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Summary This paper investigates the possible contribution
of Short Rotation Cultures (SRC) to carbon sequestration in
both current and elevated atmospheric CO2 concentrations
([CO2]). A dense poplar plantation (1 × 1 m) was exposed to a
[CO2] of 550 ppm in Central Italy using the free-air CO2 en-
richment (FACE) technique. Three species of Populus were ex-
amined, namely P. alba L., P. nigra L. and P. × euramericana
Dode (Guinier). Aboveground woody biomass of trees ex-
posed to elevated [CO2] for three growing seasons increased by
15 to 27%, depending on species. As a result, light-use effi-
ciency increased. Aboveground biomass allocation was un-
affected, and belowground biomass also increased under
elevated [CO2] conditions, by 22 to 38%. Populus nigra, with
total biomass equal to 62.02 and 72.03 Mg ha–1 in ambient and
elevated [CO2], respectively, was the most productive species,
although its productivity was stimulated least by atmospheric
CO2 enrichment. There was greater depletion of inorganic ni-
trogen from the soil after three growing seasons in elevated
[CO2], but no effect of [CO2] on stem wood density, which dif-
fered significantly only among species.

Key words: elevated CO2, light-use efficiency, POPFACE,
Populus, root/shoot ratio, SRC, wood density.

Introduction

Much progress has been made in recent decades toward maxi-
mizing woody biomass production in poplar through the intro-
duction of new clones and improved cultural techniques
(Stettler and Heilman 1984, Hansen 1991). Short Rotation
Cultures (SRC) have been introduced to produce biomass for
energy and industry in the USA (Hohenstein and Wright 1994)
and in Europe (Grassi et al. 1990), but the impact of climate
changes on SRC is not well known. Numerous studies on the
impact of increasing CO2 concentration ([CO2]) on tree pro-

ductivity, i.e., carbon sequestration capacity, are underway
(Karnosky et al. 2001). Initially, elevated [CO2] studies were
conducted with small trees under controlled environmental
conditions (Ceulemans and Mousseau 1994, Saxe et al. 1998).
More recently, the focus has been on ecosystem-level re-
sponses, the study of which requires exposing an area of natu-
ral vegetation to elevated [CO2] without otherwise altering the
environmental conditions (Norby et al. 1999). This can be
achieved by the free-air CO2 enrichment (FACE) technique
(Hendrey et al. 1993). Although FACE is widely applied to
herbaceous plants, few experiments have been carried out with
trees because of the cost of the large installations that such ex-
periments require (Karnosky et al. 2001).

Elevated [CO2] usually enhances both above- and below-
ground productivity, particularly in fast-growing species such
as poplars (Gielen and Ceulemans 2001). Increases in total
biomass of between 22 and 90% in response to atmospheric
CO2 enrichment have been reported in poplar (Gielen and
Ceulemans 2001), although no significant effect on above-
ground biomass was found in Populus deltoides Bartr. ex
Marsh (Wait et al. 1999), Populus tremuloides Michx.
(Kubiske et al. 1997) or Populus grandidentata Michx. (Curtis
et al. 1994). Recently, it was reported that aboveground bio-
mass of one P. × euramericana Dode (Guinier) and one
P. nigra L. genotype, grown within a single small FACE ring
for 5 months, increased in response to elevated [CO2] by
47 and 32%, respectively (Tognetti et al. 1999). Little is known
about the effect of elevated [CO2] on belowground growth of
poplar.

Although a number of experiments have shown increased
growth of poplars in response to elevated [CO2], these were
mostly short-term studies with plants in pots (Radoglou and
Jarvis 1990, Curtis and Teeri 1992, Dickson et al. 1998, Loewe
et al. 2000). However, a study with six P. tremuloides clones
found a 113% increase in fine root biomass in response to ele-
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vated [CO2] (King et al. 2001).
Estimates of the response of forest ecosystems to elevated

[CO2] have assumed the absence of an effect of [CO2] on the
allometric relationships used to estimate biomass within
treated plots (DeLucia et al. 1999, Norby et al. 2001). Norby et
al. (2001) have justified this based on an analysis of the effect
of elevated [CO2] on stem taper and wood density.

To gain insight into the growth responses of forest trees to
elevated [CO2], the light-use efficiency model introduced by
Monteith (1972, 1977) may be applied. This model predicts
that net primary productivity (NPP) is linearly related to ab-
sorbed photosynthetically active radiation (APAR), assuming
that light-use efficiency (ε) remains constant. Widespread use
of this model has been made in estimating productivity over
large spatial scales (Gower et al. 1999), and possible effects of
rising atmospheric [CO2] on ε need to be taken into account.
Results for a Pinus taeda L. ecosystem showed a FACE-in-
duced stimulation of ε of 27% as a result of increased biomass
production (DeLucia et al. 2002).

In the POPFACE experiment, three poplar species were
grown in an SRC plantation for three growing seasons and ex-
posed to a [CO2] of 550 ppm using the FACE technique, i.e., in
open field conditions with otherwise unchanged environmen-
tal conditions. Because canopy closure in this system occurred
in the second year (Gielen et al. 2001), it provided an opportu-
nity to assess realistically the effect of future elevated [CO2] on
biomass productivity in forest plantations. Based on previous
research at this site (for details see Calfapietra et al. 2001,
Gielen et al. 2001, 2002), we hypothesized that (1) allometric
relationships between stem cross-sectional area and tree bio-
mass are unaffected by an increase in atmospheric [CO2], (2)
biomass allocation is slightly affected by the FACE treatment
through increased investment of biomass in branches and
roots, (3) biomass production is stimulated by the FACE treat-
ment, and (4) the FACE treatment increases light-use effi-
ciency of this plantation.

Materials and methods

Site description and plantation layout

The experimental plantation and FACE facility are located in
an agricultural region of Central Italy, near Viterbo (Tuscany;
42°22′ N, 11°48′ E, altitude 150 m). In late spring 1999, a 9-ha
field was planted with 25-cm-long hardwood cuttings of
Populus × euramericana (P. deltoides × P. nigra) genotype
I-214 at a density of 5000 trees ha–1 (2 × 1 m). Six experimen-
tal plots (30 × 30 m) with homogeneous soil and microclimatic
conditions were selected within the plantation. Plots were
planted at a density of 10,000 trees ha–1 (1 × 1 m) with hard-
wood cuttings of three different species: P. × euramericana ge-
notype I-214, P. nigra (genotype Jean Pourtet) and a local
selection of P. alba L. (genotype 2AS11). This planting den-
sity is common in SRC poplar plantations (Hansen 1991,
MacPherson 1995). For further information on the descriptive
species properties, see Calfapietra et al. (2001).

In each of three plots, a 22-m diameter PVC ring was

mounted on telescopic poles, and pure CO2 was released
through laser-drilled holes in the ring (FACE treatment). Trees
within a 22-m diameter area in the center of each of the three
remaining plots served as controls. In order to avoid cross-con-
tamination between FACE and control plots, plots were a min-
imum of 120 m apart. The [CO2] was monitored with an
automatic monitoring station at the center of each ring. Direc-
tional release of gas around the ring was controlled, according
to wind direction, by shut-off valves located before the point of
injection. The released quantity of gas was established, ac-
cording to wind speed, with an algorithm developed for the fa-
cility based on a three-dimensional gas dispersion model
(Miglietta et al. 2001). The computer-controlled system was
set to maintain a [CO2] of 550 ppm inside the FACE plots. The
mean [CO2] within the FACE plots was 544 ± 48 ppm during
the first year of treatment, 532 ± 83 ppm during the second
year, and 554 ± 95 during the third year (F. Miglietta,
CNR-IATA, Florence, Italy, unpublished results). Unexpected
internal corrosion of the CO2 bulk container caused perfor-
mance problems in the autumn of the second year. However,
the CO2 concentrations, measured at 1-min intervals at the
center of the ring and at the top of the canopy, were within 20%
of the target concentration more than 80% of the time. The
[CO2] in the canopy space was controlled and monitored
throughout the season by two additional independent infrared
gas analyzers. Despite considerable short-term [CO2] fluctua-
tions within the canopy space, mean daily values differed only
slightly from those measured at the top of the canopy
(F. Miglietta, unpublished results). Daytime CO2 enrichment
was provided from bud burst to leaf fall (March to November).
A detailed description of the set-up and performance of this
FACE facility has been provided by Miglietta et al. (2001).

The 20-cm-deep topsoil layer had a silt loam texture and a
pH (KCl) of 5.04. Total carbon and nitrogen were 0.98 and
0.12%, respectively, and bulk density was 1.34 g cm–3. There
were no relevant differences between experimental plots
(M. Hoosbeek, Wageningen University, The Netherlands, un-
published results).

A drip irrigation system was installed both in the field and in
the experimental plots to avoid drought stress during planta-
tion establishment and the dry summer period. Irrigation was
monitored to ensure equal application in each experimental
plot. The amount of water supplied to trees increased from
spring to summer, and from the first to the third growing sea-
son, in order to match transpiration, reaching a maximum of
10 mm day–1 in the summer of the third growing season.
Weeds were removed manually or mechanically, and insecti-
cides was applied as necessary during the establishment year.

Harvests

In November and December 2000, the first biomass harvest
was made of 2-year-old trees selected from the external rows
of the plots, i.e., beyond the CO2-enriched area, thus leaving
the experimental plots undisturbed until the end of the 3-year
treatment period. The experimental trees were divided into
four classes according to basal area at breast height (BA). Two
trees of each species were selected from each plot (n = 12)
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such that, from each BA class, a number of trees proportional
to the total number of trees in that class was selected. All
aboveground components were dried for 5 days at 70 °C and
weighed.

In November and December 2001, the second biomass har-
vest was made of 3-year-old trees selected within the experi-
mental area. Eight trees of each species were selected from
each plot (n = 48) such that, from each BA class, a number of
trees proportional to the total number of trees in that class was
selected. For half of the harvested trees, branch biomass was
separated from stems. For the remaining trees, branches were
sorted into: sylleptic branches on HGI 1 (height growth incre-
ment of the first growing season), HGI 2 (height growth incre-
ment of the second growing season) and HGI 3 (height growth
increment of the third growing season); proleptic branches on
HGI 1 and HGI 2; and second-order branches. Only live bio-
mass components were sampled. Some proleptic branches de-
veloped early in the spring but died and fell before the end of
the growing season, and thus were not sampled during our har-
vests.

Fresh stem volume was measured by water displacement,
and all aboveground components were weighed after drying
for 5 days at 70 °C. Wood density was calculated as fresh stem
volume divided by stem dry mass. In contrast with the first
(second-year) harvest, each stem was divided into three parts
according to the three HGIs to determine the volume and den-
sity of each component. Two trees per species per plot (36
trees in total) were selected from those harvested to determine
belowground biomass. A 1 × 1 m square centred around the
tree was excavated to a depth of 70 cm for belowground bio-
mass assessments. We assumed that roots of surrounding trees
within the sample area compensated for roots of the measured
tree that were outside the sampled area. Only coarse roots (di-
ameter > 2–3 mm) were collected, and the stump was sepa-
rated from the roots. Fine root biomass was excluded, as were
dead coarse roots, which make up only a small fraction of the
biomass. Roots were washed, dried for 3 days at 70 °C and
weighed.

Scaling up to the ecosystem level

Allometric relationships between BA and total aboveground
biomass of harvested trees were established for each harvest
and species (subsample of 12 and 48 trees for the first and sec-
ond harvests, respectively) (Table 1). The FACE treatment did
not affect allometric relationships between BA and above-
ground biomass, as shown by analysis of covariance for the
third growing season (P = 0.12 and 0.93 for the slope and the
intercept comparison, respectively). This justified the use of a
single regression line to estimate biomass for both treatments.
Data were pooled by species, which differed significantly (P <
0.0001) in both regression slope and intercept. Allometric re-
lationships were used to estimate aboveground biomass from
the BA of 48 experimental trees (main sample) per plot per
species. Aboveground biomass per tree was estimated with the
general equation (Corona 2000):

y y b x xp ss ss= + −1( )

where x is BA and y is aboveground biomass; yp = mean y esti-
mated for the population; yss = mean y of the subsample; xss =
mean x of the subsample; x = mean x of the main sample; and
b1 = the coefficient of the linear regression between y and x
(i.e., y = b0 + b1x; see Table 1).

The accuracy of the estimation of yp depends on the vari-
ability of y in the subsample and of the predicted values of y in
the main sample. The variance of yp can be estimated as:

s
n n

n
s

n

y y

n s

N
y y x

x
p

ss

ss

ss

ss

ss
2

2 2
21

1
= − + −

−









 + −

,
( )

( )

n

N

s

n
y
2

where sy x,
2 = variance of the residual estimated for the sub-

sample:

s
y y

n
y x

i ii

n

,

( � )
2

2

1

2
=

−
−

=∑
ss

where yi = the ith value of the parameter y measured in the sub-
sample; �yi = the ith value of the parameter y estimated by using
the linear regression corresponding to the ith value of the pa-
rameter x in the subsample; nss = the number of values in the
subsample; n = the number of values in the main sample; y =
mean y of the main sample; sy

2 = variance of y in the sub-
sample; sx ss

2 = variance of x in the subsample; and N = the num-
ber of values in the population.

A similar procedure was used to obtain a regression between
BA and coarse root biomass with a subsample of 12 trees per
species (Table 1).

The root/shoot ratio (R/S) was calculated from values of to-
tal below- and aboveground biomass of the harvested trees,
i.e., six trees per species per treatment. There were no differ-
ences in R/S ratio among stem diameter classes, and therefore
belowground biomass was estimated for trees of the main sam-
ple from R/S ratio and aboveground biomass. Stump biomass
was calculated as the difference between total belowground
biomass and coarse root biomass.

Branch/stem ratio (B/St) was calculated for the 24 harvested
trees per species per treatment. With this ratio, branch and
stem biomass were estimated from aboveground biomass val-
ues. Finally, branch biomass was separated into the different
types (see above) based on relative ratios calculated for 12
trees per species per treatment.

Assessments at the physiological level

In the third growing season, leaf production was collected in
control and FACE treatments in six litter traps (0.13 m2) per
plot per species. Litter was determined after pooling the three
replicated traps per half-plot per species to account for spatial
heterogeneity. Traps were placed in the projected area of a tree
or the intersection of the projected areas of four adjacent trees.
Litter was dried at 80 °C for 48 h and weighed. Annual litter-
fall was calculated as the sum of each periodic collection (g
m–2). Total leaf area produced was estimated by multiplying
annual litterfall by specific leaf area values for each species.
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The CPI (Canopy Productivity Index, Norby 1996) was cal-
culated as stem biomass produced per unit leaf area (g m–2)
during the third growing season. The HI (Harvest Index) was
calculated as the ratio of total aboveground merchantable bio-
mass to total biomass of the 36 completely harvested trees.

Light-use efficiency (ε = biomass produced per unit ab-
sorbed photosynthetically active radiation (APAR)) during the
third year was calculated for aboveground production, i.e.,
woody biomass and total leaf production. Accumulated APAR
between bud burst and third-year biomass determination was
estimated from accumulated incoming PAR (JYP 1000,
SDEC, Tours, France) and canopy absorption (B. Gielen et al.,
unpublished data) where litter traps were placed. Canopy ab-
sorption of all species in all plots was estimated in August of
the third year by measuring canopy transmittance with a
ceptometer (AccuPAR, Decagon Devices, Pullman, WA),
assuming reflectance = 0.036 (Zavitkovski 1982).

For soil nitrogen content determination, two soil cores per
plot per species (10 cm diameter, 20 cm long) were taken from
the top 20-cm-deep soil layer at both the beginning and the end
of the third growing season (spring and fall 2001). Samples
were immediately sieved (2 mm), and the water content ad-
justed to 60% of water holding capacity. The soil samples were
then left to equilibrate at room temperature for 1 week. Am-
monium was extracted in 1 M KCl and determined by steam
distillation and titration according to Keeney and Nelson
(1982). Nitrate was extracted in 0.5 M K2SO4 and determined
colorimetrically with salicylic acid according to Cataldo et al.
(1975). Total soil inorganic nitrogen content was calculated as
the sum of NH4-N plus NO3-N.

Statistical analysis

Analysis of variance (ANOVA) was performed to evaluate the
main effects of FACE and species on tree biomass production
and biomass partitioning. Data were tested for normality with
the Shapiro-Wilk statistic. A randomized, complete-block de-

sign was applied, with treatment, species and treatment × spe-
cies interaction as fixed factors, and block as the random
factor. Plot (three FACE plots versus three control plots) was
the unit of replication. All statistical analyses were performed
with the SAS statistical software package (SAS Version 8.1,
SAS Institute, Cary, NC) using the mixed procedure. Sat-
terthwaite’s procedure was applied to obtain the denominator
degrees of freedom (Littell et al. 1996). Where the ANOVA
F-test showed an interaction between CO2 treatment and spe-
cies, a posteriori comparison of means was performed by the
Bonferroni method for the multiple comparisons. Differences
between means were considered significant when the P-value
of the ANOVA F-test was < 0.05.

Results

After two growing seasons, Populus nigra had the greatest
aboveground biomass: 23.6 and 27 Mg ha–1 in the control and
FACE treatments, respectively (Figure 1). Values for P. alba
and P. × euramericana were, respectively, 17.3 and 16.5 Mg
ha–1 in the control treatment, versus 20.9 and 22.7 Mg ha–1 in
the FACE treatment (Figure 1). At the end of the third growing
season, Populus nigra again had the greatest aboveground bio-
mass: 53.58 and 61.73 Mg ha–1 in the control and FACE treat-
ments, respectively (Table 2). Three-year aboveground
biomass values were 40.32 and 51.38 Mg ha–1 for P. alba, and
38.16 and 48.39 Mg ha–1 for P. × euramericana, in control and
FACE treatments, respectively. Significant differences in
belowground biomass and in total biomass between treatments
were confirmed in all species (Table 3). The highest total bio-
mass values after 3 years were observed in P. nigra, with 62.02
and 72.03 Mg ha–1 in the control and FACE treatments, re-
spectively (Table 2). In contrast to aboveground biomass, dif-
ferences in belowground biomass among species were small
relative to the range of belowground biomass values of 7.5–
10.5 Mg ha–1 for all species in both control and FACE treat-
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Table 1. Allometric relationships used to determine aboveground biomass after two (first harvest) and three (second harvest) growing seasons and
coarse root biomass after three growing seasons for three Populus species. Values of control and FACE plots were merged, as no significant differ-
ences in allometric relationships between treatments were observed. Abbreviations: n is the number of trees (subsample) used for each fit; b0 and
b1 are parameters of a linear fit with the equation y = b0+ b1x; r2 is the coefficient of determination; and P is the probability value.

n b0 b1 r2 P

P. alba
Aboveground biomass (first harvest) 12 –319.36 241.41 0.971 < 0.0001
Aboveground biomass (second harvest) 48 –1504.7 332.21 0.946 < 0.0001
Coarse roots (second harvest) 12 116.53 22.64 0.718 0.0005

P. nigra
Aboveground biomass (first harvest) 12 –273.38 240.02 0.979 < 0.0001
Aboveground biomass (second harvest) 48 –569.53 260.55 0.951 < 0.0001
Coarse roots (second harvest) 12 50.2 22.88 0.648 0.0016

P. × euramericana
Aboveground biomass (first harvest) 12 –391.35 196.98 0.954 < 0.0001
Aboveground biomass (second harvest) 48 –549.81 207.47 0.967 < 0.0001
Coarse roots (second harvest) 12 180.58 14.82 0.757 0.0002
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ments (Table 2). Given these above- and belowground biomass
values, the R/S ratio was not significantly influenced by the
FACE treatment; R/S ratios ranged from 0.16 in P. nigra to
0.23 in P. alba and P. × euramericana (Figure 2).

Branch biomass was similar in P. nigra and P. alba, but
lower in P. × euramericana, in both treatments. Moreover,
branch biomass was significantly higher in the FACE treat-
ment than in the control treatment (Tables 2 and 3). Values af-
ter three growing seasons ranged from 6.45 to 11.57 Mg ha–1

in the control treatment, and from 8.56 to 13.95 Mg ha–1 in the
FACE treatment, depending on species. In contrast, the B/St
ratio was unaffected by FACE treatment in P. nigra and P. ×
euramericana, whereas it was higher in the control treatment
for P. alba (Figure 2).

The partitioning of branch biomass among different branch
types was not greatly affected by the FACE treatment. Never-
theless, in P. nigra, sylleptic branches on HGI 1 represented 16
and 23% of total branch biomass in the control and FACE
treatments, respectively, whereas proleptic branches on HGI 2

represented 25 and 18% of total branch biomass in the control
and FACE treatments, respectively (Figure 3). Species differed
considerably in their allocation of biomass. For instance, P. ×
euramericana invested mainly in proleptic branches (69% of
total branch biomass in the control treatment versus 70% in the
FACE treatment), whereas P. alba and P. nigra invested more
in sylleptic branches (between 50 and 60% of total branch bio-
mass). No significant interactions between CO2 treatment and
species were found for any of the biomass parameters.

Annual litterfall during the third growing season was unaf-
fected by treatment, but a significant difference among species
emerged. Values ranged between 533 and 769 g m–2, depend-
ing on species and treatment (Table 4). Canopy Productivity
Index was increased by the FACE treatment (P = 0.08) during
the third growing season, especially in P. alba, where values
were 236 and 327 g m–2 in the control and FACE treatments,
respectively (Figure 2). Lower values were observed in
P. nigra and P. × euramericana. For the latter species, differ-
ences between treatments were limited. As for CPI, ε was
higher in the FACE treatment for all species. The highest ε val-
ues were observed in P. nigra (2.25 and 2.54 g MJ–1 in the
control and FACE treatments, respectively) (Figure 4). The
Harvest Index was unaffected by both treatment and species,
with values ranging from 0.81 to 0.86 (Figure 2).

Wood density was unaffected by the FACE treatment in all
species, but a significant difference was observed among spe-
cies (Tables 3 and 5). Mean values for whole stem wood den-
sity ranged from 0.348 g cm–3 in P. × euramericana to 0.409 g
cm–3 in P. nigra (Table 5). Differences were evident among the
three HGIs. Wood density was always highest in HGI 3, with
values ranging from 0.422 to 0.470 g cm–3.

Inorganic soil nitrogen content was similar among species
and between treatments in the spring of the third growing sea-
son, whereas a significant treatment effect emerged in the fall
(Tables 3 and 4). A depletion of soil nitrogen was evident for
all species in both treatments, except for P. nigra in the control
treatment (Table 4).
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Table 2. Biomass distribution (Mg ha–1) of three Populus species after three growing seasons in control and FACE treatments. Values are means
with standard errors in parenthesis; n =144. Abbreviation: HGI = height growth increment.

Component P. alba P. nigra P. × euramericana

Control FACE Control FACE Control FACE

Sylleptic branches on HGI 1 1.52 (0.39) 1.70 (0.31) 1.89 (0.32) 3.21 (0.28) 0.60 (0.13) 0.88 (0.30)
Proleptic brances on HGI 1 1.58 (0.24) 1.94 (0.35) 1.48 (0.15) 1.62 (0.27) 1.79 (0.29) 2.45 (0.29)
Sylleptic branches on HGI 2 3.57 (0.52) 3.53 (0.40) 2.52 (0.35) 3.37 (0.64) 0.12 (0.04) 0.44 (0.30)
Proleptic brances on HGI 2 1.43 (0.24) 2.04 (0.37) 2.94 (0.37) 2.45 (0.38) 2.66 (0.55) 3.49 (0.73)
Sylleptic branches on HGI 3 1.33 (0.24) 1.71 (0.42) 1.83 (0.21) 2.08 (0.31) 1.04 (0.32) 1.02 (0.24)
Second-order branches 2.03 (0.42) 2.24 (0.48) 0.91 (0.19) 1.22 (0.23) 0.25 (0.08) 0.28 (0.13)
Total branches 11.45 (2.30) 13.15 (1.93) 11.57 (1.35) 13.95 (1.39) 6.45 (1.21) 8.56 (1.36)
Stem 28.87 (3.65) 38.23 (3.28) 42.01 (2.58) 47.78 (2.57) 31.71 (2.68) 39.82 (2.93)
Stump 2.65 (1.16) 4.78 (1.10) 2.73 (0.66) 3.87 (0.73) 2.95 (0.82) 4.46 (0.98)
Coarse roots 4.93 (1.71) 5.68 (1.84) 5.71 (2.46) 6.43 (1.46) 4.92 (1.27) 5.65 (1.37)
Total aboveground biomass 40.32 (4.31) 51.38 (3.81) 53.58 (2.91) 61.73 (2.93) 38.16 (2.94) 48.39 (3.23)
Total belowground biomass 7.58 (2.80) 10.46 (2.96) 8.44 (2.79) 10.30 (2.07) 7.87 (2.07) 10.11 (2.40)
Total biomass 47.90 (6.41) 61.84 (5.78) 62.02 (4.57) 72.03 (4.39) 46.03 (4.41) 58.50 (4.88)

Figure 1. Total aboveground biomass measured after two growing
seasons in three Populus species in control and FACE treatments.
Mean values (+ standard error) of the control (open bars) and FACE
(closed bars) treatments are presented. Each bar represents the mean
of 144 trees for which biomass was estimated from basal area with
allometric relationships.
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Discussion

Averaged across three species, a 24% stimulation of total
woody biomass production in SRC poplar was observed after
3 years of atmospheric CO2 enrichment. The FACE treatment
increased aboveground woody biomass after 2 years by 15 to
37%, depending on species. The effect was slightly less after
the third year, i.e., +27% (P. alba), +15% (P. nigra) and +18%
(P. × euramericana). Comparable results were observed in a
sweetgum stand where the effect of FACE treatment on stand-
level aboveground biomass production was 33% in the first
year and 15% in the second (Norby et al. 2001). Differences in
yearly increments of wood, including coarse roots, and foliage
in a 15-year-old loblolly pine forest were increased by 27% in
FACE compared with control treatments (Hamilton et al.
2002).

Elevated [CO2] usually stimulates plant biomass produc-
tion, particularly in plants such as poplars with indeterminate
growth, presumably because of differences in sink strength
(Oechel and Strain 1985), although this question is still
strongly debated (Poorter 1998, Lloyd and Farquhar 2000).
Different poplar species exposed to elevated [CO2] for some
months showed increased stem biomass production ranging
from 31 to 55% (Bosac et al. 1995, Ceulemans et al. 1996). In
our experiment, trees grew larger in the FACE treatment, par-

ticularly during the first growing season, when stem volume
index was on average 70% higher in the FACE than in the con-
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Table 3. Analysis of variance (ANOVA) of biomass parameters for three Populus species grown for three growing seasons in control and FACE
treatments. The aboveground biomass value (first harvest) is from data obtained after two growing seasons. Significance (P-values of the ANOVA
F-test) of the effects of CO2 treatment, species and their interaction are indicated as: ns = not significant; * = P < 0.05; ** = P < 0.01; and *** = P <
0.001. Almost significant values, where P was between 0.05 and 0.1, are indicated.

Biomass parameter Treatment Species Treatment × species

Total aboveground biomass (first harvest) 0.05 *** ns
Total aboveground biomass (second harvest) * ** ns
Sylleptic branch biomass on HGI 1 * *** ns
Proleptic branch biomass on HGI 1 ns ns ns
Sylleptic branch biomass on HGI 2 ns *** ns
Proleptic branch biomass on HGI 2 ns ** ns
Sylleptic branch biomass on HGI 3 ns 0.1 ns
Second order branch biomass * *** ns
Total branch biomass ** *** ns
Stem biomass ** ** ns
Stump biomass ** ns ns
Coarse roots biomass * ** ns
Total belowground biomass ** ns ns
Total biomass * ** ns
Wood density whole stem ns ** ns
Wood density (HGI 1) ns *** ns
Wood density (HGI 2) ns *** ns
Wood density (HGI 3) ns ns ns
Canopy productivity index 0.08 ns ns
Harvest index ns * ns
Branch/stem ratio ns * ns
Root/shoot ratio ns *** ns
Light-use efficiency (ε) * * ns
Annual litterfall ns ** ns
Soil N content (spring) ns ns ns
Soil N content (fall) * ns ns

Figure 2. Canopy Productivity Index (CPI; stem mass per unit leaf
area (g m–2), n = 3), Harvest Index (HI, n = 6), branch/stem ratio
(branch biomass per unit stem biomass, n = 24) and root/shoot ratio
(R/S; belowground biomass divided by aboveground biomass, n = 6)
of three Populus species after three growing seasons in control (open
bars) and FACE treatments (closed bars). Values are means + S.E.
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trol treatment (Calfapietra et al. 2001). Leaf area index (LAI)
also consistently increased in the FACE treatment, especially
during the first growing season before canopy closure (Gielen
et al. 2001). Growth in elevated [CO2] resulted in an increase
in daily integrated carbon uptake for upper canopy leaves
ranging from 35 to 77%, depending on species and measure-
ment date (Bernacchi 2002). Leaf gas exchange measurements
indicated no physiological acclimation to elevated [CO2] (Ber-
nacchi 2002). Relative stimulation of stem volume index by el-
evated [CO2] decreased after the first growing season to a
mean of 22% for the three species at the end of both the second
and third growing seasons.

Soil inorganic nitrogen decreased considerably during the
third growing season (Table 4), particularly in the FACE treat-
ment, presumably because of greater biomass production. The

more rapid depletion of soil nitrogen in the FACE treatment
may have reduced the effect of elevated [CO2] on productivity.

Mean annual aboveground biomass production was 17.86
and 20.58 Mg ha–1 year–1 in the control and FACE treatments,
respectively. For the same parameter, Heilman et al. (1994)
observed values between 11.40 and 24.30 Mg ha–1 year–1 in a
4-year-old plantation (1 × 1 m spacing) of P. trichocarpa Tott.
& Gray, P. deltoides and their hybrids. After 3 years of growth,
four Populus clones had a mean total aboveground woody bio-
mass of 48.0, 45.0 and 39.1 Mg ha–1 at 0.5-m, 1.0-m and 1.5-m
spacings, respectively (DeBell and Harrington 1997). These
values agree with those found for P. alba and P. × eur-
americana in our experiment (Table 2).

The stimulation of belowground biomass production (fine
roots excluded) by elevated [CO2] ranged from 22 to 38%, de-
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Figure 3. Relative partitioning
of branch biomass among dif-
ferent branch categories for
three Populus species after
three growing seasons in con-
trol and FACE treatments. Val-
ues were determined from a
sample of 12 trees selected ac-
cording to the frequency distri-
bution of stem cross-sectional
area at breast height of the en-
tire main sample. All values
are percentages. The diameter
of each pie graph is propor-
tional to the total branch bio-
mass for each species and
treatment. Abbreviations:
Syll = sylleptic branches;
Prol = proleptic branches; II
order = second-order branches;
and HGI = height growth in-
crement.
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pending on species. These results are in agreement with those
obtained with an 8-cm diameter corer (Lukac et al. 2003), al-
though the magnitude of stimulation that we observed was

smaller. The effect of elevated [CO2] on belowground biomass
production was comparable with its effect on aboveground
biomass so that the R/S ratio was unaffected, in agreement
with findings for other poplar genotypes (Radoglou and Jarvis
1990, Pregitzer et al. 1995).

Enquist and Niklas (2002) derived general biomass relation-
ships among plant parts, and showed that those allocation rules
are conservative and relatively insensitive to environmental
conditions. In most field experiments, there has been no signif-
icant effect of elevated [CO2] on R/S ratio in either broadleaf
or coniferous trees (Norby et al. 1995, Rey and Jarvis 1997,
Tissue et al. 1997, Crookshanks et al. 1998).

Canopy Productivity Index was stimulated (P = 0.08) by the
FACE treatment, with a mean increase for the three species of
20%; the stimulation was greatest in P. alba (38%). These val-
ues agree with those of Norby et al. (1999), who calculated a
mean increase in CPI of 26% from 13 different experiments
with field-grown trees in elevated [CO2]. This stimulation was
sustained after canopy closure, and the third-year CPI was
higher in the FACE treatment, which supports the premise of
Norby et al. (1999) that an increase in CPI would be a robust
response even in closed canopies. Similarly, the largest stimu-
lation of ε occurred in P. alba. In agreement with results from a
pine forest exposed to FACE (DeLucia et al. 2002), stimula-
tion of ε was caused by increased woody biomass production
(P = 0.02) with no significant effect on accumulated APAR
(P= 0.4) or leaf litter production (Tables 3 and 4). The absence
of significant effects on LAI in a closed canopy (mid-second
year onward) support these findings (Gielen et al. 2001). Our
values of ε in the control treatment compare closely with those
reported in the literature for poplar species and hybrids (Can-
nell et al. 1988, Green et al. 2001). Moreover, we found no evi-
dence of an increase in branch mortality in elevated [CO2],
which can occur when shading increases in response to ele-
vated [CO2] (Gielen et al. 2002). For this reason, only long-
lived aboveground components were sampled.

Wood density was unaffected by elevated [CO2] in all of the
HGIs, in agreement with the observations of Ceulemans et al.
(2002) for Scots pine seedlings grown in open-top CO2 fumi-
gation chambers for 3 years. In contrast, there was a significant
species effect on both HGI 1 and HGI 2, which agrees with the
results of Jourez et al. (2001), who reported values from 0.353
to 0.426 g cm–3 for the bottom of young stems of a P. × eur-
americana clone, whereas Chantre and Chaunis (1992) re-
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Table 4. Soil inorganic nitrogen content (µg N (NH4-N + NO3-N) g–1

dry soil) at the beginning (spring) and end (fall) of the third growing
season, and cumulative annual litterfall (grams litter per m–2 of
ground) during the third growing season for three Populus species
grown for three growing seasons in control and FACE treatments. Val-
ues are mean values (n = 6) with standard errors in parenthesis.

Inorganic soil  N Annual

Spring Fall
litterfall

P. alba
Control 35.0 (1.8) 30.1 (5.7) 533 (23)
FACE 33.2 (4.2) 11.0 (2.4) 564 (27)

P. nigra
Control 35.9 (2.3) 36.2 (6.7) 709 (45)
FACE 38.0 (1.4) 8.8 (2.2) 769 (55)

P. × euramericana
Control 40.1 (1.9) 20.6 (1.3) 679 (20)
FACE 35.6 (4.0) 9.9 (2.1) 711 (34)

Figure 4. Light-use efficiency (ε = aboveground biomass produced di-
vided by accumulated absorbed photosynthetically active radiation)
of three Populus species in the third growing season. Mean values (+
standard error) of the control (open bars) and FACE (closed bars)
treatments are presented; n = 3 plots.

Table 5. Stem wood density (g cm–3) of three Populus species grown for three growing seasons in control and FACE treatments. Values are means
(n = 12) with standard errors in parenthesis for stem portions corresponding to the three height growth increments (HGIs). A mean value (n = 36)
for the whole stem with standard error in parenthesis is also indicated.

Stem portion P. alba P. nigra P. × euramericana

Control FACE Control FACE Control FACE

Whole stem 0.381 (0.013) 0.388 (0.008) 0.409 (0.011) 0.408 (0.009) 0.350 (0.017) 0.348 (0.014)
HGI 1 0.379 (0.005) 0.386 (0.005) 0.367 (0.004) 0.380 (0.003) 0.311 (0.005) 0.314 (0.003)
HGI 2 0.329 (0.004) 0.365 (0.010) 0.387 (0.007) 0.381 (0.004) 0.306 (0.004) 0.303 (0.004)
HGI 3 0.441 (0.018) 0.422 (0.006) 0.470 (0.011) 0.467 (0.011) 0.434 (0.024) 0.440 (0.015)
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ported lower values of between 0.257 and 0.373 g cm–3 for
young stems of 25 different poplar clones. The wood density
values of HGI 3 were considerably higher than those of HGI 1
and HGI 2. A similar increase in wood density in young poplar
has been reported in specific experiments (Kellogg and Swan
1986, Singh 1986).

In conclusion, our experiment confirmed inter-specific dif-
ferences in biomass production in poplar, and demonstrated
that elevated atmospheric [CO2] enhanced productivity and
light-use efficiency of a poplar SRC ecosystem without chang-
ing biomass allocation. It remains an open question whether
this stimulation will continue for longer periods, and how it
would be affected by limitations in soil water and mineral nu-
trient availability. Reduced soil inorganic nitrogen as a result
of increased [CO2] in our experiment raises the possibility of
reduced long-term productivity. If the amount of carbon incor-
porated in agroforestry systems increases with rising [CO2],
this will not necessarily result in increased ecosystem carbon
sequestration because a significant fraction of this carbon is
lost to heterotrophic respiration (Schlesinger 1997). There-
fore, the fate of carbon in the soil–microbial–root system must
be known before sound predictions of carbon sequestration
potential can be made.
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