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Abstract

The quickly rising atmospheric carbon dioxide (CO2)-levels, justify the need to explore

all carbon (C) sequestration possibilities that might mitigate the current CO2 increase.

Here, we report the likely impact of future increases in atmospheric CO2 on woody

biomass production of three poplar species (Populus alba L. clone 2AS-11, Populus nigra
L. clone Jean Pourtet and Populus� euramericana clone I-214). Trees were growing in a

high-density coppice plantation during the second rotation (i.e., regrowth after coppice;

2002–2004; POPFACE/EUROFACE). Six plots were studied, half of which were continu-

ously fumigated with CO2 (FACE; free air carbon dioxide enrichment of 550 ppm). Half of

each plot was fertilized to study the interaction between CO2 and nutrient fertilization.

At the end of the second rotation, selective above- and belowground harvests were

performed to estimate the productivity of this bio-energy plantation. Fertilization did not

affect growth of the poplar trees, which was likely because of the high rates of ferti-

lization during the previous agricultural land use. In contrast, elevated CO2 enhanced

biomass production by up to 29%, and this stimulation did not differ between above- and

belowground parts. The increased initial stump size resulting from elevated CO2 during

the first rotation (1999–2001) could not solely explain the observed final biomass increase.

The larger leaf area index after canopy closure and the absence of any major photo-

synthetic acclimation after 6 years of fumigation caused the sustained CO2-induced

biomass increase after coppice. These results suggest that, under future CO2 concentra-

tions, managed poplar coppice systems may exhibit higher potential for C sequestration

and, thus, help mitigate climate change when used as a source of C-neutral energy.

Keywords: bio-energy, biomass distribution, EUROFACE, FACE, fertilization, leaf area index, photo-

synthesis, Populus, short rotation coppice, woody biomass
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Introduction

An increasing body of observations suggests that our

climate is changing (Houghton et al., 2001). The rate of

increase of carbon dioxide (CO2) concentration in the
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atmosphere has been about 1.5 ppm yr–1 over the past

two decades, and currently oceans and land are taking

up about half of the atmospheric emissions (Houghton

et al., 2001). Although forests contribute up to 70% of

terrestrial carbon (C) fixation (Waring & Schlesinger,

1985) and are a major sink for CO2 on a global scale,

they probably will never fully compensate the increase

in atmospheric CO2 concentration. Nevertheless, it is

important to understand the C sequestration capacity of

forests in order to potentially increase their C seques-

tration capacity under future atmospheric CO2 scenar-

ios (Saxe et al., 1998). In addition to their capacity to

sequester C, tree plantations managed for the produc-

tion of renewable bio-energy also offer possibilities to

partly fulfill the commitments of the Kyoto protocol.

Bio-energy could to some extent replace fossil fuels and

has the advantage of being almost CO2 neutral (as the

emitted C was primarily absorbed in the biomass by

photosynthesis). Higher yields under elevated CO2

would increase the economical feasibility of such bio-

energy installations. In the end, only those crops that

yield considerably more energy than is required to grow

them, are suitable as energy crops (Nonhebel, 2002).

Understanding the interactions between management

options (coppice and fertilization) and climate change is

essential to determine the contribution of biomass plan-

tations to mitigate the rise in atmospheric CO2 and their

ability to substitute fossil fuel C indefinitely.

Because of their fast growth and high yield, Populus

and Salix are the most widely used tree species in

temperate short rotation coppice (SRC) cultures (Stettler

et al., 1996). Intensive breeding programs have selected

a wide range of clones with optimal production rates

for a wide range of climates. Thanks to its high growth

rate and high plasticity in response to environmental

changes (Hinckley, 1996), Populus is also a model tree in

global change research (Gielen & Ceulemans, 2001).

The response of poplar biomass production to CO2

enrichment is highly variable. In a review of the effects

of elevated CO2 on poplar trees (Gielen & Ceulemans,

2001), an overall positive response of total and stem

biomass was reported, but these responses varied from

negative to 1 90% (Ceulemans et al., 1994; Volin &

Reich, 1996; Dickson et al., 1998). This high variation

could possibly be related to differences in poplar spe-

cies, in experimental protocols, or in environmental

interactions (Norby et al., 1999). Given the importance

of roots in water and nutrient acquisition, elevated CO2

conditions are expected to favor the allocation of C to

roots (Norby, 1994; Rogers et al., 1994). Root biomass of

Populus grandidendata growing in open top chambers

increased by 60% (Zak et al., 1993), a significant stimu-

lation (58%) was restricted to fertilized treatments when

growing Populus trichocarpa under elevated CO2

(Sigurdsson et al., 2001). The meta-analysis by Curtis

& Wang (1998), demonstrated that the increase in root

growth in elevated CO2 is predominantly related to

increased plant size and not to an altered root–shoot

ratio (R/S ratio).

Although it is commonly accepted that elevated CO2

enhances tree growth under unlimited nutrient avail-

ability, the duration of this stimulation is still under

discussion. Experiments on potted tree seedlings de-

monstrated that initial tree growth was increased under

elevated CO2, but that this effect was ephemeral (Baz-

zaz et al., 1993; Centritto et al., 1999). When a canopy is

still open, photosynthesis will be stimulated under

elevated CO2 because light-saturated photosynthesis is

predominantly limited by the amount of active Rubisco

(Rogers & Humphries, 2000). In contrast, under light-

limiting conditions, photosynthesis is limited by the

regeneration of the CO2 acceptor, and this could explain

why the growth enhancement often declines after ca-

nopy closure (Wittig et al., 2005). This highlights the

importance of extending experiments over several years

after canopy closure. Fast growing tree species such as

poplar have the advantage of quickly reaching canopy

closure and, thus, allow the assessment of post-canopy

closure CO2 responses within a relatively short time.

Elevated CO2 induced increases in C sequestration

could be limited by nutrient availability, especially of

nitrogen (Oren et al., 2001). Given the close linkages and

feedbacks between the C- and N-cycles, responses to N

fertilization and CO2 enrichment are not likely to be

simple or additive (Norby, 1998). Although it is often

found that CO2-induced growth stimulation is re-

stricted to high nutrient availability (Kinney & Lin-

droth, 1997; Sigurdsson et al., 2001), the review of

Wullschleger et al. (1997) indicated only a slightly

reduced stimulation of tree growth in N-deficient soils.

Furthermore, nitrogen availability also affects the de-

gree to which elevated CO2 induces a shift in C alloca-

tion. Increasing nitrogen availability shifted plant

biomass allocation from root to shoot (Beets & White-

head, 1996), although fertilizer-induced changes in al-

location could also result from accelerated development

(King et al., 1999).

In this paper, we will present the effects of free air

CO2 enrichment (FACE) and fertilization on above- and

belowground standing woody biomass of three Populus

species growing in a SRC (Viterbo, Central Italy, EURO-

FACE). Trees were grown for 3 years in a FACE system

(first rotation) and then coppiced. Here, we present data

from the second rotation, during which regrowth oc-

curred from the existing root systems. CO2 fumigation

was continued during the second rotation. Biomass

distribution to stem, branches, coarse roots and stump

biomass, and related parameters like the branch/stem
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(B/St) ratio, wood density, harvest index and root/

shoot ratio at the end of the second rotation were

compared with results from first rotation. Possible ex-

plaining mechanisms for the observed effects like the

initial stool size, leaf area index (LAI), light-use effi-

ciency and photosynthetic parameters are discussed.

We postulate the following questions: (1) is the biomass

enhancement in elevated CO2, observed during the first

rotation, sustained during the second rotation, (2) what

are possible mechanisms explaining the observed ef-

fects, (3) how will an increased biomass production be

distributed among different biomass compartments and

(4) is there a CO2� fertilization interaction?

Material and methods

Site description

The FACE facility was located in Central-Italy, near

Viterbo (Tuscania; 421220N, 111480E, altitude 150 m) on

9 ha of former agricultural land. The poplar plantation

was established in 1999 using hardwood cuttings of

Populus� euramericana (Dode) Guinier (clone I-214), at a

planting density of 5000 trees per ha. Within the six

experimental plots hardwood cuttings of three different

species were planted: a local selection of Populus alba L.

(clone 2AS-11), Populus nigra L. (clone Jean Pourtet), and

P.� euramericana (Dode) Guinier, (clone I-214) at a plant-

ing density of 10 000 trees ha–1. A FACE (550 ppm) de-

sign was installed in three of the experimental plots.

The other three plots were left under natural conditions

(370 ppm) and represented the control plots. It was

assumed that the FACE structure itself did not affect

poplar growth (Miglietta et al., 2001). The elevated CO2

concentrations, measured at 1 min intervals, were with-

in 20% deviation from the preset target concentration

for 89.4%, 72.2% and 70% of the time during the 3

following years of the second rotation (F. Miglietta,

CNR-IATA, Florence, Italy, unpublished results). A

detailed description of the set-up and performance of

the FACE facility is given by Miglietta et al. (2001).

The plantation and adjacent fields had been under

forest until about 1950. Since then a variety of agricul-

tural crops has been grown on these former forest soils

until the inception of the POPFACE plantation. The

annual precipitation is on average 700 mm with dry

summers (Xeric moisture regime). During November

1998 an initial soil survey took place (Table 1). The

loamy soils classified as Pachic Xerumbrepts were de-

scribed in detail by Hoosbeek et al. (2004).

Each plot was divided into two parts by a physical

resin–glass barrier (1 m deep in the soil) to avoid leach-

ing of nutrients between the two halves of the plot.

However, fertilization was only applied from the sec-

ond rotation onwards, as initially the soil contained a

very high amount of nitrogen (between 7.7 and 10.4mg

[NO�3 and NH4 1 ]/g soil; see Table 1). The plantation

was designed and managed as a SRC with typically

high plant densities and intensive management (Mitch-

ell et al., 1999). In the winter of 2001, after 3 years of

growth (first rotation), all trees were cut back to the base

of the stem (5–8 cm above the ground). During the

following second rotation (2002–2004), stools produced

many new shoots. In the fertilized treatments (half of

each plot), a total amount corresponding to 212 kg N ha–1

during the first year and 290 kg N ha–1 during the

second and third year was supplied. Hydraulic pumps,

installed outside each plot, were used to distribute the

fertilizer (first year Navarson 20-6-6 (N-P2O5-K2O);

second and third year ammonium nitrate 34-0-0 (N-

P2O5-K2O)), dissolved in 200 L tanks, through the drip-

irrigation system. Fertilization was provided once per

week throughout the growing season, in constant

amounts during the first year, and in amounts propor-

tional to the growth rates during the second and third

year. Plantation management included continuous drip

Table 1 Initial total soil C and N, pH, NO3
� and NH4

1 (November 1998; just before planting), and NO3
� and NH4

1 at the end

of the second rotation (October 2004) in the elevated CO2 (FACE) and control plots of the POPFACE/EUROFACE plantation

CO2 treatment N treatment

1998 2004

Ctotal % Ntotal % pH NO3-N NH4-N NO3-N NH4-N

(mg N g�1 soil) (mg N g�1 soil)

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE

Control Unfertilized 1.08 0.02 0.13 0.00 5.18 0.11 9.73 1.08 0.73 0.08 12.80 4.06 1.86 0.61

Fertilized 1.13 0.04 0.13 0.00 5.08 0.16 8.72 1.13 0.62 0.06 22.41 2.40 1.21 0.10

FACE Unfertilized 0.91 0.12 0.12 0.01 4.89 0.03 7.17 0.66 0.59 0.12 6.65 1.36 1.47 0.10

Fertilized 1.06 0.08 0.13 0.01 4.98 0.06 7.64 1.19 0.62 0.12 18.21 2.78 1.23 0.10

At the beginning of the second rotation cycle, fertilization was applied. (For further details on soil analysis, see Hoosbeek et al., 2004.)

FACE, free air carbon dioxide enrichment.
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irrigation, mechanical herb removal, and a limited

application of BT toxin based insecticides. For further

plantation details see Scarascia-Mugnozza et al. (2000).

Inventory of living and dead biomass

An inventory of living and dead standing biomass was

made at the end of November 2004. Inside each sector,

15 stools were chosen as representative for the entire

population, consisting of the permanent growth plots

(PGPs) (i.e., a group of six adjacent stools (two rows of

stools) within a sector, surrounded by at least one row

of the same species and treatment) and nine randomly

chosen stools. Diameters of all shoots were measured

with a digital caliper at 20 cm above the soil. The

distinction between dead and living shoots was made

as they have both different allometric relationships

between shoot diameter and dry weight. Moreover,

strong competition in the dense stand caused relatively

high shoot mortality at the end of the second rotation.

Shoots were dead when the color of the sapwood under

the bark at the base (20 cm) was brown. Dead biomass

was added to living biomass, resulting in the above-

ground standing biomass.

Harvest of dead biomass

From the range of diameter classes, six shoots were

harvested from each treatment combination (i.e., two

shoots per sector), yielding 24 shoots per species, re-

presentative for the diameter distribution of the present

dead shoot population. Shoots were cut above cutting

area, dried for 3 days at 70 1C in a drying oven, and

weighed.

Harvest of living biomass

Aboveground. In January 2005, we harvested out of each

sector six shoots from the range of diameter classes,

yielding 18 shoots per treatment–species combination.

All harvested shoots were leafless; the aboveground

biomass reflects stem plus branch biomass. For each

harvested shoot, a series of parameters was determined

immediately after cutting the shoots in the field. Shoot

height, shoot diameter at 20 cm and at breast height

were measured. All harvested shoots were separated

into branch and stem biomass. Stem and branch fresh

weight were determined with a dynamometer

(electronic pocket balance, Kern & Sohn GmbH,

Balingen-Frommern, Germany), and fresh volume of

the stem was measured using the water displacement

technique. Subsamples were taken from branches and

stems (at base, middle and top), and dried for 6 days at

70 1C in a drying oven. The fresh/dry weight ratio of

these subsamples was used to calculate dry weight of

all samples. Wood density of stems (kg m�3) was

calculated from fresh volume and dry weight. Harvest

index was calculated as the amount of merchantable

biomass (stem plus branches) divided by total standing

woody biomass (stem, branches, coarse roots and

stump).

Belowground. In each sector two stools were randomly

chosen for belowground harvest. A half square meter

was excavated around each stool after measuring shoot

diameters and subsequently removing the

aboveground shoots. Roots were excavated until 60 cm

of depth for one stool per sector. Very small amounts of

roots usually occupy the deeper layers in this

plantation. The other stool was excavated until 40 cm,

and the amount of roots between 40 and 60 cm was

estimated from the percentage of roots in the 40–60 cm

layer inside the other sample. Roots were separated into

three layers (0–20, 20–40 and 40–60 cm), and only coarse

roots (diameter 42 mm) were sampled. As fine roots

are characterized by fast turnover rates, they do not

largely contribute to the standing C-pool, and for the

purpose of this investigation belowground biomass was

estimated as the sum of stump and coarse roots.

However, fine roots could have been a large sink for C

(Pregitzer et al., 1995). We assumed that roots from

neighboring trees growing inside the sample area,

compensated for roots from the measured stool that

grew outside the sample area. Roots attached to the

stump were included in the upper layer (0–20 cm) and

finally also the stumps were removed. Coarse roots and

stumps were washed, oven-dried for 3 days at 70 1C,

and weighed.

Scaling-up to the stand level

Total aboveground woody biomass was determined as

the sum of dead and living biomass. Aboveground

biomass was estimated from basal area of all shoots of

15 stools per sector using allometric relationships be-

tween basal area and dry weight of shoots (Table 2). For

both dead and living shoots, the analysis of covariance

(ANCOVA)-test indicated only an effect of species on the

slope or intercept of these allometric relationships, and

data from different treatments were pooled together for

each species.

Total woody belowground biomass consisted of bio-

mass of coarse roots and stumps. Allometric relation-

ships between aboveground sum of basal area (SBA)

standing on the stump, and belowground coarse root

biomass (0–60 cm) was used to estimate coarse root

biomass of 15 stools in each sector (Table 2). Data from

different treatments were pooled separately for each
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species, although ANCOVA showed no species effect on

the slope or intercept of the equations, probably because

of the high variation in the dataset. From values of total

above- and belowground biomass of the harvested trees

(i.e., six per treatment–species combination), R/S ratios

were calculated. As there were no differences in R/S

ratio between SBA classes of stools, R/S ratio was used

to estimate total belowground biomass of 15 stools in

each sector. Stump biomass was calculated as the dif-

ference between total belowground biomass and coarse

root biomass. B/St ratio was calculated from the 18

harvested shoots per treatment-species combination.

From total aboveground biomass of 15 stools per sector,

branch and stem biomass were calculated using this

B/St ratio.

For the 72 completely (above 1 belowground) har-

vested trees, biomass distribution to different compart-

ments was calculated. The relative contribution of each

compartment was calculated as a relative percentage of

total biomass (total biomass 5 coarse roots 1 stump 1

stem 1 branches), using allometric relations for above-

ground biomass (Table 2) and average B/St ratios for

each plot.

Light use efficiency (e)

Light use efficiency (e; g MJ�1) of the 2004 growing

season was calculated as the ratio of annual above-

ground woody biomass (g m�2) produced per absorbed

MJ m�2 of photosynthetically active radiation (PAR).

Two PAR sensors (gallium arsenide phosphide diodes;

JYP 1000, SDEC, Tours, France) installed at 1 m above

the canopy continuously logged total incoming PAR

(daily sum) during the entire growing season (begin-

ning of April until mid-November). Total incoming PAR

during the third growing season was 8257 mol m�2. In

August 2004, canopy absorbance of the three poplar

species in all sectors was determined with a ceptometer

(AccuPAR, Decagon Devices Inc., Washington, DC,

USA), by measuring PAR canopy transmittance in each

PGP as the ratio of the average of 14 different below-

canopy readings and one above-canopy reading, and

assuming an average reflectance of 0.036 (Zavitkovski,

1981). The use of this mid-season canopy absorbance

was justified by continuous readings of canopy trans-

mittance in all sectors of P. nigra during the growing

season. Values of e calculated from continuous readings

differed by less than 9% of e-values obtained with mid-

season readings.

Leaf area index

LAI was measured at sunset and sunrise at regular

intervals during the course of the three growing seasons

of the second rotation. Measurements were performed

with a plant canopy analyzer (LAI-2000, PCA, Li-Cor

Inc., Lincoln, NE, USA) at 14 different below-canopy

positions in the PGP, to account for spatial variation.

During the third growing season, P.� euramericana trees

were pruned for reasons of performance of the FACE

system, and LAI of P.� euramericana was not measured.

Statistical analysis

The different parameters of standing woody biomass

were analyzed for effects of CO2, fertilization, species

and their interactions using an analysis of variance

(ANOVA) with a randomized-complete block design,

with CO2, fertilization and species as fixed factors,

and block as random factor. Plot (three FACE and three

control plots) was always the unit of replication. Data

were tested for normality using the Shapiro–Wilk sta-

tistic before each analysis, and if data were not normally

distributed, detection of outliers brought the distribu-

tion back to normal. To test whether the possible

stimulation of tree biomass under elevated CO2 at the

end of the second rotation (as reported here) was not

only a carry-over effect of the increased stool size at the

end of the first cycle, first-cycle end-of-season stump

and stool size were used as a covariate (ANCOVA) when

testing final total and aboveground production for CO2

effects. When fertilization did not affect biomass pro-

duction, values were pooled across fertility treatments.

All tests were performed in SAS (SAS Version 8.2, SAS

Table 2 Allometric relationships used to determine living (L)

and dead (D) aboveground biomass, and coarse (C) root

biomass of three Populus species after 3 years of growth in

elevated CO2 and control treatments under fertilized and

unfertilized conditions

a n r2 P

P. alba L 2073.8 70 0.96 o0.0001

D 916.7 24 0.95 o0.0001

C 130.2 24 0.73 o0.0001

P. nigra L 1670.2 72 0.97 o0.0001

D 790.3 24 0.99 o0.0001

C 144.9 23 0.62 o0.0001

P.� euramericana L 1603.3 71 0.96 o0.0001

D 703.4 24 0.96 o0.0001

C 117.6 24 0.70 o0.0001

Values of elevated CO2 and control plots were merged across

fertilizer levels as no statistical differences in allometric rela-

tionships were found. Abbreviations: n is number of trees used

to establish the relationship, a is the parameter of linear fit with

the equation y 5 ax, with y biomass (kg) and� (sum of) basal

area (m2), r2 is coefficient of determination, and P is the

probability value.
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Institute, Cary, NC, USA) using the mixed procedure.

Effects were considered significant when the P-value of

the ANOVA F-test was o0.05. When the ANOVA F-test

showed significant interactions, a posteriori comparison

of means was performed with the option lsmeans.

P-values of these multiple corrections were Tukey

corrected, to reduce the chance on type I errors.

Results

Biomass production

Poplar trees, growing for 3 years under elevated CO2,

produced significantly more total biomass (Table 3);

total yields reaching more than 100 Mg ha�1. Total bio-

mass of P. nigra was most stimulated (29%), whereas the

other two species experienced a lower (20%) but similar

stimulation. In general, fertilization did not change

biomass production, and values are pooled across ferti-

lization treatments if no substantial effects were found.

Elevated CO2 significantly stimulated aboveground

standing woody biomass (Fig. 1, Table 3) up to 27%

(P. nigra). Biomass production at the end of the third

growing season did not significantly differ between the

three species. These values correspond with an average

annual aboveground dry matter production ranging

between 20.9 and 25.8 Mg ha�1 in control treatments

and between 28.0 and 31.0 Mg ha�1 in elevated CO2

treatments, depending on species. There was no sig-

nificant effect of fertilization on aboveground woody

biomass production. None of the interactions between

CO2, species and fertilization were significant.

Total belowground standing woody biomass was sig-

nificantly higher under elevated CO2 (Table 3, Fig. 2)

with belowground biomass of P.� euramericana stimu-

lated most ( 1 48% compared with 28% and 19% for P.

nigra and P. alba, respectively). Average yearly values of

belowground production ranged between 2.7 and

3.2 Mg ha�1 in control treatments and between 3.1 and

4.6 Mg ha�1 under elevated CO2. Although fertilization

had no significant effect on belowground biomass

(Table 3), fertilization tended to decrease belowground

standing woody biomass (up to �17% in P. alba). Total

belowground standing biomass of three poplar species

was not significantly different.

Table 3 Results of analysis of variance (ANOVA) on different parameters of woody biomass of three Populus species growing in the

first (1st) and second (2nd) rotation in elevated CO2 and control treatments. During the second cycle, fertilization (F) treatment was

applied. Significance of effects of CO2, species, fertilization (F) and their interaction are indicated as

Biomass parameter

CO2 Species
F: 2nd

CO2� Species
CO2� Species� F: 2nd

1st 2nd 1st 2nd 1st 2nd

Branch biomass ** **** *** ns ns ns ns ns

Stem biomass ** ** ** ns ns ns ns ns

Aboveground biomass * *** ** ns ns ns ns ns

Stump ** *** ns ns ** ns **** **

Coarse roots * **** ** ns ns ns * ns

Belowground biomass ** **** ns ns ns ns ns ns

Total biomass * *** ** ns ns ns ns ns

B/St ratio ns *** * * ns ns ns ns

R/S ratio ns ns *** ns ns ns ns ns

Wood density ns * ** **** ns ns ns ns

Harvest index ns ns * ns ns ns ns ns

Light-use efficiency (e) * *** * ns ns ns ns ns

ns, not significant; *Po0.05; **Po0.01; ***Po0.001; ****Po0.0001. The interaction CO2� F and Species� F was never significant.

(Results from the first rotation are published in Calfapietra et al., 2003).
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Fig. 1 Final aboveground standing woody biomass (Mg ha–1)

of three Populus species in elevated carbon dioxide (close bars)

and control (open bars) treatments under fertilized and unferti-

lized conditions. As there was no fertilization effect, data are

pooled across fertility levels. Trees have been growing for 3 years

in the second rotation of a short rotation coppice. Values are

means 1 SE (n 5 3).
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Poplars had a significantly increased stump biomass

under elevated CO2 (Table 3; Fig. 2), but the signifi-

cant interactions CO2� species and CO2� species� F

(Table 3) limited this stimulation of stump biomass only

to P.� euramericana in the nonfertilized plots ( 1 210%).

Fertilization reduced stump biomass significantly for P.

alba, but not for the other species (Po0.1 interaction

species�F). Stump biomass of three species did not

differ.

Elevated CO2 stimulated coarse root biomass signifi-

cantly only in P. nigra (interaction CO2� species;

P 5 0.0001; Table 3, Fig. 2). Coarse root biomass differed

slightly between species (Po0.1); P. nigra had the high-

est average coarse root biomass of 6.6 Mg ha�1. Fertili-

zation did not affect coarse root biomass.

Average coarse root biomass in the top 20 cm relative

to total coarse root biomass is given in Table 4. The

distribution of coarse roots to different depths in the

rooting profile of the poplar trees (0–60 cm) was not

altered by elevated CO2, although elevated CO2 tended

to increase the maximum depth of coarse roots. Fertili-

zation did not change rooting depth (Table 4), and

species had the same rooting depth (results not shown).

The R/S ratio did not change under elevated CO2

during the second cycle. Fertilization did not affect

the R/S ratio (Table 3; Fig. 3). Values ranged between

0.112 and 0.143 (Fig. 3) and the R/S ratio did not differ

between three species.

Wood density slightly increased in elevated CO2

treatment (Table 3, Fig. 3), whereas fertilization had

no effect. P.� euramericana had the lowest wood density

compared with both other species.

Both elevated CO2 and fertilization did not increase

the harvest index (Table 3). The harvest index did not

differ between species and ranged from 0.86 to 0.90,

depending on treatment (Fig. 3).

The CO2 stimulation was expressed as the ratio of

total biomass produced under elevated CO2 divided by

total biomass produced under ambient conditions

( 5 E/A ratio). E/A ratio of total biomass during the

first rotation did not differ from the one during the

second rotation (P 5 0.579; P 5 0.320, P 5 0.686 for P.

alba, P. nigra and P.� euramericana, respectively). The

CO2 stimulation of total biomass was 1.26 ( � 0.067)

after the first rotation and 1.25 ( � 0.067) after the

second rotation, averaged over the three poplar species.

Biomass distribution

Elevated CO2 changed the distribution of biomass

among the different compartments aboveground, but

not belowground (Fig. 4; Table 5). Aboveground,

poplars growing under elevated CO2 invested less

biomass in stems, but more in branches. Following,

elevated CO2 significantly increased the B/St ratio

(Fig. 3, Table 3). Fertilization did not change biomass

distribution to any compartment. Species differed sig-

nificantly (Table 3) in B/St ratio with P. nigra having the

largest amount of branch biomass per shoot, and

P.� euramericana the smallest. Overall, elevated CO2
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Fig. 2 Final belowground standing woody biomass (Mg ha�1)

of three Populus species in elevated carbon dioxide (CO2)

and control treatments under fertilized and unfertilized

conditions. Trees have been growing for 3 years in the second

rotation of a short rotation coppice. The different treatments

are indicated as: EHN, elevated CO2� fertilized; ELN, elevated

CO2�unfertilized, CHN, control� fertilized; CLN, control�
unfertilized. Values are means 1 SE (n 5 3).

Table 4 Coarse root biomass in 0–20 cm depth as a percen-

tage (%) of the rooting profile (0–60 cm) of three Populus

species growing in elevated CO2 and control treatments, under

fertilized and unfertilized conditions

Elevated CO2 Control

P. alba 73.9 (4) 77.7 (2)

P. nigra 79.6 (3) 80 (1)

P.� euramericana 65.1 (7) 71.5 (4)

As fertilization did not significantly affect rooting depth,

values presented here are pooled across fertilizer levels. SEs

are given between brackets.
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did not alter the relative biomass distribution between

above- and belowground woody biomass (Table 5).

Light-use efficiency

Light-use efficiency (e) was significantly increased in

elevated CO2; average stimulation was 22%, 28% and

14%, for P. alba, P. nigra and P.� euramericana, respec-

tively (Table 3, Fig. 5). Light use efficiency did not differ

between species, and there was no fertilization effect.

LAI

LAI significantly increased under FACE (Fig. 6; ANOVA

results not shown) on almost every measurement date
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(c; kg m�3) and branch/stem ratio (B/St ratio 5 d; branch biomass divided by stem biomass), for three poplar species growing in

elevated CO2 (closed bars) and control (open bars) treatments under fertilized and unfertilized conditions. As there was no fertilization

effect, data are pooled across fertility levels. Average values are shown 1 SE (n 5 3).
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Fig. 4 Relative distribution of biomass (%) over different com-

partments of woody biomass (black filling, coarse roots; light-

gray filling, stump; dashed filling, stem; white filling, branch) for

the three Populus species in elevated CO2 (E) and control (C)

treatments under fertilized and unfertilized conditions. As there

was no fertilization effect, data are pooled across fertility levels.

Values are mean 1 SE (n 5 3).

Table 5 Results of ANOVA analysis on data of relative biomass

distribution (%) to different woody biomass compartments of

three poplar species growing in elevated CO2 and control

treatments, under fertilized and unfertilized conditions

CO2 F Species CO2� Species� F

Coarse roots ns ns ** ns

Stump ns ns * ns

Stem ** ns ns ns

Branches *** ns * *

Belowground biomass ns ns ns ns

Aboveground biomass ns ns ns ns

Significance of the main effects and their interactions are

indicated as

ns, not significant; *Po0.05; **Po0.01; ***Po0.001; ****Po0.0001.

The interactions Species� F, CO2� Species and CO2� F were

never significant.

F, fertilization.
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during the first and second year of the second rotation

(Liberloo et al., 2005). However, during the third year,

LAI was only significantly increased at the beginning

and end of the year. Differences between species were

evident (Fig. 6), although in the third year species

performed rather equal. P.� euramericana is character-

ized by the lowest LAI compared with the other two

species (Fig. 6). The lack of any species effect during the

third year could be explained by the absence of mea-

surements for P.� euramericana in that period. Fertiliza-

tion did not affect LAI values.

Covariance analysis: effect of first cycle stool size

The covariance analysis for both aboveground and total

biomass of second rotation vs, the final stool size

(stump size and total belowground biomass) at the

end of the first rotation indicated that there was no

significant effect of first cycle stool size on biomass yield

at the end of the second rotation (P 5 0.772, P 5 0.752,

P 5 0.302 for P. alba, P. nigra and P.� euramericana,

respectively). However, the relationship between initial

stool size and final aboveground and total biomass

production was positive.

Discussion

Is the biomass enhancement in elevated CO2, observed
during the first rotation, sustained during the second
rotation?

Comparison of the two rotations revealed that final

biomass yield in the second cycle was substantially

higher than in the first cycle (Calfapietra et al., 2003).

The establishment of the cuttings in the first rotation

probably limited biomass production in this period,

because the development of the root system imposed

a considerable C sink, and because LAI was very low

during this establishment phase. Moreover, during the

second rotation, trees profited from the existing, well-

developed root system, such that much higher yields

could be reached. In a study with four poplar clones

grown for five consecutive rotation cycles in a coppice

biomass plantation, the first rotation yielded much less

biomass than the following ones (Pontailler et al., 1999).

Although biomass production differed significantly

among species during the first cycle (Table 3; Calfapie-

tra et al., 2003), species performed rather similarly in the

second rotation. The differences in biomass among

species during the first rotation reported by Calfapietra

et al. (2003) were caused by the initial differences in root

system development at the start of the first cycle.

During the second rotation, root systems were already

established, and the high nutrient availability and

irrigation in the EUROFACE plantation created optimal

conditions for poplar growth.
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Elevated CO2 caused similar biomass stimulation

during both rotation cycles (unchanged E/A ratio)

and, thus, coppicing the trees did not change the

relative CO2 effect. We expected that the bigger stools

present at the beginning of the second cycle would have

favored regrowth in such a way, that the CO2 effect

increased during the second cycle. However, ANCOVA

indicated that initial stool size did not significantly

determine final biomass production of the second rota-

tion. The larger stock of carbohydrates in the stools

growing under elevated CO2 increased both relative

and absolute growth rates of the trees at the beginning

of the first growth year (Liberloo et al., 2005). Never-

theless, the direct CO2 effect of the fumigation during

regrowth was probably dominant in determining the

final stimulation.

During the second rotation, elevated CO2 signifi-

cantly increased growth of all above- and belowground

woody biomass compartments. Annual aboveground

woody biomass increment was extremely high and

yielded up to 31 Mg ha�1 yr�1 in elevated CO2 plots

and up to 27 Mg ha�1 yr�1 in control plots. Simulated

potential biomass production of intensively managed

short rotation poplar coppice of central-Italy amounted

to 30–40 Mg ha�1 yr�1 (Nonhebel, 2002). Similarly, such

high biomass yields have already been reported for

poplars. Interamerican clones reached a yield of

28 Mg ha�1 yr�1 from the second cycle onwards (Pon-

tailler et al., 1999), and hybrid clones of P. trichocarpa�
P. deltoides reached a maximum production of 35 Mg

ha�1 yr�1 at the end of the fourth year (Scarascia-

Mugnozza et al., 1997).

Because of the high growth rate, poplars reached

canopy closure early in the second rotation. In a recent

meta-analysis on data from 12 FACE experiments (Ains-

worth & Long, 2005), trees showed the largest CO2

effect on dry matter production ( 1 28%) among the

different plant functional groups. In the review by

Wullschleger et al. (1997), an average increase in total

dry mass of trees of 32% was reported. Poplar trees

in EUROFACE experienced an average stimulation of

23% of total woody biomass, falling slightly below

the average responses cited above, but well within the

ranges reported in the review studies.

What are the possible mechanisms explaining the observed
CO2 effects?

The initially bigger stools in elevated CO2 produced

more shoots that carried more leaves. During the first

and second year of the second rotation, the LAI and

total leaf production were significantly higher in the

FACE plots, despite canopy closure already in the first

growth year (Fig. 6). However, during the third year,

LAI did not significantly increase under elevated CO2,

apart from the beginning and end of the growing

season. Possibly, high LAI values could not be correctly

detected during the course of the third year, as the LAI-

2000 instrument tends to underestimate the measured

LAI (e.g., Battaglia et al., 1998). After all, the CO2

enriched poplar trees partitioned relatively more bio-

mass to branches, which implies the possibility of

carrying more leaves. Additionally, field campaigns in

2003 and 2004 dedicated to the study of leaf senescence

showed delayed senescence in the elevated CO2 plots of

P.� euramericana, causing longer leaf retention (G. Tay-

lor & B. Gielen, personal communication). The fact that

we did not correct for the wood area index, might have

overestimated the measured LAI values. LAI is often

reported to increase under elevated CO2 (Wullschleger

et al., 1997; Norby et al., 1999; Janssens et al., 2000).

However, the potential CO2 effect after canopy closure

is constrained by nutrients, water or light (Norby et al.,

1999). In our experiment, more leaves were retained in

the canopy under elevated CO2, even after canopy

closure. This suggests that poplars did not experience

any growth constraints, and that they had a physiolo-

gically more efficient photosynthesis system under ele-

vated CO2. After 6 years of fumigation, measurements

of photosynthetic parameters along the canopy profile

could not detect any clear sign of acclimation to ele-

vated CO2, for none of the three species (I. Tulva

personal communication). Hence, Asat (light saturated

rate of net C assimilation) was on average for all species

stimulated up to 30% during the third year of the

second rotation. Accordingly, the second growth year

also showed a small elevated CO2-induced stimulation

in the upper canopy of Vcmax
(maximum velocity of

carboxylation; Calfapietra et al., 2005), and no acclima-

tion could be detected. The significantly higher light use

efficiencies reported here for all three species growing

under elevated CO2, confirm the picture of a more

efficient photosynthesis. Norby et al. (1999) reported in

their overview of CO2 effects on field-grown trees that

there is little reason to expect a long-term loss of

sensitivity to CO2. Conversely, several experiments

have shown evidence for photosynthetic down-regula-

tion attributed to decreases in Vcmax or Jmax (maximum

rate of electron transport) (Sage, 1994; Maroco et al.,

2002; Crous & Ellsworth, 2004; Ellsworth et al., 2004).

How will an increased biomass production be distributed
among different biomass compartments?

The poplars distributed the extra biomass in the ele-

vated CO2 treatments equally to above- and below-

ground biomass compartments (unchanged R/S ratio),

although aboveground, relatively more biomass shifted
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to the branches. This implies that poplars are able to

produce significantly more biomass under high CO2

levels, but that the proportion of aboveground harvest-

able biomass (i.e., harvest index) does not increase.

Compared with the first rotation, poplars invested more

biomass in aboveground parts, shown by the lower R/S

ratio in the second cycle. Trees were larger during the

second rotation cycle and the lower R/S ratio is, thus,

consistent with the normal ontogenetic development

of trees.

No consensus has been reached regarding the fate of

the enhanced C uptake (Bernacchi et al., 2003; Wittig

et al., 2005) under elevated CO2 and its distribution

among the different biomass compartments. According

to the equilibrium theory (Bryant et al., 1983), increased

C uptake would enhance root growth because of the

imbalance between C and nutrient acquisition. Thus,

higher CO2 concentration should elicit similar shifts in

R/S ratios as low soil N. However, most studies find

minor increases or even no changes in R/S ratios under

elevated CO2 (Radoglou & Jarvis, 1990; Bosac et al.,

1995; Kinney et al., 1997; Wullschleger et al., 1997; Curtis

& Wang, 1998; Norby et al., 1999; Gielen & Ceulemans,

2001). A larger investment in belowground biomass

might be expected when restricting environmental con-

ditions (nutrients and water) create an imbalance be-

tween the acquisition of carbon and the acquisition of

soil based resources (Ceulemans & Mousseau, 1994;

Curtis & Wang, 1998; Saxe et al., 1998; King et al., 1999).

Rooting depth distribution of Populus did not change

significantly under elevated CO2, although

P.� euramericana showed a trend toward increasing

rooting depth because of elevated CO2 (Table 4). Little

is known about vertical shifts in the belowground

distribution of biomass in response to elevated CO2.

Lateral roots of crops increased their growth near the

soil surface possibly leading to a more horizontal

spread of roots (Pritchard & Rogers, 2000). During the

first rotation of EUROFACE, the shift of root biomass

into deeper soil horizons under elevated CO2 was

found to be species specific (Lukac et al., 2003).

Is there a CO2� fertilization interaction?

Fertilization did not affect poplar growth in this experi-

ment. The fact that the soil was used for arable agri-

culture in the past created a high background

concentration of nutrients (Table 1), and was very likely

responsible for the lack of a fertilization effect on poplar

growth. The absence of a substantial N decline between

1998 and 2004 in the soil (Table 1) indicates that miner-

alization was high. Elevated CO2 increased the fraction

of labile substrates, priming the decomposition of soil

organic matter (Hoosbeek et al., 2004). At the end of the

first cycle, the nitrogen use efficiency (i.e., the woody

biomass produced per unit of N) of the poplar trees

increased in elevated CO2 (Calfapietra et al., submitted),

suggesting that trees did not experience any N limita-

tion in FACE. However fertilization was applied from

the beginning of the second cycle onwards, to prevent

N limitation to occur in the second cycle. After the

second cycle, stump biomass of P. alba in elevated CO2

was smaller compared with control plots, but this was

the only significant effect of fertilization. We did not

find any significant CO2� fertilization interaction

either. Although recent studies emphasized the limita-

tions imposed by soil fertility (Kinney & Lindroth, 1997;

Oren et al., 2001; Sigurdsson et al., 2001), other studies

reported that the CO2 response of biomass production

was only slightly higher under adequate supplies of

nutrients and water than under deficient levels (Sa-

muelson & Seiler, 1993; Wullschleger et al., 1997).

We conclude that under future, high atmospheric

CO2 concentrations substantially more biomass can be

produced in a high-density poplar biomass plantation,

providing nutrient concentrations are sufficient. Coppi-

cing did not change the observed biomass stimulation.

The retained LAI stimulation after canopy closure in

elevated CO2 plots together with the lack of any accli-

mation effect on photosynthesis after the second rota-

tion might have realized the observed stimulation.

Poplar trees are able to optimally profit from future

high CO2 concentrations, provided that they are inten-

sively managed, planted in regions with high incident

radiation and supplied with sufficient nutrients and

water. Such high-density poplar coppice cultures offer

possibilities to mitigate the rise of atmospheric CO2 by

producing renewable bio-energy in an economically

feasible way, whereby the elevated CO2 stimulation

might sustain over several rotation cycles.
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