as tree
(autotroph) response, microbial response (heterotroph),
the age of the stand (seedling vs mature) and measure-
ment technique/experimental design (field, growth
chamber, soil incubation measures) for judging the ap-
plicability of the results.

Elevated atmospheric CO, (CO,°) commonly enhances
both net photosynthesis and growth in forest seedlings
(Jach et al., 2000; King ef al., 2001) and in trees (Ceulemans
etal.,1999; DeLucia et al., 1999; Ellsworth, 1999; Oren et al.,
2001). Such responses have been consistently demon-
strated in Pinus taeda L. (loblolly pine) (Groninger et al.,
1999). Although long-term increases in above-ground net
primary productivity (NPP) under CO,° may be limited
by nutrient availability (Ceulemans et al., 1999; Oren et al.,
2001), a significant enhancement in photosynthesis per-
sists, suggesting enhanced C allocation below-ground.
Indeed, production of fine roots has been shown to in-
crease with CO,° in seedlings (Jach et al., 2000) and in
intact forests (Matamala & Schlesinger, 2000). Conse-
quently, this enhanced investment of C below-ground
results in greater soil C inputs (Janssens ef al., 1998;
Cheng, 1999), providing additional substrate for micro-
bial activity (Ceulemans et al., 1999; Zak et al., 2000) or
more recalcitrant C forms for storage in the soil. Con-
sidering the C budget of an ecosystem, net ecosystem
productivity (NEP) reflects C incorporated into biomass
minus CO, produced in respiration of all ecosystem com-
ponents, including Sg.

Although CO,° often increases NPP, it can also result
in greater losses of C (relative to CO,") via soil respir-
ation. Such responses have been observed in forest, agri-
cultural, grassland and wetland systems (Vose et al., 1995,
1997; Ball & Drake, 1998; Verburg et al., 1998; Lin et al.,
1999; Mikan et al., 2000; Sowerby et al., 2000; Zak et al.,
2000; Andrews & Schlesinger, 2001; King et al., 2001;

Pendall et al., 2001). The majority of studies relating
CO,° to forest systems utilize individual tree seedlings,
or artificial stands planted in open top chambers or
growth chambers where CO,° can be readily controlled.
Elevated atmospheric CO, has been demonstrated to in-
crease allocation of fixed C to fine roots and enhance root
exudation to soil microbes, thereby increasing S¢ in tree
seedling studies (e.g. Norby et al., 1992; Johnson et al.,
1994, 2000; Vose et al., 1995,1997; Mikan et al., 2000) and
early results from the Aspen FACE study in Wisconsin
(King et al., 2001). Others have noted stimulation of Sg
under CO,® when working with seedlings planted in
fertile soils, but no effect on nutrient poor sites (Spinnler
et al., 2002). Elevated atmospheric CO, has also been
found to increase the life span of fine roots in P. ponderosa
seedlings (Johnson et al., 2000), allowing them to func-
tion/respire for a longer period of time. Using 4-year-old
Pseudotsuga menziesii seedlings, planted in reconstructed
forest soils, Lin et al. (1999) found that the loss of newly
fixed C via root respiration was the soil respiration com-
ponent most responsive to CO,°. The authors found that
litter decomposition increased with the CO,°, but they
were at a loss to explain the cause as only a small fraction
of the litter was formed under CO,°. This could be an
artifact of their experimental and sampling methodology
that assessed C isotope discrimination.

Duke University’s replicated FACE experiment
(Hendrey et al., 1999) in the Duke Forest, North Carolina,
USA, is a unique site where an intact Pinus taeda stand
has been exposed to CO,® without chambers or root
disturbance and provides an excellent model system in
order to study the effects of CO,°. In this mid-rotation
P. taeda plantation, CO,° increased Sg by 27% relative to
ambient CO, (CO,") (Andrews & Schlesinger, 2001). This
was observed in conjunction with large increases (86%)
in fine root mass after 2years of CO,® (Matamala &
Schlesinger, 2000). The quantity of litterfall increased
under CO,°, but the litter quality and the rate of
decomposition were unchanged (Finzi et al., 2001; Finzi
& Schlesinger, 2002). Loblolly pine litter is quite recalci-
trant and decomposes slowly under a closed canopy and
often increases mass under positive growing conditions;
pine litter has even been found to restrict S¢ by limiting
CO, diffusion (Maier & Kress, 2000).

Southern pine forests are often nutrient limited. Nitro-
gen and phosphorus (P) limitations are widespread
throughout the managed range of P. taeda and potassium
(K) is limiting on particular soils of the coastal plain
(Allen et al., 1990, 2001). Operational applications of ni-
trogen (N) fertilizer have been shown to consistently
increase P. taeda productivity throughout its range in the
southern US (Allen, 1987; Allen et al., 1990; Schultz, 1997).
Fertilization can affect C allocation in seedlings (Tingey
et al., 1996; Lu et al., 1998) and in forest trees (Axelsson &
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Axelsson, 1986; Haynes & Gower, 1995; Albaugh ef al.,
1998). Changes in C allocation can affect Sg, C storage
in plant tissues and storage in recalcitrant forms. How-
ever, it is not realistic to make generalized statements
regarding the impact of fertilizer application on Sg. The
effect of fertilizer can depend on C allocation in the trees,
age of the stand, tree species, form of fertilizer, applica-
tion rate, frequency and timing, and effects on microbial
population dynamics and activity.

The effect of fertilization (primarily N with micronu-
trients) on a seedling generally results in increased
photosynthesis, leaf area and biomass accumulation
(Tingey et al., 1996,1997; Pangle & Seiler, 2002). Reduc-
tion in below-ground allocation has been observed
(Lu et al., 1998), but it is more common to see a reduction
in fine roots and a shift to coarse root production (Tingey
et al., 1996,1997; Maier & Kress, 2000). Fertilization in-
creases root mortality and stimulates root turnover in
seedlings (Pregitzer et al., 1995, Tingey et al., 1997). The
effect of fertilization on Sg is mixed; reductions in S¢ at
high levels of N (Lu et al., 1998), no effect on S¢ (Vose
et al., 1995,1997; Pangle & Seiler, 2002) and increases in Sg
(Griffin et al., 1997; Mikan et al., 2000) have been ob-
served. Lu ef al. (1998) have indicated that the response
to N in P.ponderosa seedlings is non-linear, increasing
with root mass until an optimal level is reached, beyond
which excess N seems to induce toxicity. The difference
may depend on whether an absolute reduction in total
root biomass has occurred (Lu ef al., 1998) and whether
any change in root-specific respiration is observed
(Lu et al., 1998; Maier & Kress, 2000; Pangle & Seiler,
2002).

Fertilizer application of mid-rotation mature stands
impacts photosynthesis to a lesser degree or duration
than in seedlings, although leaf area and biomass accu-
mulation are typically increased (Axelsson & Axelsson,
1986; Lai et al., 2002; Maier et al., 2002). Changes in
C allocation shift from below-ground to above-ground
accretion (Haynes & Gower, 1995; Albaugh ef al., 1998)
and coarse root production is favored at the expense of
fine root production (Axelsson & Axelsson, 1986; Haynes
& Gower, 1995; Maier & Kress, 2000; Retzlaff et al., 2001).
As with seedlings, root mortality has been found to be
higher with N fertilization (Aber et al., 1985). Fertilization
has been found to decrease S in forest stands (Haynes &
Gower, 1995; Maier & Kress, 2000), but application of N in
the form of urea typically increases Sg temporarily
followed by a long-term reduction in Sg (Martikainen
et al., 1989; Nohrstedt et al., 1989; Aarnio & Martikainen,
1994,1996). Use of nitroform fertilizers to supply N does
not cause any ephemeral spike in S¢ and simply results in
a marked decrease in Sg (Aarnio & Martikainen, 1996).
Other workers have reported no significant difference in
Sg with N-based fertilizer amendments (Castro et al.,
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1994; Lai et al., 2002). The 7-year-old loblolly pine forest
used by Lai et al. (2002) had been fertilized since planting
and the plots receiving fertilizer had vastly greater
above- and below-ground biomass accumulation, al-
though they exhibited little difference in Sg. Nitrogen
fertilization has the greatest influence on Sg in nutrient
poor soils, where it has the greatest effect on growth
(Arnebrandt et al., 1996), while depression of Sg can be
limited on nutritionally rich sites (Martikainen et al., 1989;
Arnebrant ef al., 1996).

Depression of Sg by N fertilization may be related to
reduced microbial activity as a result of modified soil pH,
reduced C allocation to roots as above-ground sink
strength increases and changes in fine root dynamics
(Haynes & Gower, 1995; Arnebrant et al., 1996, Matamala
& Schlesinger, 2000; Thirukkumaran & Parkinson, 2000).
Fertilizer can also directly suppress microbial respiration
independently from any plant responses to fertilization
(Kowalenko et al., 1978; Foster et al., 1980, Thirukkumaran
& Parkinson, 2000). The chemical effects of specific fertil-
izers and rates of application can either stimulate or
suppress Si depending on the response and the compos-
ition of native microbial populations (Thirukkumaran &
Parkinson, 2000).

Studies assessing the effects of CO,® and fertilization
(primarily N) on S¢ have been limited to experimentation
with seedlings. Both CO,° and fertilization have been
shown to increase S¢ in tree seedlings (Griffin et al.,
1997; Mikan et al., 2000). Long-term seedling studies
(3years) by Vose et al. (1995,1997) showed evidence of
CO,° stimulating S¢; N fertilization had no effect. These
results with seedlings can be best applied to aggrading
forest systems where soil resources have not been fully
exploited (Mikan et al., 2000). Owing to experimental
constraints — that is, having a FACE system with a mid
rotation forest available for fertilizer treatments manipu-
lations — research of this type has not been performed in
forest stands. Data from forest stands are needed in order
to parameterize models and scale treatment effects tem-
porally, because these forests have already captured
much of the available rooting volume and have pro-
gressed beyond the initial disturbance of site preparation
as well as the exponential growth phase.

While, the singular impacts of CO,° and N fertilization
on Sg are often contradictory, the potential effects of
N addition on S¢ and NEP in the future with CO,-
enriched atmosphere have yet to be quantified. Consider-
ation of these interactions is important with respect to
managed forests, forests receiving increased atmospheric
N additions and natural forests growing on nutrient-
limited sites. This study examines the impact of fertiliza-
tion and atmospheric CO,® concentration on S¢ by using
the Duke Forest FACE Prototype and its Reference plot
that were both split into fertilized and non-fertilized
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halves (Oren et al., 2001). At the time we took our meas-
urements, the stands were 17-year-old.

Methods

Site

The FACE Prototype experiment is located at the Black-
wood Division of the Duke Forest, Orange County,
North Carolina (35°58'N, 79°08'W). The soil in this
lower Piedmont Plateau site is acidic clay-loam of
moderately low fertility. Rooting depth is usually less
than 30cm (Oren et al., 1998). The region is typified by
warm summers and moderate winters and receives
an average of 1100-1200mm of precipitation annually,
distributed evenly throughout the year. Free-air CO,-
enrichment (FACE) technology was used in order to
enrich plots 30m in diameter within an intact P.taeda
plantation with CO, without enclosure (Hendrey et al.,
1999). The FACE prototype (FACEp; 707 m?) was con-
structed in 1993 in a 10-year-old loblolly pine plantation
as an engineering prototype for the development of
FACE systems in forests and has been used for enriching
atmospheric CO, concentrations (to 550 p.p.m.) since
1994, so represents the longest running FACE plot of
large forest trees in the world. A nearby plot (117 m?)
was delineated at the inception of the study in order to
serve as reference (Ref.) Ref. was not significantly differ-
ent in growth rate or foliar N content from FACEp at the
start of study (Oren et al., 2001).

In 1998, both FACEp and Ref were divided into two
sections containing approximately the same above-
ground biomass per unit area. A trench was dug to a
depth of 1 m and backfilled after a polyethylene-sheeting
material was inserted in the trench in order to prevent
root intrusion (Oren et al., 2001). Fertilizer amendments
were applied to both the FACEp and the reference plot
using ‘optimum’ application rates (Table 1) (Allen, 1987;
Albaugh et al., 1998). The plots are referred to as CO,*-NF
(ambient CO,, no fertilizer), CO,*-F (ambient CO,, fertil-
izer applied), CO,*NF (elevated CO,, no fertilizer) and
CO,°-F (elevated CO,, fertilizer applied).

Soil respiration measures

Forest floor respiration was measured with the Auto-
mated Carbon Efflux System (ACES) (patent pending)
developed at USDA Forest Service, Southern Research
Station Laboratory, Research Triangle Park, North Caro-
lina. Automated Carbon Efflux System is a chamber-
based, multiport respiration measurement system that is
similar in concept to that used by Maier & Kress (2000).
Automated Carbon Efflux System uses open system,

Table1 Fertilizer amendments applied to both the FACEp and
Ref, using optimum application rates (Allen, 1987; Albaugh et al.,
1998)

Year of Element Rate
application  sources Element gm Zyr
1998 urea* and diammonium N 11.200
phosphate P 2.800
1999 urea* and potassium N 11.200
chloride K 5.600
2000 urea*, diammonium N 11.200
phosphate and boron P 1.120
B 0.112

*Application of urea (NHy),CO results in a 4.8 gm 2 yr~' amend-
ment of C.

dynamic soil respiration chambers measuring 25cm in
diameter (491 cm?) equipped with air and soil thermo-
couples (inserted to depth of 5cm). Chambers were
designed with pressure equilibration ports to ensure
minute differences in chamber pressure do not com-
promise the quality of the respiration measurement
(Fang & Moncrieff, 1996). Fifteen sample chambers and
one null calibration chamber were measured sequentially
for 10min each allowing a complete run every 2h and
40min or nine complete runs per day. When not being
actively sampled, the other 15 chambers were refreshed
with reference air to prevent any buildup of CO; in the
chambers. One ACES unit was installed in each of the
two plots. Within each CO, treatment plot soil respiration
chambers were placed randomly, eight in control (no
fertilizer amendments) and the other seven chambers in
the fertilized portion of the plot. In order to minimize the
effect of precipitation and litterfall exclusion on the soil
substrate within the chambers, the chambers were ex-
changed every 3—4days between two adjacent sample
points. The ACES units collected data continuously
from March 2000 through November 2000 (day 83
through 303), with the exception of periods for system
maintenance or gaps from system or power failures.

In Ref, a 135-L ballast tank was used to provide refer-
ence air for the ACES, which was buffered against minor
fluctuations in atmospheric CO, concentration. In
FACEp, fluctuations of CO, at ground level were too
great to be buffered by the standard ballast tank. An air
compressor, acting as a gas mixer, was added in order to
provide consistent reference air for the ACES. While the
compressor was running, it collected air of fluctuating
CO, concentration and stored it in the reserve tank. Out-
going air was de-pressurized to ambient conditions
and its CO, concentration was stable (+ 2p.p.m. per
compressor cycle).

© 2003 Blackwell Publishing Ltd, Global Change Biology, 9, 849-861
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Data analysis

The plots used for this work presented a unique oppor-
tunity for examining fertilization effects on intact stands
receiving ambient or elevated atmospheric CO,. As fertil-
ization plots were replicated, statistical tests of signifi-
cance of fertilization effects are presented. However,
only one FACE and one control plot were used, so de-
scriptive statistics will only be provided for atmospheric
CO, effects and interactions between fertilization and
CO, treatment across these plots. These descriptive stat-
istics allow comparison to responses reported in the lit-
erature and provide clues as to the importance of
interaction effects.

The soil respiration data were analyzed for component
or power failures; any obvious systematic errors were
parsed from the data set. Ground-level fluctuations of
CO, concentration in FACEp were the largest source of
unusable data points until the situation was improved by
the replacement of the ballast tank with an air compres-
sor. Any time the CO, concentration of the reference gas
(ballast or compressor) fluctuated more than 30p.p.m.
in 10 min, the measurement was discarded. Data points
were also discarded if they exceeded the period (160 min)
mean by more than three standard deviations. A total
of 41172 measurements, 65% of potential number of
measurements in the 220-day experiment, were deemed
acceptable for analysis.

Forest floor respiration data collected over the entire
study period were analyzed with non-linear regression
(Proc NLIN, SAS Institute) in order to determine the
response to soil temperature measured at a depth of
5cm (Tss) for each location. Exponential Sg—temperature
response curves were fitted for each location using non-
linear regression in the form:

S¢g=a- eTs) (1)

An alternate model that incorporates soil moisture and
temperature was tested with linear models (Proc GLM,
SAS Institute). A fertilizer impact analysis consisting of
normalizing fertilized S by its split-plot control was
performed in order to determine whether any time-
dependent (number of days since fertilization) factors
other than temperature were influencing S¢. Results of
the temperature only model were compared with the
model which integrates fertilizer impact analysis in
order to determine which best describes S¢ in year 2002.
In order to verify the model results, it was necessary to
have observed data that were spatially and temporally
representative, especially as 35% of the potential meas-
urements were missing or discarded. Mean Sg and Tss
were calculated for each unique soil position per day and
a mean value for each treatment was determined for each
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day. In order to reduce the effects of missing days or time
lags in autotrophic feedback, monthly means (March
through October 2000) were compared to model esti-
mates. It is recognized that replication exists to test fertil-
izer effects, but not CO,°. Treatment differences between
S¢ modelled by month and cumulative efflux over the
measurement period were analyzed with analysis of vari-
ance (Proc ANOVA, SAS Institute).

Results

Mean soil temperatures within the respiration chambers
ranged from 9 to 23 °C (Fig. 1a) and were not significantly
different between FACEp and the Ref plot (P=0.14).
Daily S varied from 1 to 10.5pumolm®s ' during the
measurement period (Day 83 to 303; (Fig. 1b). Mid-year
rates were the highest and had the greatest variability
both within and among treatments, yet treatment effects
were discernible. During the early spring, when soil tem-
peratures were low, the differences between treatments
were small. Modelling daily rates with Tss (Eqn (1)) were
highly effective and explained much of the variation in
observed daily Si (maximum P <0.0001; R*> ranged
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Fig.1 Daily mean soil temperature at 5cm (a) and daily mean
Sg (umol CO,m?s™ 1) (b), across all treatments for the 220-day
measurement period.
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among treatments from 0.67 to 0.84). The mean values of
the coefficients and Q;y values for each treatment are
presented in Table 2.

Fertilizer application (Day 118) initiated an immediate
increase in Sg in both CO,* and CO,° that was followed
by a substantial suppression of Sg for the rest of the
experiment. Analysis of F plot results that have been
normalized by NF (within the same CO, treatment)
reveals changes in S¢ as a result of fertilizer application
that are separate from impacts of soil temperature and
seasonal variation (Fig. 2). The fertilizer impact was very
similar between CO, treatments, though the stimulation
of Si after fertilization was slightly shorter in CO,"
A second S model was developed combining the Tss
response model with the results of the fertilizer impact
analysis (T'ss*F model) in order to describe this phenom-
enon. The Ts5*F response model shows that S¢ was more
responsive to soil temperature in CO,° than in CO," and
within CO, treatments the addition of fertilizer initiated a
temporary stimulation followed by suppression in Sg
(Fig. 3, Eqn (2)). The Ts5*F response model follows the
form:

Si =a-e™s?'FR (2)

where NF plots and F plots prior to annual fertilizer
application have an FR (fertilizer response) value of
1 until fertilizer is applied. For the rest of the year the
fertilizer response equation (multiplier) was calculated
using the number of days since fertilization:

Table2 Mean values (+ SE) of the temperature response model
coefficients (Eqn (1)) and the parameters of the fertilizer response
equation (Eqn (3)). The temperature response (Tss) model
(Eqn (1)) predicts Sg with the coefficients listed under Sg=f
(Tss). The combined soil temperature and fertilizer response
(Tss*F) model (Eqn (2)) uses Tss coefficients from CO,*-NF and
CO,*-NF, while the parameters of FR=f (days since
F application) are derived from the analysis of F plot results
that have been normalized by NF (within the same CO, treat-
ment); Qo values are presented for each plot

Ser=f (Tss) a b Quo*
CO,*-NF* 0.8689 (0.0834) 0.0943 (0.0060) 2.57 (0.16)
CO-F 0.8586 (0.0593)  0.0876 (0.0040) 2.40 (0.10)
CO,*-NFf 0.6749 (0.0554) 0.1152 (0.0049) 3.16 (0.16)
CO,*-F 0.5974 (0.0527)  0.1130 (0.0052) 3.09 (0.17)
FR=f(days since ¢ d e

F application)

CO,*-F 0.2473 0.3528 0.2359
CO,*-F 0.4332 0.1690 0.3405

*Q10 =641 for Tss from 9 to 23°C.
"Tss component of Tss*F model.
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Fig.2 Values of Sy in fertilized plots normalized by their unfer-
tilized split-plot control for both CO,%(a) and CO,*(b). Prior to
fertilizer application on day 118, there was no significant devi-
ation from 1. The post-fertilization response was fitted with Eqns
(2) and (3) using coefficients in Table 3.

1

FR=—
c+d- (days)’

®)
The coefficients for Eqns (2) and (3) are presented in
Table 2.

Both models adequately describe soil respiration
during the measurement period and there is little differ-
ence between them when compared with observed
monthly mean Sg: Tss model (mean 4.66 umol m2s7},
MSE =0.44, R>=0.93, P <0.0001), Tss*F model (mean
4.65 umolm2s™!, MSE =39, R*=0.94, P <0.0001). The
Tss*F model more directly tracks the process-level effects
of fertilizer application and allows this model to closely
follow observed soil respiration over time (Fig. 4a—-d).
Despite similarities in total variation explained by each
model, the temporal response of the Tss*F model effect-
ively models time lags noted in observed Sy (Fig. 4e);
F plots achieved peak S¢ earlier than NF plots. The
Tss* F model shows fertilizer effects remained near the
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response model (Tss*F) which predicts S¢ using soil temperature
(Tss) and number of days since fertilization. Non-fertilized plots
use the exponential model (a) to predict S¢. Fertilized treatments
use the same exponential model prior to fertilization (a), after
fertilization, the base exponential equation is multiplied by the
fertilizer response equation (b).

end of the measurement period, while differences in CO,
were not evident Fig. 4(e), matching observed data in
Fig. 4(a—d). The temperature model is simple and is able
to elucidate major trends across treatments, but cannot
account for fine scale temporal response; hence, model-
ing of cumulative C loss with the Tss*F model is
preferred. Direct comparisons with observed soil respir-
ation were made with linear regression to verify the Tss*F
model results (Fig. 4a—d).

Soil moisture is typically considered one of the key
variables controlling S¢. During the measurement period
in year 2000 there were seldom periods of water stress;
mean volumetric soil water content was 24% (range
18-38%). Linear models were applied to examine the
influence of soil moisture on daily S by treatment. The
effect of soil moisture was only significant in CO,"-F
(P=0.0086), resulting in a slight increase in Sg with
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increasing soil moisture, though the contribution toward
describing the overall variation in Si was very small
(improvement in R%2=0.01). At no time was soil moisture
found to be limiting S.

The Tss*F model was used to estimate monthly aver-
ages and these values were subjected to ANOVA in order to
test the effect of fertilizer on Sg, by month (Fig. 4f). The
FACEp and REF plots were used as blocks providing
replication of fertilizer treatments. Forest floor respir-
ation response to fertilization displayed three distinct
phases (Fig. 4f). Prior to fertilization there was no effect
of previous fertilizer applications. Immediately after fer-
tilization there was a small but significant increase in Sg.
After June there was a significant decrease that persisted
through the end of the measurement period. For the
entire measurement period, cumulative C loss via Sg
was 15% lower in the fertilized plots and this difference
was statistically significant (Table 3). While unable to test
significance of the CO, effects on S¢ or any interaction
with fertilizer treatment, model-estimated cumulative
C losses are presented in Table 3. Model-estimated cu-
mulative Sg under CO,® was 14% lower than under CO,¢
(Table 3). Comparing CO,"-F to CO,°-NF yields a 28%
difference indicating that the fertilizer and CO, effects are
additive.

Discussion

Forest floor respiration rates were successfully predicted
by both models, one based Tss and the other combining
soil temperatue and fertilizer impact (Tss*F model).
Along with soil temperature, soil moisture often exerts a
strong influence on Sg in terrestrial systems (Singh &
Gupta, 1977; Lomander et al., 1998; Davidson et al.,
2000), but including soil moisture did not appreciably
improve model fits with these data. Rainfall in year
2000 was close to the annual average in the region and
evenly distributed throughout the year. Subsequently,
the high soil moisture and its minor variability elicited
negligible influences on S

In the absence of soil moisture effects, the most dy-
namic and direct environmental variable to correlate
with Sg is soil temperature (Singh & Gupta, 1977). The
Tss model presented in this work effectively summarized
treatment effects; however, these modeled impacts
of fertilization are dispersed over the course of the
entire experiment deviating from observed phenomenon
(Fig. 2). The model cannot predict the effects of non-
thermal events, such as timing of fertilization on Sg. The
Tss*F model utilizes the fundamental difference in Sg
sensitivity to temperature in CO," and in CO,° (Fig. 3a),
then overlays fertilization response. This procedure helps
separate temperature and fertilizer effects on soil respir-
ation. This model does not elucidate the process by which



856 J. R. BUTNOR etal.

(@)

10
—— Modeled CO,2-NF
—~ | Measured
T8
"
a
1S .
S 6
o
S 4
IS
=2
S 2
R2=0.90
J FMAMUJJ ASOND
()
10
—— Modeled CO.°-NF
= g{ Measured
|
(]
a9
E 6l
o)
o
S 4
1S
=
o 2
R?=0.97
J FMAMUJJ A S OND
(e)
10
‘TU)
o
\E 8
Q
O 6
©
el
= 4
o5
8
© 21
el
o
=
0

J FMAMUJ J AS OND

10

—— Modeled COZ%-NF
84 Measured
6.
4
2.

R2=0.85
J FMAMUJJ AS OND
(d)

10

—— Modeled CO.°*-NF
84 " Measured
6.
4 |
2.

R?=0.99
J FMAMUJJ ASOND
)

10

— F
g o NF S S

S alpha<0.05 R

6- - ‘.
4
2.
0

J FMAMUJIJ ASOND

Fig.4 Mean monthly S¢ measured in each plot compared with model results calculated using the T'ss*F model (a—d), modelled S data

presented on one graph illustrating temporal variation among the plots (e), and comparison of F and NF plots (using CO, treatment for
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fertilizer briefly stimulates, then suppresses soil respir-
ation, but clearly defines the response. The Ts5*F predicts
several phenomenon in observed soil respiration that the
Tss model does not: (i) the small but significant increase
in soil respiration immediately after fertilization, (ii) fer-
tilized plots achieve peak soil respiration approximately
1month earlier than non-fertilized plots, (iii) late in the
growing season, significant differences exist between fer-
tilized and non-fertilized plots (Fig. 4f). For this study,
the Ts5*F model best approximates the observed data and

is the most appropriate for modeling year 2000 responses.
The Tss model would be most useful to modelers
when the exact timing of fertilizer application was un-
known. The Ts5*F model does not directly utilize the Q19
function, though Qo can be a useful parameter to
compare temperature sensitivity across ecosystems; Qg
values of CO,", regardless of fertilizer treatment, were
similar to values reported for an 11-year-old P. taeda plan-
tation (Maier & Kress, 2000), but were 20% higher in CO,°
(Table 2).

© 2003 Blackwell Publishing Ltd, Global Change Biology, 9, 849-861
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Table 3 Total carbon (C) loss via soil respiration (g C m?) mod-
eled for each treatment using the combined Tss and fertilizer
response model for the 220-day measurement period. Means
with the same letter are not statistically different at the oc=0.05
level

2

CO, enhancement* gCm
CO°¢ 1233
CO,? 1047
Fertilization
NF a 1229
F b 1051
Combined*
CO,*-NF 1320
CO,*-F 1146
CO,*-NF 1138
COy*-F 956

*Not testable because of lack of replication.

Our results indicate that CO,® increased Sg, but this
response was not based on replicated plots (Table 3).
However, the response is consistent with results from
the near-by replicated FACE study (Allen et al., 2001;
Andrews & Schlesinger, 2001) and agrees with the com-
prehensive review of CO,%, fine roots and response of soil
microorganisms by Zak et al. (2000). Thus, these results
provide reassurance that our soil respiration measure-
ment system was detecting biologically meaningful re-
sponses. Soil respiration provides the total C loss to the
atmosphere from the soil surface and is extremely useful
in summarizing a variety of complex autotrophic and
heterotrophic processes and relationships that can be
very difficult or impractical to separate. As CO,® typically
results in increased allocation of C to roots and stimulates
root activity (Rogers et al., 1994), changes in Sg are
expected. The bulk of the response is as a result of in-
creased root biomass (Pregitzer et al., 2000) and prolifer-
ation of fine roots (Matamala & Schlesinger, 2000), while
evidence suggests that there is little change in specific
root respiration in mid-rotation loblolly pine plantations
because of CO,° (Matamala & Schlesinger, 2000). Micro-
bial respiration is controlled by temperature and the
quantity of available C, and will be directly impacted
by the deposition of autotrophic detritus (Raisch &
Nadelhoffer, 1989) as well as the rate that trees shunt
photosynthate below-ground. At the nearby replicated
FACE study, the rate of loblolly pine leaf litter decom-
position has been unaffected by CO,, but litter mass is
significantly higher (Finzi et al., 2001) providing greater
overall decomposition. Photosynthesis rates under
elevated CO, are substantially higher in P.taeda and
(Ellsworth, 2000; Maier et al., 2002) depending on nutrient
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availability, carbohydrates unable to be fixed into woody
tissue may be lost via root exudation, providing substrate
for microbial respiration. More work needs to be done to
determine how trees allocate photosynthate in nutrient-
poor environments. Studies for addressing forest fertil-
ization and carbohydrate loss/use efficiency are ongoing
at Ref and FACEp by using techniques that capture root
exudates lost to the soil.

Over the measurement period, fertilized plot cumula-
tive S¢ was 15% less than in control plots. Although the
220-day measurement period prevented a full annual
cycle to be revealed, fertilizer-induced suppression of S
did not occur in the spring, peaked in August and began
to diminish in early autumn. This trend is similar to that
described by Maier & Kress (2000), studying an ex-
tremely well-drained site in a warmer climate, where
P.taeda plots fertilized in the spring had significantly
lower Sg September through November, after which
treatment differences were not evident throughout the
rest of the winter.

There are examples of residual suppression of S many
years after fertilization (Martikainen et al., 1989; Aarnio &
Martikainen, 1996); however, this was not the case on our
site. This is further supported because annual fertilizer
applications have continued at FACEp and at Ref. in
years 2001 and 2002, and no residual differences in S
from fertilization have yet been observed in the spring
prior to fertilization (Palmroth and McCarthy unpub-
lished data). Martikainen ef al. (1989) observed that low
fertility pine sites in southern Finland exhibited reduced
soil respiration 7-14 years after fertilization (urea or am-
monium nitrate) while soil respiration at high productiv-
ity pine sites actually increased. The research site within
the Duke Forest where FACEp and Ref are located is best
described as a shallow rooting (< 30 cm), medium fertil-
ity site (Oren et al., 2001). Considering mean soil tempera-
tures and decomposition rates — which are substantially
greater — FACEp and Ref, where suppression of S lasts
for less than 1year, seem to fall between the boundaries
of soil nutrition studied by Martikainen et al. (1989).

The Ts5*F model may not explain what happens if a
fertilizer is applied mid- or late-season, though the
timing of fertilizer application in this experiment is com-
mensurate to what is practiced operationally by forest
managers in the Piedmont region of North Carolina. It
is not clear how Sg will respond in a droughty year;
responses will likely be postponed or longer in duration
thereby altering the response we present (Fig. 3b). Defi-
ciencies of other nutrients — for example, P and K - and
subsequent effects of fertilization on S¢ are dependent on
how these deficiencies affect the available C pool and
impact microbial activity. When N amendments are
added to peat soils, increases in S¢ have been reported on
soils with adequate P, while P-limited soils respond to a
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reduction in Sg (Amador & Jones, 1993). Microbial re-
sponse to P additions is variable and has been reported to
have both positive (Van Cleve & Moore, 1978; Amador &
Jones, 1993) and negative (Kelly & Henderson, 1978; Flana-
gan & Van Cleve, 1983) effects on soil respiration. Deficien-
cies of K have been associated with enhanced root
respiration in the vegetable crop Brassica oleracea (Singh &
Blanke, 2000). In our study we have attempted to alleviate
any major nutrient deficiencies in order to allow N to en-
hance photosynthesis and biomass accumulation.

Our observed response of Sgi to urea was similar
to results from studies on microbial respiration in an
ex situ forest soil of Pinus contorta (Thirukkumaran &
Parkinson, 2000) and in situ Pinus banksiana (Foster et al.,
1980) stands where in both cases respiration was first
stimulated and then suppressed following urea fertiliza-
tion. The temporary stimulation in microbial respiration
may have been caused by improved availability of labile
C pools as a result of ephemeral increase soil pH (Foster
et al., 1980, Thirukkumaran & Parkinson, 2000). However,
as presented earlier, the stimulation is short-lived and is
low in absolute impact relative to the long-term and
strong suppression of Sg with improved soil fertility. It
is important to note that the urea molecule contains one
atom of C (Table 1), which is released when the urea is
mineralized. The amount of C released is very small and
accounts for approximately 0.5% of the total C loss for the
measurement period.

The suppression of Sg with improved fertility is far
from being general and is, in part, dependent on the
stage of development of the investigated system (Johnsen
et al., 2001). In studies on seedlings, fertilization often
increases the amount of carbohydrates available for the
production of roots, resulting in a greater root biomass
relative to unfertilized seedlings and thus Sg is not sup-
pressed (Vose et al., 1995; Pangle & Seiler, 2002) or even
enhanced (Griffin et al., 1997). Similar responses have
been found in field-planted P.taeda seedlings, where
foliage mass was increased 48% and root biomass 43%
by fertilizer, yet S¢ was not significantly different (Pangle
& Seiler, 2002). As trees mature, fertilization favors
C allocation above-ground at the expense of fine roots
and the ratio of fine root-to-above-ground biomass de-
clines (Axelsson & Axelsson, 1986; Haynes & Gower,
1995; Albaugh et al., 1998). Two examples clearly illustrate
such responses of older but still aggrading P. taeda stands
to fertilization: an 11-year-old stand exhibited a 30-100%
increase in below-ground biomass without an accompany-
ing change in Sg (Maier & Kress, 2000) and a 7-year-old
stand had a 260% increase in root biomass (Retzlaff et al.,
2001) while only incurring an 18% increase in S¢ (Lai et al.,
2002). As long as leaf area index (LAI) is below maximum,
the faster increase in LAI with fertilization will be

accompanied with an absolute increase in fine roots, estab-
lishing a ratio between the two organs thatis dependent on
soil fertility, physical properties and plant hydraulics
(Ewers et al., 2000; Hacke et al., 2000).

By contrast, the stands studied here were near the
maximum LAI and the soil limited the rooting depth to
the upper 30cm (Oren et al., 1998). As a result, the pri-
mary effect of fertilization was to increase woody bio-
mass production 15% relative to unfertilized stands
(Oren et al., 2001), likely reducing C allocation below-
ground, and thus Sg was reduced to 85% that of native
fertility soil in our study (Table 3). Similar to reports from
other studies, CO,° in the Prototype plot increased S¢
14%. Elevated atmospheric CO, is known to increase
C assimilation by the foliage in P.taeda (Rogers &
Ellsworth, 2002), but as woody biomass accumulation
attributed to CO, enhancement was rather small in 2000
(Oren et al., 2001), much of this C was likely allocated
below-ground. As under CO,", nutrient addition under
CO,° increased woody biomass increment while redu-
cing C availability below-ground, accompanied with a
decrease in Sg to 87% relative to that with native fertility.

Moreover, the lack of full replication preempts strong
conclusions on any fertilization-atmospheric CO, inter-
actions. However, the CO, response trends were consist-
ent with the literature and our fertilization treatments
provided very consistent results on both the FACE and
reference plots, plots differing greatly in photosynthetic
C gain. Given the scarcity of data such as these, these
results are important for guiding future research direc-
tion in assessing the impact of elevated CO, on C cycles
given soil nutrient limitations.

Enhanced plant growth is expected to add more C to
soils as the concentration of CO, in the atmosphere in-
creases; however, much of it will be lost to respiration
(Schlesinger & Andrews, 2000). Our findings, while not
statistically testable, support this hypothesis. In conclu-
sion, to the extent that fertilization is permitting an as-
sessment of the effect on Sg of native differences in site
fertility, the results suggest that Sg is lower at higher
fertility sites, at least once stands approach maximum
LAIL This pattern should be incorporated into models
estimating C flux at scales that include large heterogen-
eity in soil fertility. Furthermore, the increase in S¢ under
CO,° may be smaller in fertile sites, while the application
of N fertilizer seems to mitigate the effect of elevated
atmospheric CO, on S at infertile sites. Thus, pending
consideration of energy costs of producing, transporting
and applying fertilizer, the application of fertilizer (pri-
marily N) to forests can potentially augment C sequestra-
tion, via increased growth rates and decreased soil
respiration and offset increases in Sy anticipated with
rising CO, concentrations in the atmosphere.

© 2003 Blackwell Publishing Ltd, Global Change Biology, 9, 849-861



REDUCTION OF FOREST FLOOR RESPIRATION BY FERTILIZATION 859

Acknowledgements

We appreciate the assistance of Renee Paddock, who maintained
the ACES in the field. Comments and advice of Dr Chris
A. Maier, Dr Stan Zarnoch and Dr Sari Palmroth are also
appreciated. This study was supported by the Department of
Energy through (1) the Office of Biological and Environmental
Research supporting the Duke Forest FACE-FACTS I (DE-FGO05-
95ER62082) and the Terrestrial Carbon Processes Program, (2)
National Institute for Global Environmental Change, Southeast
Regional Center at the University of Alabama (DE-FC030-
90ER61010) and by the US Forest Service through (1) Southern
Global Climate Change Program and (2) the Southern Research
Station. This work contributes to the Global Change and Ter-
restrial Ecosystems (GCTE) core project of the International
Geosphere-Biosphere Programme (IGBP).

References

Aarnio T, Martikainen PJ (1994) Mineralization of carbon and
nitrogen in acid forest soil treated with fast- and slow-release
nitrogen fertilizers. Plant and Soil, 16, 187-193.

Aarnio T, Martikainen PJ (1996) Mineralization of carbon and
nitrogen, and nitrification in Scotts pine forest soil treated with
fast- and slow-release nitrogen fertilizers. Biology and Fertility
of Soils, 22, 214-220.

Aber JD, Melillo JM, Nadelhoffer K] ef al. (1985) Fine root turn-
over in a forest ecosystems in relation to quantity and form of
nitrogen availability: a comparison of two methods. Oecologia,
66, 317-321.

Albaugh TJ, Allen HL, Dougherty PM et al. (1998) Leaf area and
above- and below-ground growth responses of loblolly pine to
nutrient and water additions. Forest Science, 44, 317-328.

Allen HL (1987) Forest fertilizers: nutrient amendment, stand
productivity, and environmental impact. Journal of Forestry,
85, 37-46.

Allen HL, Dougherty PM, Campbell RG (1990) Manipulation
of water and nutrients — practice and opportunity in southern
US pine forests. Forest Ecology and Management, 30, 437-453.

Allen HL, Kelting DL, Albaugh TJ (2001) Nutrient management
concepts and practices in southern pine plantations. In:
Enhanced Forest Management: Fertilization and Economics (ed.
Bamsey C), pp. 27-31. Clear Lake Ltd, Edmonton, Canada.

Amador JA, Jones RD (1993) Nutrient limitations on microbial
respiration in peat soils with different total phosphorous con-
tent. Soil Biology and Biochemistry, 25, 793-801.

Andrews JA, Schlesinger WH (2001) Soil CO, dynamics, acidifi-
cation, and chemical weathering in a temperate forest with
experimental CO, enrichment. Global Biogeochemical Cycles,
15, 149-162.

Arnebrandt K, Baath E, Soderstrom B et al. (1996) Soil microbial
activity in eleven Swedish coniferous forests in relation to site
fertility and nitrogen fertilization. Scandinavian Journal of Forest
Research, 11, 1-6.

Axelsson E, Axelsson B (1986) Changes in carbon allocation
patterns in spruce and pine trees and following irrigation
and fertilization. Tree Physiology, 2, 189-204.

Ball AS, Drake BG (1998) Simulation of soil respiration by carbon
dioxide enrichment of marsh vegetation. Soil Biology and
Biochemistry, 30, 1203-1205.

© 2003 Blackwell Publishing Ltd, Global Change Biology, 9, 849-861

Castro MS, Peterjohn WT, Melillo JM et al. (1994) Effects of
nitrogen fertilization on the fluxes of N>O, CHy, and CO,
from soils in a Florida slash pine plantation. Canadian Journal
of Forest Research, 24, 9-13.

Ceulemans R, Janssens IA, Jach ME (1999) Effects of CO, enrich-
ment on trees and forests: lessons to be learned in view of
future ecosystem studies. Annals of Botany, 84, 577-590.

Cheng W (1999) Rhizosphere feedbacks in elevated CO,. Tree
Physiology, 19, 313-320.

Ciais P, Tans PP, Trolier M et al. (1995) A large northern hemi-
sphere terrestrial CO, sink indicated by 13C/12C of atmos-
pheric CO,. Science, 269, 1098-1102.

Davidson EA, Verchot LV, Cattanio JH et al. (2000) Effects of soil
water content on soil respiration in a forests and cattle pas-
tures of the eastern Amazonia. Biogeochemistry, 48, 53-69.

DeLucia EH, Hamilton JG, Naidu SL et al. (1999) Net primary
production of a forest ecosystem with experimental CO, en-
richment. Science, 284, 1177-1179.

Ellsworth DS (1999) CO, enrichment in a maturing pine forest:
are CO, exchange and water status in the canopy affected.
Plant Cell and Environment, 22, 461-472.

Ellsworth DS (2000) Seasonal CO, assimilation and stomatal
limitations in a Pinus taeda canopy. Tree Physiology, 20, 435-445.

Ewers BE, Oren R, Sperry JS (2000) Influence of nutrient versus
water supply on hydraulic architecture and water balance in
pinus taeda. Plant, Cell and Environment, 23, 1055-1066.

Fang C, Moncrieff JB (1996) An improved dynamic chamber
technique for measuring CO, efflux from the surface of soil.
Functional Ecology, 10, 297-305.

Finzi AC, Allen AS, DeLucia ET et al. (2001) Forest litter produc-
tion, chemistry and decomposition following two years of
free-air CO, enrichment. Ecology, 82, 470-484.

Finzi AC, Schlesinger WH (2002) Species controlled variation in
litter decomposition in a pine forest exposed to elevated CO..
Global Change Biology, 8, 1217-1229.

Flanagan PW, Van Cleve K (1983) Nutrient cycling in relation to
decomposition and organic matter quality in taiga ecosystems.
Canadian Journal of Forest Research, 13, 795-817.

Foster NW, Beauchamp EG, Corke CT (1980) Microbial activity
in a Pinus banksiana Lamb. forest floor amended with nitrogen
and carbon. Canadian Journal of Soil Science, 60, 199-209.

Griffin KL, Bashkin MA, Thomas RB et al. (1997) Interactive
effects of soil nitrogen and atmospheric carbon dioxide on
root/rhizosphere carbon dioxide efflux from loblolly and pon-
derosa pine seedlings. Plant and Soil, 190, 11-18.

Groninger JW, Johnsen KH, Seiler JR ef al. (1999) Elevated carbon
dioxide in the atmosphere: what might it mean for loblolly
pine plantation forestry? Journal of Forestry, 97, 4-10.

Hacke UG, Sperry JS, Ewers BE et al. (2000) Influence of
soil porosity on water use in Pinus taeda. Oecologia, 124,
495-505.

Haynes BE, Gower ST (1995) Below-ground carbon allocation in
unfertilized and fertilized red pine plantations in northern
Wisconsin. Tree Physiology, 15, 317-325.

Hendrey GR, Ellsworth DS, Lewin KF et al. (1999) A free-air
enrichment system for exposing tall forest vegetation to ele-
vated atmospheric CO,. Global Change Biology, 5, 293-309.

Jach ME, Laureysens I, Ceulemans R (2000) Above- and below-
ground production of young Scots pine (Pinus sylvestris L.)



860 J. R. BUTNOR etal.

trees after three years of growth in the field under elevated
CO,. Annals of Botany, 85, 789-798.

Janssens IA, Crookshanks M, Taylor G et al. (1998) Elevated
atmospheric CO, increases fine root production, respiration,
rhizosphere respiration and soil CO, efflux in Scots pine seed-
lings. Global Change Biology, 4, 871-878.

Johnsen KH, Butnor JR, Maier C et al. (2001) Fertilization
increases below-ground carbon sequestration of loblolly
pine plantations. First National Conference on Carbon
Sequestration. Proceedings, Washington DC, May 2001.

Johnson D, Geisinger D, Walker R et al. (1994) Soil pCO,, soil
respiration, and root activity in CO, fumigated and nitrogen-
fertilized ponderosa pine. Plant and Soil, 165, 129-138.

Johnson MG, Phillips DL, Tingey DT et al. (2000) Effects of
elevated CO,, and fertilization, and the season on survival of
ponderosa pine fine roots. Canadian Journal of Forest Research,
30, 220-228.

Kelly JM, Henderson GS (1978) Effects of nitrogen and phos-
phorus addition on deciduous litter decomposition. Soil
Science Society of America Journal, 42, 972-976.

King JS, Pregitzer KS, Zak DR et al. (2001) Fine-root biomass and
fluxes of soil carbon in young stands of paper birch and
trembling aspen as affected by elevated atmospheric CO,
and tropospheric O;. Oecologia, 128, 237-250.

Kowalenko CG, Ivarson KC, Cameron DR (1978) Effect of mois-
ture content, temperature and nitrogen fertilization on carbon
dioxide evolution from field soils. Soil Biology and Biochemistry,
10, 417-423.

Lai C-T, Katul G, Butnor J et al. (2002) Limits on the net carbon
exchange response to fertilization in a southeastern pine
forest. Plant, Cell, and Environment, 25, 1095-1119.

Lin G, Ehleringer JR, Rygiewicz PT et al. (1999) Elevated CO,
and temperature impacts on different components of soil
CO, efflux in Douglas-fir terracosms. Global Change Biology,
5, 157-168.

Lomander A, Katterer T, Andren O (1998) Carbon dioxide evo-
lution from top- and subsoil as affected by moisture and
constant and fluctuating temperature. Soil Biology and
Biochemistry, 30, 2017-2022.

Lu S, Mattson KG, Zaerr JB et al. (1998) Root respiration of
Douglas-fir seedlings: effects of N concentration. Soil Biology
and Biochemistry, 30, 331-336.

Maier CA, Johnsen KH, Butnor J et al. (2002) Branch growth and
gas exchange in 13-year-old loblolly pine (Pinus taeda) trees in
response to elevated carbon dioxide concentration and fertil-
ization. Tree Physiology, 22, 1093-1106.

Maier CA, Kress LW (2000) Soil CO, evolution and root respir-
ation in 11-year-old loblolly pine (Pinus taeda) plantations as
affected by moisture and nutrient availability. Canadian Journal
of Forest Research, 30, 347-359.

Martikainen PR, Aarnio T, Taavitsainen V-M et al. (1989)
Mineralization of carbon and nitrogen in soil samples taken
from three fertilized pine stands: long-term effects. Plant and
Soil, 114, 99-106.

Matamala R, Schlesinger WH (2000) Effects of elevated atmos-
pheric CO, on fine root production and activity in an intact
temperate forest ecosystem. Global Change Biology, 6, 967-979.

Mikan CJ, Zak DR, Kubiske ME et al. (2000) Combined effects of
atmospheric CO, and N availability on the below-ground

carbon and nitrogen dynamics of aspen mesocosms.
Oecologia, 124, 432-445.

Nohrstedt HO, Arnebrant K, Baath E ef al. (1989) Changes in
carbon content, respiration rate, the ATP content, and micro-
bial biomass in nitrogen-fertilized pine forest soils in Sweden.
Canadian Journal of Forest Research, 9, 323-328.

Norby RJ, Gunderson CA, Wullschleger SD et al. (1992)
Productivity and compensatory responses of yellow-poplar
trees in elevated CO,. Nature, 357, 322-324.

Oren R, Ellsworth DS, Johnsen KH et al. (2001) Soil fertility and
limits carbon sequestration by forest ecosystems in CO, en-
riched atmosphere. Nature, 411, 469-472.

Oren R, Ewers BE, Todd P et al. (1998) Water balance delineates
the soil layer in which moisture affects canopy conductance.
Ecological Applications, 8, 990-1002.

Pangle RE, Seiler J (2002) Influence of seedling roots, environ-
mental factors and soil characteristics on soil CO, efflux
rates in a 2-year-old loblolly pine (Pinus taeda L.) plantation
in the Virginia Piedmont. Environmental Pollution, 116,
585-596.

Pendall E, Leavitt SW, Brooks T et al. (2001) Elevated CO, stimu-
lates soil respiration in a FACE wheat field. Basic and Applied
Ecology, 2, 193-201.

Pregitzer KS, Zak DR, Curtis PS et al. (1995) Atmospheric CO,,
soil nitrogen and turnover of fine roots. New Phytologist, 129,
579-585.

Pregitzer KS, Zak DR, Maziasz ] et al. (2000) Fine root growth,
mortality, and morphology in a factorial elevated atmospheric
CO; x soil nitrogen availability experiment. Ecological Appli-
cations, 10, 18-33.

Raisch JW, Nadelhoffer K] (1989) Belowground carbon allocation
in forest systems: global trends. Ecology, 70, 1346-1354.

Retzlaff WA, Handest JA, O'Malley DM et al. (2001) Whole-tree
biomass and carbon allocation of juvenile trees of loblolly pine
(Pinus taeda): influence of genetics and fertilization. Canadian
Journal of Forest Research, 31, 960-970.

Rogers A, Ellsworth DS (2002) Photosynthetic acclimation of
Pinus taeda (loblolly pine) to long-term growth in elevated
pCO, (FACE). Plant, Cell and Environment, 25, 851-858.

Rogers HH, Runion GB, Krupa SV (1994) Plant response to
atmospheric CO, enrichment with emphasis on roots and
rhizosphere. Environmental Pollution, 83, 115-189.

Schimel DS (1995) Terrestrial ecosystems and the carbon cycle.
Global Change Biology, 1, 77-91.

Schlesinger WH, Andrews JA (2000) Soil respiration and the
global carbon cycle. Biogeochemistry, 48, 7-20.

Schultz RP (1997) The Ecology and Culture of Loblolly Pine (Pinus
Taeda L.) USDA Agriculture Handbook 713. US Government
Printing Office, Washington DC.

Singh P, Blanke MM (2000) Deficiency of potassium but not
phosphorus enhances root respiration. Plant Growth
Regulation, 32, 77-81.

Singh JS, Gupta SR (1977) Plant decomposition and a soil
respiration in terrestrial ecosystems. Botanical Review, 43,
449-529.

Sowerby A, Blum H, Gray TRG et al. (2000) The decomposition of
Lolium perenee in soils exposed to elevated CO,: comparisons
of mass loss of litter with soil respiration and soil microbial
biomass. Soil Biology and Biochemistry, 32, 1359-1366.

© 2003 Blackwell Publishing Ltd, Global Change Biology, 9, 849-861



REDUCTION OF FOREST FLOOR RESPIRATION BY FERTILIZATION 861

Spinnler D, Egli P, Korner C (2002) Four-year dynamics of beech-
spruce model ecosystems under CO, enrichment on two dif-
ferent forest soils. Trees, 16, 423-436.

Tans PP, White JWC (1998) In balance, with a little help from the
plants. Science, 281, 83-184.

Thirukkumaran CM, Parkinson D (2000) Microbial respiration,
biomass, metabolic quotient and litter decomposition in a
lodgepole pine forest floor amended with nitrogen and phos-
phorus fertilizers. Soil Biology and Biochemistry, 32, 59-66.

Tingey DT, Johnson MG, Philips DL et al. (1996) Effects of ele-
vated CO, and nitrogen on the synchrony of shoot and root
growth in ponderosa pine. Tree Physiology, 16, 905-914.

Tingey DT, Philips DL, Johnson MG et al. (1997) Effects of ele-
vated CO, and N-fertilization on fine root dynamics and
fungal growth in seedling Pinus ponderosa. Environmental
and Experimental Botany, 37, 73-83.

Valentini R, Matteucci G, Dolman AJ et al. (2000) Respiration as
the main determinant of carbon balance in European forests.
Nature, 404, 861-865.

© 2003 Blackwell Publishing Ltd, Global Change Biology, 9, 849-861

Van Cleve K, Moore TA (1978) Cumulative effects of nitrogen,
phosphorus, and potassium fertilizer additions on soil respir-
ation, pH and organic matter content. Soil Science Society of
America Journal, 42, 121-124.

Verburg PSJ, Gorissen A, Arp WJ (1998) Carbon allocation and
decomposition of root-derived organic matter in a plant-soil
system of Calluna vulgaris as affected by elevated CO,. Soil
Biology and Biochemistry, 30, 1251-1258.

Vose JM, Elliot KJ, Johnson DW et al. (1997) Soil respiration
response to three years of elevated CO, and N fertilization
and ponderosa pine (Pinus ponderosa Doug. ex Laws.). Plant
and Soil, 190, 19-28.

Vose JM, Elliot KJ, Johnson DW et al. (1995) Effects of elevated
CO, and N fertilization on soil respiration from ponderosa
pine (Pinus ponderosa) in open top chambers. Canadian Journal
of Forest Research, 25, 1243-1251.

Zak DR, Pregitzer KS, King JS ef al. (2000) Elevated atmospheric
CO,, fine roots and the response of soil microorganisms: a
review and hypothesis. New Phytologist, 147, 201-222.



