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Summary Carbon (C) flux and partitioning responses of

Pinus radiata (D. Don) clones to a factorial combination

of nitrogen (N) and phosphorus (P) supply were esti-

mated in small trees growing in a greenhouse over

44 weeks. Our objective was to use a C budget approach

at the plant level to examine how a factorial combination

of N and P additions and genotype modify gross primary

production (GPP), net primary production (NPP), abso-

lute C fluxes apportioned to aboveground net primary

production (ANPP), aboveground plant respiration

(APR), total belowground carbon flux (TBCF) and the

partitioning of GPP to ANPP, APR and TBCF. Single N

or P additions increased plant NPP and GPP similarly,

but their combined effects exceeded those of their

individual contributions. Nitrogen and to a lesser extent

P additions enhanced carbon-use efficiency (CUE,

NPP:GPP) and C partitioning to ANPP at the expense

of TBCF. The fraction of GPP partitioned to APR was

invariant to N or P additions. The ratio of soil respiration

(FS) to TBCF was significantly greater in the low-N low-P

addition treatment (61%) than in those treatments with

single or combined N and P additions (49%). The slowest

growing clone partitioned a significantly smaller fraction

of GPP to ANPP (29%) than one of the faster-growing

genotypes (33%). This research provides insight into how

N and P regulate the C fluxes and partitioning in

individual plants. Our results contribute to explaining

clonal variation in aboveground growth rates and suggest

that greater gains in CUE and partitioning to ANPP

occur with addition of N rather than P supply.

Keywords: carbon budgets, carbon-use efficiency, clones,
nitrogen, phosphorus.

Introduction

Nitrogen (N) and phosphorus (P) are the nutrients most

frequently limiting primary productivity in all ecosystems

in the biosphere (Aerts and Chapin 2000, Hall et al. 2005,

Elser et al. 2007). This is not surprising as N is a vital con-

stituent of proteins playing an essential role in all enzymatic

activities, while P is involved in energy transfer in the cell,

and both are important structural elements in nucleic acids

(Marschner 1995). Aerts and Chapin (2000) suggested that

imbalances between these two elements may be more

important than absolute amounts of either element in the

plant, and therefore such imbalances may lead to nitrogen

or phosphorus deficiencies (Reich and Schoettle 1988,

Marschner 1995, Aerts and Chapin 2000). An improved

understanding of plant growth sensitivity to N and P defi-

ciencies and imbalances may enhance our ability to predict

patterns of productivity and partitioning across environ-

ments that differ widely both in fertility and in the ratios

of these two important elements.

Most studies in forests have shown that improved N and

P nutrition increases the proportion of dry-matter parti-

tioned to aboveground at the expense of belowground com-

ponents (e.g., Haynes and Gower 1995, Albaugh et al.

1998), whereas a few have found that this proportion does

not change with nutrient availability (e.g., Nadelhoffer et al.

1985). The reason for this disparity may be due to the poor

understanding of how fertility influences total carbon (C)

budgets, and the large proportion of carbon that is respired,

partitioned to mycorrhizae, exuded by roots or released as

above- and belowground litter (Ryan 1991a, Ryan et al.

1996, Giardina et al. 2003). As these components are typi-

cally not included in biomass studies, there may in fact be a
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nutrition effect on carbon partitioning that is not evident

from studying biomass alone. The inherent difficulties

in measuring various C fluxes in forests have deterred the

determination of whole C budgets and therefore our

understanding of the mechanisms regulating these

fluxes remain limited (Cannell and Dewar 1994, Giardina

et al. 2003).

A relatively new carbon balance method has emerged for

forests (Raich and Nadelhoffer 1989), which includes

improvements for scaling plant respiration (Ryan 1991a,

1991b, Ryan et al. 1996) and carbon flux to roots (Giardina

and Ryan 2002, Giardina et al. 2003). Using these methods,

gross primary production (GPP) can be partitioned into

aboveground net primary production (ANPP), above-

ground plant respiration (APR) and total belowground car-

bon flux (TBCF) as

GPP ¼ ANPPþAPRþ TBCF: ð1Þ

The carbon balance approach has provided new insight

into the distribution of C to different plant and soil pro-

cesses. For instance, Giardina et al. (2003) found that

GPP and the fraction of GPP partitioned to ANPP

increased after the addition of fertilizer to Eucalyptus

saligna Smith plantations. Shifts in carbon flux were at

the expense of belowground processes. Similar results

have been reported by other whole-carbon budget studies

(e.g., Keith et al. 1997, Ryan et al. 2004).

Although fertilization has been found to influence com-

ponent C fluxes in forests, the response of the carbon bal-

ance to a factorial combination of the two most important

elements, N and P, is lacking. Given the sensitivity of

growth to nutrient imbalances, this sort of information

is likely to be of considerable value in providing insight

into how different elements regulate partitioning. This type

of information would also greatly enhance our ability to

predict patterns of productivity and partitioning across

environments that differ widely both in fertility and in

the ratios of these two important elements. Given that clo-

nal growth variation is wide, it would also be of interest to

determine whether variation in component C fluxes

accounts for observed clonal variation in growth.

Using large container-grown Pinus radiata (D. Don)

clones, the aim of our study was to use a C budget

approach to examine the response of GPP, net primary

production (NPP), absolute C fluxes to ANPP, APR and

TBCF, and the partitioning of GPP to ANPP, APR and

TBCF to a factorial combination of N and P additions

(N0P0, N0P1, N1P0 and N1P1) and genotype. The use of a

C budget approach at the plant level, to the best of our

understanding, has been not attempted before, and it may

provide means to test hypotheses that might otherwise

prove difficult to investigate in the field. Consequently our

hypotheses were that:

(i) GPP, NPP and absolute C fluxes to ANPP, APR and

TBCF increase with single or combined N and P

additions (a rising tide lifts all boats; Litton et al. 2007).

(ii) Single or combined N and P additions do not alter the

fraction of GPP partitioned to NPP (Ryan et al. 1996,

Waring et al. 1998).

(iii) Partitioning to TBCF declines with single or combined

N and P additions and the decline in TBCF is matched

by a relative increase in ANPP (Ryan et al. 1996, Keith

et al. 1997, Giardina et al. 2003).

(iv) Partitioning to APR increases with single or combined

N and P additions (Ryan et al. 1996, Giardina et al.

2003).

(v) Faster-growing genotypes exhibit greater C partition-

ing to ANPP and APR at the expense of TBCF.

Materials and methods

Carbon balance method

The carbon balance method used in this study is the same

as described by Giardina et al. (2003) and uses the terminol-

ogy suggested by Litton et al. (2007) for all carbon balance

studies. Briefly, GPP can be determined as the sum of

ANPP, APR and TBCF (Eq. (1)). The ANPP can be esti-

mated as the sum of litterfall C production (FA), C content

associated with tree mortality (FW), C content change of

live foliage (DCC) and C content change in live branches,

bark and wood (DCw):

ANPP ¼ F A þ F W þ�CC þ�CW: ð2Þ

The APR can be estimated as a sum of foliage construc-

tion (LRC), foliage maintenance (LRM) and wood con-

struction and maintenance respiration (WR):

APR ¼ LRC þ LRM þ W R: ð3Þ

The TBCF can be estimated as the sum of soil respiration

(FS), carbon loss from the system by leaching or erosion

(FE), change in C content in the mineral soil (DCS),

change in C content of root biomass (DCR), and change

in C content in the litter layer (DCL), less litterfall C pro-

duction (FA):

TBCF ¼ F S þ F E � F A þ�CS þ�CR þ�CL: ð4Þ

Because of the experimental setup, we were able to ignore

several of the components in Eq. (4) (see section Materials

and methods for measuring the components of the carbon

balance for justification), which simplified to:

TBCF ¼ F S þ�CR: ð5Þ
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Plant material

Plant material was selected from a greenhouse experiment

laid out in a factorial design with four clones: two nitrogen

supply regimes (N0 = 1.43 mM and N1 = 7.14 mM) and

two phosphorus supply regimes (P0 = 0.084 mM and

P1 = 0.420 mM). Ingestad (1979) suggested that N should

be provided at concentrations of 100 ppm (7.14 mM) and

P at 13 ppm (0.420 mM) for optimum growth of Pinus

pinaster Ait. These concentrations were chosen as the high-

N and high-P supply regimes. The low-N (1.43 mM) and

low-P (0.084 mM) supply regimes were chosen as one-fifth

of the high-Nandhigh-P concentrations, respectively.Nitro-

gen was provided as NH4NO3 and phosphorus as KH2PO4.

There were six replicates per clone per treatment (96 plants)

grouped into three blocks representing locations within the

greenhouse. Clones were selected to represent a gradient in

growth performance within a set of 400 genotypes planted

in the Purokohukohu Experimental Basin within the central

North Island of New Zealand (Beets et al. 2004).

One-year-old P. radiata cuttings from four clones (clones

A, B, C and D) were raised at a nursery in Rotorua and

transplanted to 42-l pots containing about 55 kg of air-

dry silica sand (< 0.1% organic matter). Nutrient treat-

ments were randomly allocated to the plants and applied

for 44 weeks from early spring (September) 2004 until the

plants were destructively harvested in the middle of winter

(July) 2005. Plant roots were not strongly bounded by the

42-l pots as visually checked at the time of harvesting.

Plants were watered twice daily to ensure that they were

only limited by nutrients and not by water.

Plants received 1 l of nutrient solution per week over

44 weeks according to the nutrient treatments randomly

assigned to the plants at the start of the experiment. Nitro-

gen additions in the low-N (1.43 mM) and high-N

(7.14 mM) treatments to each plant over the entire experi-

ment were 62.8 and 314.1 mmol N, respectively. Phospho-

rus additions in the low-P (0.084 mM) and high-P

(0.420 mM) treatments applied to each plant over the entire

experiment were 3.69 and 18.47 mmol P, respectively.

Nutrients other than N and P were provided at concentra-

tions of: 0.51 mol m�3 K (22.5 mmol total over 44 weeks),

0.25 mol m�3 Ca (11.0 mmol total), 0.41 mol m�3 Mg

(18.1 mmol total), 0.28 mol m�3 S (12.4 mmol total),

12.53 mmol m�3 Fe (551.6 lmol total), 0.45 mmol m�3

Zn (20.2 lmol total), 0.47 mmol m�3 Cu (20.8 lmol total),

7.28 mmol m�3 Mn (320.3 lmol total), 0.073 mmol m�3

Mo (3.2 lmol total), 18.50 mmol m�3 B (814.1 lmol total),

0.85 mmol m�3 Cl (37.2 lmol total) and 0.13 mmol m�3

Na (5.7 lmol total), following Ingestad (1979). Plants were

grown in a thermostatically controlled greenhouse where

temperature was on average (±1 SD) 20 ± 4 �C during

the day and 15 ± 3 �C during the night. Roots of all plants

were artificially inoculated with spores of Rhizopogon rubes-

cens Tul. and confirmed as mycorrhizal either by visual

inspection of roots or by the presence of fruiting bodies.

Measurements of the components of the carbon balance

The ANPP was estimated from Eq. (2). Litterfall was

collected monthly, dried and aggregated to yield FA for

each plant. As there was no mortality over the course of

the experiment, FW was set to zero. Initial and final dry

masses by plant component (foliage, stems, branches and

roots) were used to calculate DCC and DCw. For all calcu-

lations, C content was assumed to be 50% of plant dry

mass. Initial dry mass (WT, g) was determined using allo-

metric equations based on plant collar diameter (d, mm)

and plant height (h, cm) developed with 10 plants per clone

from unplanted stock (WT = 0.007252 d 1.0611 h 1.5129,

n = 40, r2 = 0.90, P < 0.001). Final total and component

plant biomasses were determined by harvesting all plants at

the end of the experiment. The bulk root system was col-

lected and sand sieved to recover all visible roots. Sieved

sand was thoroughly mixed, weighed and a 2.5 kg subsam-

ple was taken to recover the remaining roots by flotation.

All tree components were oven-dried at 70 �C to constant

mass and weighed.

The APR was determined from Eq. (3). Construction res-

piration costs for leaves (LRC) and wood were assumed to

be 25% of leaf NPP and wood NPP, respectively (Penning

de Vries 1972, 1975, Ryan 1991a, 1991b). Wood mainte-

nance respiration was assumed to be 7% of wood NPP

based on the data from Giardina et al. (2003). Wood con-

struction plus maintenance respiration yieldedWR. Mainte-

nance respiration for leaves (LRM) was measured as CO2

efflux at night in all six replicates, four nutrient treatments

and four clones. Maintenance respiration was scaled for

each plant over the length of the experiment using an expo-

nential response of night respiration to temperature

(Q10 = 2, Ryan 1991a), estimates of leaf area and hourly

measurements of air temperature.

The rate of foliage maintenance respiration at night (Rd)

was measured on fully expanded foliage of every plant at a

time when active growth had ceased. All gas exchange mea-

surements were carried out at night in late autumn. Values

of Rd were measured using a portable photosynthesis sys-

tem (Li-6400, Li-Cor, Lincoln, NE). For each plant, three

to six fascicles were arranged in a 6-cm2 cuvette avoiding

overlapping between needles. Temperature in the cuvette

was maintained at 20 �C while leaf-to-air vapour pressure

deficit was always < 1 kPa. External CO2 concentration

was maintained at 360 lmol mol�1 using a CO2 mixer.

Gas exchange measurements were left to stabilize for at

least 10 min until measurements of respiration and stoma-

tal conductance were relatively constant, and then values

were recorded every 20 s for 2 min.

Following the completion of dark-respiration measure-

ments, foliage samples were carefully removed from the

cuvette and were cut to match the leaf area exposed to

gas exchange. Half-total surface area of needles was deter-

mined based on water volume displacement as described by

Johnson (1984). Foliage samples were dried at 70 �C to
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constant mass and the dry mass was recorded. For foliar

chemical analysis, leaf samples were finely ground and

acid-digested by a Kjeldahl method (Blakemore et al.

1987). Nitrogen and phosphorus concentrations in the

digests were determined colorimetrically by the Landcare

Research Laboratories, Palmerston North, New Zealand.

Nitrogen and phosphorus concentrations were expressed

on a hemi-surface area basis.

The TBCF was determined from Eq. (5). Soil surface res-

piration rate (FS) was measured using a soil respiration

chamber (100 mm diameter, Model SRC-1, PP Systems,

Herts, UK) and an infrared gas analyser (Model EGM-4,

PP Systems, Herts, UK). Soil temperature was measured

using a portable thermometer with a sensor plugged to

5 cm depth. All measurements were done within the same

day once a month. Values of FS for each tree were calcu-

lated as the sum of the product of actual soil surface respi-

ration rate and the number of hours between intervening

monthly measurements. This approach was used because

sand surface CO2 efflux positively scaled with tree size,

but was not significantly affected by soil temperature (data

not shown). Values of DCR were determined as the

difference between initial and final root mass multiplied

by 0.5.

Additional to the 96 experimental units, four pots filled

with silica sand without trees were set aside as controls

for soil respiration and sand carbon. Controls were subject

to the same regimes of nutrition and irrigation as those

applied in the experimental pots carrying trees (one pot

per nutrient treatment). Soil respiration measurements in

control pots throughout the experiment were very small

or negative (�5 to 5 mg C m�2 h�1), suggesting that the

measurements made when trees were present reflected true

root and mycorrhizal respiration. We are not able to pro-

vide analysis to support our absolute values of respiration

rate because we did not make measurements using indepen-

dent instrumentation (e.g., Li-Cor 6400, Lincoln, NE).

However, all our measurements are on a comparative basis.

If the PP Systems instrument did lead to overestimations in

rates of soil respiration, then this would be a systematic

error across all our treatments.

Because of our experimental design, we were able to

ignore several of the components in Eq. (4); i.e., C leaching

(FE), change in C in the litter layer C (DCL), litterfall avail-

able to be decomposed (FA) and C change in mineral sand

substrate (DCS). Carbon lost by leaching (FE) was assumed

to be zero, as irrigation was applied daily but in small

amounts (< 0.6 l for each 42-l of sand volume within each

pot), so that drainage of C dissolved in water from pot

bases would be minimal. Initial and final C content in the

silica sand was determined by loss on ignition to yield

DCS. Mineral sand C concentration at the end of the

experiment did not differ significantly between nutrient

treatments and clones (Overall, F47,48 = 1.16, P = 0.30)

being on average 0.60 ± 0.01 mg g�1(±1 SE, n = 96),

and this value was not significantly higher than that

observed at the beginning of the experiment

(0.58 ± 0.02 mg g�1, n = 20). Therefore, DCS was consid-

ered to be zero. As the litter layer was nonexistent at the

start of the experiment and litterfall was collected monthly,

values of DCL were set to zero. Litterfall (FA) was included

in the calculation of ANPP but not of TBCF, as litterfall

was not available to be decomposed in the sand media.

The NPP was calculated to determine carbon-use effi-

ciency (CUE, NPP:GPP). The NPP was determined as

the sum of belowground NPP, estimated above as DCR,

and ANPP. Given the short duration of this study, we

assumed that there was little significant root mortality

between initial and final estimates of belowground biomass.

Fungal biomass in fine roots was estimated using the

intersection method in three subsamples of oven-dried fine

roots per tree. Basically, small randomly selected fine-root

samples were placed on a petri dish over a 5 · 5 mm grid

under a magnifying microscope, and intersections with

either mycorrhizae or roots were recorded using a tally-

counter. Mycorrhizae infection was then recorded as a per-

centage of total counts. Coarse roots (> 2 mm) did not

exhibit visual signs of mycorrhizal infection.

Data analyses

All analyses were carried out using SAS software (1996;

SAS Institute, Cary, NC). Variables were tested for normal-

ity and homogeneity of variance, and transformations were

made as necessary to meet the underlying statistical

assumptions of the models used. Main and interactive

effects of nitrogen and phosphorus supply and genotype

on carbon flux patterns were examined using analysis of

variance. Tukey’s least significant difference test was used,

where applicable, to distinguish among individual mean

values with a confidence level of P � 0.05.

The block effect was marginally significant for GPP

(F2,30 = 4.1, P = 0.03) and nonsignificant for all main

C-partitioning variables; i.e., ANPP:GPP, APR:GPP and

TBCA:GPP (F2,30 < 2.35, P > 0.11). There seemed to

be a slight gradient in GPP from block 1 (66 ± 7 g C) to

block 2 (64 ± 5 g C) to block 3 (55 ± 6 g C), but this

gradient was not detected using Tukey’s test. As the block

effect was insignificant to marginally significant on C

fluxes and partitioning, it is omitted from the Results

section.

Results

Treatment influences on plant growth

Plants exhibited a large range in size by the end of the

experiment (4–17 mm in stem diameter, 124–954 mm in

tree height and 5–217 g oven-dry mass per tree), with all

tree growth variables being strongly influenced by single

or combined N and P additions (F3,30 > 74, P < 0.001),

by genotype (F3,30 > 6.4, P < 0.002), and in some cases,
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by their interaction (F9,30 > 3.4, P < 0.005) (Table 1).

Foliage N and P concentrations conformed and were signif-

icantly affected by the nutrient treatments (F3,30 > 9.4,

P < 0.01), but not by genotype (F3,30 < 2.67, P > 0.05)

or their interaction (F9,30 < 1.47, P > 0.17) (Table 1).

The leaf area to mass ratio was independent of the main

or interactive effects of nutrient treatments or genotypes

(overall, F47,48 = 1.13, P = 0.34) being on average

10.40 ± 0.21 m2 kg�1. The rate of leaf respiration at night

tended to increase mainly with N additions, but such

changes were not significantly influenced by nutrient treat-

ment or genotype (overall, F47,48 = 1.58, P = 0.06).

Mycorrhizal infection of fine roots at the plant level var-

ied considerably from 1.3% to 40.3% (average

10.7 ± 0.6%), although such variation was not signifi-

cantly explained by nutrient treatment or genotype

(Table 1). However, mycorrhizal infection tended on aver-

age to decrease from 13% in the low-N low-P supply

regime to 8% in the high-N high-P supply regime.

Mycorrhizal infection also declined more with single P than

with single N additions (Table 1).

Treatment influences on GPP

Tree GPP throughout increased with single or combined N

and P additions (F3,30 = 71.5, P < 0.001), from an aver-

age of 30 g C plant�1 in the low-N low-P supply regime

to 109 g C plant�1 in the high-N high-P supply regime

(Table 1). Single N- (53 g plant�1) and P additions (54 g

plant�1) similarly increased tree GPP compared to the

low-N low-P supply regime (Table 1; Figure 1). Patterns

of GPP changes with N and P additions were closely fol-

lowed by ANPP, APR and TBCF. Remarkably, similar

patterns were also observed for all subcomponents of

ANPP, APR and GPP despite varying considerably in scale

(Table 1).

The main effect of genotype on GPP was highly signifi-

cant, but relatively minor compared to the main effect of

Table 1. Relevant tree measurements at the end of the experiment, and treatment differences for components of ANPP, APR and

TBCF. Terms are defined in the Materials and methods and in the Appendix. Nutrient treatments comprised two nitrogen supply

regimes (N0 =1.43 mM and N1 = 7.14 mM) and two phosphorus supply regimes (P0 = 0.084 mM and P1 = 0.420 mM). Values are

presented as mean (±1 SE) for each treatment; n = 24. Significance of main effects of clones (C) and nutrient treatments (T) or the

interaction between clones and treatments (C · T) is shown as: ns, nonsignificant; *significant at P < 0.05; **significant at P < 0.01;

***significant at P < 0.001. Separation of mean values was determined using a Tukey test where applicable. Different letters between

treatments indicate that means were significantly different at P < 0.05. Clonal differences are not shown in this table, but shown for

main components (ANPP, APR and TBCF) in Table 2.

Measurements Nutrient treatments ANOVA

N0P0 N0P1 N1P0 N1P1 C T C · T

Basal diameter (mm) 6.7 ± 0.3 a 9.0 ± 0.2 b 9.4 ± 0.4 b 12.4 ± 0.4 c *** *** ns

Tree height (mm) 367 ± 25 a 507 ± 14 b 533 ± 27 b 724 ± 31 c *** *** ***

Crown diameter (mm) 267 ± 13 a 346 ± 11 b 382 ± 11 b 518 ± 16 c *** *** **

Tree dry mass (g) 26 ± 3 a 51 ± 2 b 57 ± 5 b 113 ± 8 c *** *** **

Leaf area (m2) 0.11 ± 0.01 a 0.22 ± 0.01 b 0.27 ± 0.02 b 0.54 ± 0.03 c *** *** ns

Leaf area to mass

ratio (m2 kg�1)

10.1 ± 0.2 a 10.8 ± 0.2 a 10.4 ± 0.2 a 10.4 ± 0.2 a ns ns ns

Leaf respiration at night

(lmol m�2 s�1)

0.51 ± 0.03 a 0.53 ± 0.03 a 0.58 ± 0.03 a 0.58 ± 0.04 a ns ns ns

Foliage nitrogen (%) 1.52 ± 0.07 a 1.76 ± 0.05 ab 1.96 ± 0.06 bc 2.16 ± 0.11 c ns *** ns

Foliage phosphorus (%) 0.21 ± 0.01 a 0.27 ± 0.01 b 0.21 ± 0.01 a 0.28 ± 0.02 b ns *** ns

Mycorrhizal infection

(fraction of 1)

0.13 ± 0.02 a 0.10 ± 0.01 a 0.12 ± 0.01 a 0.08 ± 0.01 a ns ns ns

ANPP (g C) 7.9 ± 0.8 a 15 ± 0.7 b 18.2 ± 1.5 b 38.5 ± 2.5 c *** *** **

FA 0.4 ± 0.1 a 0.5 ± 0.1 a 0.4 ± 0.1 a 0.7 ± 0.1 b *** * ns

Wood NPP 2.0 ± 0.2 a 4.4 ± 0.2 b 4.9 ± 0.5 b 11.5 ± 0.9 c *** *** ***

Leaf NPP 5.9 ± 0.6 a 10.6 ± 0.5 b 13.2 ± 1.0 b 27 ± 1.7 c *** *** *

APR (g C) 8.8 ± 0.7 a 17.2 ± 1.0 b 16.9 ± 1.5 b 35.9 ± 2.9 c * *** ns

LRC 1.5 ± 0.1 a 2.7 ± 0.1 b 3.3 ± 0.3 b 6.7 ± 0.4 c *** *** *

LRM 6.7 ± 0.5 a 13.2 ± 0.9 b 12 ± 1.2 b 25.5 ± 2.6 c ns *** ns

WR 0.6 ± 0.1 a 1.4 ± 0.1 b 1.6 ± 0.2 b 3.7 ± 0.3 c *** *** ***

TBCF (g C) 13.4 ± 1.2 a 21.1 ± 1.1 b 18.9 ± 1.7 b 34.7 ± 2.6 c * *** *

FS 8.2 ± 0.7 a 10.7 ± 0.6 a 8.8 ± 0.8 a 16.5 ± 1.2 b ns *** ns

CR 5.2 ± 0.5 a 10.5 ± 0.6 b 10.2 ± 1.1 b 18.2 ± 1.6 c ** *** **

GPP (g C) 30.1 ± 2.5 a 53.4 ± 2.3 b 54.0 ± 4.3 b 109.2 ± 6.7 c *** *** *
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nutrient treatments (F values 7.6 versus 71.5). The interac-

tion between genotype and nutrient treatment was margin-

ally insignificant (F9,30 = 2.3, P = 0.05) as clone D

developed faster in the low-N low-P supply regime and

slower in the high-N high-P supply regime than clones B

and C (Table 2). Tukey’s test on GPP significantly sepa-

rated clones into two groups: a slower-growing clone A

and faster-growing clones B, C and D (Table 2).

Treatment influences on CUE

Nitrogen and to a lesser extent P additions increased the

fraction of GPP allocated to NPP (CUE). The NPP:GPP

ratio was significantly smaller in the low-N low-P supply

regime (0.43) than in the high-N low-P and high-N high-

P supply regimes (0.52). The CUE in the low-N high-P sup-

ply regime had an intermediate value (0.47) between these

extremes. Overall, this ranking was relatively consistent

across clones. The marginally significant interaction

between clone and treatment on the NPP:GPP ratio

(F9,30 = 2.48, P = 0.03) was attributable to the relatively

low CUE of N1P1 for clone D. Although the influence of

clone on NPP:GPP ratio was marginally nonsignificant

(F3,30 = 2.56, P = 0.07), it is worth noting that the slowest

growing clone also displayed the lowest CUE (0.46).

Treatment influences on aboveground NPP

Nitrogen additions, and to a lesser degree genotype,

significantly influenced C partitioning to aboveground

components. The fraction of GPP partitioned to ANPP

was significantly greater in high-N supply regimes (35%)

than in low-N supply regimes (27%) (Table 2). Although

P-supply did not significantly alter the fraction of GPP par-

titioned to ANPP, P additions tended to increase the

ANPP:GPP fraction above that of the low-N low-P control

treatment. The ANPP:GPP fraction differed significantly

between genotypes. The slowest-growing clone (A) parti-

tioned overall a significantly smaller proportion of C to

ANPP (29%) compared to clone D (33%). Clones B and

C had generally greater ANPP:GPP values than clone A,

but they did not differ significantly (Table 2).

The fraction of GPP partitioned to foliage ANPP signif-

icantly increased with N additions (F3,30 = 30.5, P <

0.001). Low-N treatments partitioned on average

19.5 ± 0.5% of GPP to leaf ANPP (19.0% for N0P0 and

20.0% for N0P1). High-N treatments partitioned

24.8 ± 0.6% of GPP to leaf ANPP (24.8% for N1P0 and

24.7% for N1P1). Phosphorus additions did not change

the leaf ANPP:GPP ratio (Figure 2). Neither the clone

(F3,30 = 2.34, P = 0.09) nor the interaction between
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Figure 1. Nutrient treatment
influences on average plant
GPP and the constituent
above- and belowground
components for each clone.
Nutrient treatments comprised
two nitrogen supply regimes
(N0 = 1.43 mM and
N1 = 7.14 mM) and two
phosphorus supply regimes
(P0 = 0.084 mM and
P1 = 0.420 mM).
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nutrient treatments and clones (F9,30 = 1.14,P = 0.37) had

an influence on the foliage ANPP:GPP fraction. Although

absolute litterfall significantly increased with combined N

and P additions (Table 1), the ratio of litterfall to GPP was

significantly higher in the low-N low-P (1.3 ± 0.1%) than

in the high-N high-P (0.6 ± 0.1%) supply regime (F3,30 =

5.44,P = 0.004). SingleN and P additions similarly and sig-

nificantly reduce the ratioof litterfall toGPP, from the low-N

low-P addition treatment, to 0.8 ± 0.1%.

The fraction of GPP partitioned to wood ANPP signifi-

cantly increased with single or combined N and P additions

(F3,30 = 39.5, P < 0.001), from an average of 6.4 ± 0.3%

in the low-N low-P supply regime to 10.5 ± 0.4% in

the high-N high-P supply regime (Figure 2). Single

N- (8.2 ± 0.3%) and P additions (8.9 ± 0.3%) similarly

increased the wood ANPP:GPP ratio compared to the

low-N low-P supply regime. This trend was observed con-

sistently across all clones, although clone D was less sensi-

tive to nutrient treatments than other clones (Figure 2), as

evidenced by a marginally significant interaction between

nutrient treatment and clone (F9,30 = 2.6, P = 0.03).

There was a strong influence of clones on the wood

ANPP:GPP ratio (F3,30 = 19.3, P < 0.001) dividing

clones into two groups: a low wood ANPP:GPP ratio,

clone A (7.6 ± 0.3%) and clone C (7.4 ± 0.4%); and a

high wood ANPP:GPP ratio, clone B (9.8 ± 0.5%) and

clone D (9.3 ± 0.3).

Treatment influences on APR

Neither nutrient addition (N and P) nor genotype signifi-

cantly altered the fraction of GPP partitioned to APR

Table 2. Partitioning GPP into ANPP, APR and TBCF for all combinations of nutrient treatments and clones (GPP = ANPP +

APR + TBCF). Components of TBCF are soil respiration C efflux (FS) and change in C content of root biomass (DCR). The FS/TBCF

ratio represents the amount of C efflux respired by roots and mycorrhizae and root turnover compared to the whole belowground C

budget. Nutrient treatments comprised two nitrogen supply regimes (N0 = 1.43 mM and N1 = 7.14 mM) and two phosphorus supply

regimes (P0 = 0.084 mM and P1 = 0.420 mM). Values are presented as means (±1 SE) for each treatment and clone; n = 6.

Significance of main effects of clones (C) and nutrient treatments (T) or the interaction between clones and treatments (C · T) is shown as

ns, nonsignificant; *significant at P < 0.05; **significant at P < 0.01; ***significant at P < 0.001. Separation of mean values was

determined using a Tukey test where applicable. Different letters between treatments or clones indicate thatmean values were significantly

different at P < 0.05. Bold values are significant at P < 0.05.

Clone Treatment ANPP/GPP (%) APR/GPP (%) TBCF/GPP (%) GPP (g C) NPP (g C) NPP/GPP (%) FS/TBCF (%)

A N0P0 21.8 ± 1.7 a 30.9 ± 3.5 a 47.3 ± 3.0 a 23.0 ± 3.4 a 8.8 ± 1.6 a 37.6 ± 2.2 a 66.0 ± 2.6 b

N0P1 26.7 ± 1.0 ab 32.3 ± 1.8 a 41.0 ± 2.2 ab 47.3 ± 2.6 b 21.5 ± 0.9 b 45.6 ± 1.1ab 54.1 ± 0.7 ab

N1P0 32.8 ± 1.3 b 30.9 ± 2.5 a 36.2 ± 2.6 ab 32.7 ± 6.4 a 16.5 ± 3.0 b 50.8 ± 1.0 b 49.6 ± 2.8 a

N1P1 33.3 ± 1.5 b 32.7 ± 1.6 a 34.0 ± 1.6 b 86.3 ± 7.0 c 43.8 ± 5.0 c 50.2 ± 2.7 b 50.2 ± 4.6 a

Mean 28.7 ± 1.2 a 31.7 ± 1.2 a 39.6 ± 1.5 b 47.3 ± 5.6 a 22.6 ± 3.1 a 46.0 ± 1.4 a 55 ± 2.0 a

B N0P0 25.8 ± 1.7 a 33.5 ± 1.4 a 40.6 ± 2.5 a 28.4 ± 1.7 a 12.0 ± 1.2 a 41.9 ± 2.3 a 59.7 ± 3.0 a

N0P1 28.6 ± 1.4 ab 32.8 ± 1.2 a 38.7 ± 1.5 a 50.5 ± 3.5 b 23.6 ± 1.6 b 47.0 ± 2.0 ab 51.8 ± 4.0 a

N1P0 34.1 ± 1.5 bc 28.1 ± 1.7 a 37.7 ± 2.5 a 64.6 ± 6.8 b 34.1 ± 4.0 b 52.5 ± 0.9 b 51.6 ± 3.2 a

N1P1 38.4 ± 1.2 c 30.0 ± 2.7 a 31.6 ± 1.8 a 119.3 ± 9.6 c 66.0 ± 6.9 c 54.7 ± 2.3 b 48.5 ± 2.3 a

Mean 31.7 ± 1.2 ab 31.1 ± 1 a 37.2 ± 1.2 ab 65.7 ± 7.6 b 33.9 ± 4.6 b 49.0 ± 1.4 a 52.9 ± 1.7 a

C N0P0 25.1 ± 1.5 a 26.8 ± 3.5 a 48.1 ± 2.7 a 25.5 ± 5.4 a 10.5 ± 2.2 a 41.8 ± 1.2 a 64.8 ± 2.4 b

N0P1 26.8 ± 0.7 ab 35.0 ± 2.6 a 38.2 ± 3.2 ab 58.7 ± 6.8 b 27.2 ± 2.8 b 46.7 ± 1.2 ab 47.1 ± 3.3 a

N1P0 31.5 ± 1.7 bc 33.5 ± 1.3 a 35.0 ± 2.2 b 60.5 ± 8.8 b 31.9 ± 4.8 b 52.5 ± 1.6 b 39.6 ± 3.0 a

N1P1 35.4 ± 1.2 c 29.7 ± 1.0 a 34.8 ± 1.6 b 125.4 ± 16.8 c 69.2 ± 9.3 c 55.1 ± 1.2 b 43.4 ± 1.8 a

Mean 29.7 ± 1 ab 31.3 ± 1.3 a 39 ± 1.6 ab 67.5 ± 9 b 34.7 ± 5.2 b 49.0 ± 1.2 a 48.7 ± 2.4 a

D N0P0 29.2 ± 0.8 a 27.2 ± 1.2 a 43.6 ± 1.4 a 43.5 ± 5.0 a 21.1 ± 2.4 a 48.6 ± 1.4 a 55.3 ± 2.2 a

N0P1 30.9 ± 0.8 a 29.3 ± 1.9 a 39.8 ± 2.3 ab 57.0 ± 4.4 a 29.7 ± 2.7 a 51.8 ± 1.4 a 47.9 ± 1.6 a

N1P0 36.4 ± 1.2 a 32.1 ± 1.8 a 31.5 ± 1.0 b 58.2 ± 7.6 a 30.8 ± 4.7 a 52.4 ± 1.6 a 49.0 ± 2.7 a

N1P1 34.0 ± 3.4 a 39.7 ± 3.5 a 26.3 ± 1.8 b 105.7 ± 15.1 b 47.7 ± 5.2 b 46.8 ± 4.4 a 50.5 ± 4.9 a

Mean 32.6 ± 1.1 b 32.1 ± 1.4 a 35.3 ± 1.6 a 66.1 ± 6.5 b 32.3 ± 2.7 b 49.9 ± 1.3 a 50.6 ± 1.6 a

All clones N0P0 25.5 ± 0.9 a 29.6 ± 1.4 a 44.9 ± 1.3 c 30.1 ± 2.5 a 13.1 ± 1.3 a 42.5 ± 1.2 a 61.5 ± 1.5 b

N0P1 28.2 ± 0.6 a 32.3 ± 1.0 a 39.4 ± 1.1 b 53.4 ± 2.3 b 25.5 ± 1.2 b 47.8 ± 0.8 b 50.2 ± 1.4 a

N1P0 33.7 ± 0.8 b 31.2 ± 1.0 a 35.1 ± 1.1 a 54.0 ± 4.3 b 28.3 ± 2.4 b 52.1 ± 0.6 c 47.4 ± 1.7 a

N1P1 35.3 ± 1.0 b 33.0 ± 1.4 a 31.7 ± 1.1 a 109.2 ± 6.7 c 56.7 ± 3.9 c 51.7 ± 1.5 c 48.2 ± 1.8 a

Overall Mean 30.7 ± 0.6 31.5 ± 0.6 37.8 ± 0.8 61.7 ± 3.7 30.9 ± 2.0 48.5 ± 0.7 51.8 ± 1.0

ANOVA statistics

C ** ns * *** *** ns ns

T *** ns *** *** *** *** ***

C · T ns * ns * ** * ns
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(32%, Table 2). Among the components of APR (Table 1),

foliar maintenance respiration (LRM) was dominant (73%)

over foliage construction respiration (18%, LRC) and wood

construction and maintenance respiration (9%, WR). Foli-

age dark respiration (Rd), used to scale foliage maintenance

respiration (LRM) over the duration of the experiment, ran-

ged from 0.22 to 1.10 lmol m�2 s�1 (average 0.56 ± 0.02

SE, n = 96). Values of Rd were independent of single

or combined N and P additions or genotype (overall,

F47,48 = 1.58, P = 0.06). Nevertheless, values of Rd

showed weak positive correlations (r2 < 0.07) with foliage

nitrogen (P = 0.05) and phosphorus (P = 0.01) concentra-

tions (Figure 3), and the slowest-growing clone D had a

slightly higher but insignificantly different Rd than the other

clones.

Treatment influences on TBCF

Nitrogen and to a lesser extent P additions decreased the

fraction of GPP partitioned belowground. The fraction of

GPP partitioned to TBCF was significantly greater in the

low-N low-P supply regime (45%) than in the high-N

high-P addition treatment (32%). Compared to the high-

N high-P addition treatment, single N and P additions,

respectively, resulted in a 3% and 7% increase in the

TBCF:GPP fraction, which was only significant for the

single P addition (Table 2). There were significant differ-

ences in the TBCF:GPP ratio among genotypes. The slow-

est growing clone (A) partitioned overall a significantly

greater proportion of GPP to TBCF (40%) than clone D

(35%). Clones B and C had generally smaller TBCF:GPP

fractions than clone A but they did not differ significantly

(Table 2).

The partitioning of TBCF between soil respiration (FS)

and the increment in root C content (DCR) varied with

nutrient treatment. The ratio of FS/TBCF did not differ

significantly for treatments with single or combined N

and P additions (N1P0, N0P1 and N1P1), at an average of

49%, but significantly increased to 61% for the low-N

low-P treatment, N0P0 (Table 2). Genotype did not change

the partitioning of TBCF between FS and DCR

(F3,30 = 2.87, P = 0.053). However, the slowest growing

clone (A) had an insignificantly higher FS/TBCF ratio than

the other clones (Table 2).

Discussion

Our data support our first hypothesis that GPP, NPP and

absolute C fluxes to ANPP, APR and TBCF would

increase with single or combined N and P additions (Litton

et al. 2007). Values of GPP and NPP and absolute C fluxes
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Figure 2. Partitioning of GPP
to leaf NPP and wood NPP
across nutrient treatments and
clones. Nutrient treatments
comprised two nitrogen supply
regimes (N0 = 1.43 mM and
N1 = 7.14 mM) and two
phosphorus supply regimes
(P0 = 0.084 mM and
P1 = 0.420 mM). Values are
presented as mean (±1 SE) for
each treatment and clone.
Different letters indicate
significant differences among
treatments at P < 0.05. Open
bars represent the wood
ANPP:GPP fraction and
closed bars represent the leaf
ANPP:GPP fraction. The leaf
ANPP:GPP fraction was only
influenced by nutrient treat-
ments (P < 0.001). The wood
ANPP:GPP fraction was
influenced by nutrient treat-
ments (P < 0.001), clones
(P < 0.001) and marginally by
their interaction (P = 0.03).
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to ANPP, APR and TBCF of our potted plants were

enhanced by single or combined N and P additions

(Table 1). Single N or P additions similarly increased all

C fluxes, but their combined effects exceeded those of their

individual contributions. Synergism was previously

observed with N and P additions specifically on biomass

production of P. radiata trees (Sheriff et al. 1986) and pot-

ted plants (Davis 1997) and globally for major habitats of

the biosphere (Elser et al. 2007). Nitrogen and phosphorus

are identified as the nutrients most frequently limiting pri-

mary productivity in terrestrial (Aerts and Chapin 2000)

and aquatic ecosystems (Hall et al. 2005). However, there

is a certain inclination to think that N limitations are more

common or more important than P limitations (e.g.,

Vitousek and Howarth 1991), whereas others tend to

believe that N and P limitations are equivalent (Elser

et al. 2007). Although our potted plants are arguably differ-

ent to field-grown trees or entire ecosystems, we found

equivalent effects of N and P on overall productivity, but

interestingly not on C partitioning.

We also found our second hypothesis that partitioning to

TBCF would decline with single or combined N and P

additions, and the decline in TBCF is matched by a relative

increase in ANPP to be true in a broad sense, but also

noted significant differences between how N and P modify

partitioning. Nitrogen and to a lesser extent P additions

increased the fraction of GPP partitioned to ANPP at the

expense of TBCF in our small P. radiata trees. Compared

with the unfertilized treatment, our data clearly show that

single additions of N significantly increased partitioning

of GPP to ANPP by fourfold more than single additions

of P (N0P0 = 26%, and it increased by 2% for N0P1 and

8% for N1P0). Similarly, compared to the unfertilized

control, reductions in partitioning of GPP to TBCF result-

ing from a single addition of N were twofold higher than

those resulting from a single addition of P (N0P0 = 45%,

and it reduced by 6% for N0P1 and 11% for N1P0). While

fertilization has been reported to bring about such changes

in C partitioning in large field-grown trees (Keith et al.

1997, Giardina et al. 2003, Ryan et al. 2004, Litton et al.

2007), we are not aware of any study analysing single or

combined effects of N and P additions on individual plant

C budgets. However, our results are consistent with

generally observed declines in the root-to-shoot ratios in

response to single N (e.g., Murray et al. 2000), single P

(Topa and Cheeseman 1992) and combined N and P addi-

tions (Warren and Adams 2002). Although we might expect

that our observed trends in C partitioning in small trees

conform with trends observed with field-grown trees, we

are cautious about extrapolation of our results. For

instance, Ryan et al. (2004) found that the fraction of

GPP partitioned to TBCF increased with stand age and

contributed to the decline in aboveground wood produc-

tion of Eucalyptus saligna plantations. In contrast, Litton

et al. (2007) found that GPP partitioning to TBCF gener-

ally decreased with age in a meta-analysis conducted with

a large number of forest C budgets from around the globe.

Mycorrhizal infection of fine roots for our potted plants

was found to be independent of nutrient treatments or

genotypes, although the degree of infection tended to

decrease mainly with P rather than N additions. Similarly,

fertilization has been shown to reduce mycorrhizal infection

and activity in field-grown trees (Ryan et al. 1996, Giardina

et al. 2003). This may suggest that a larger fraction of C is

partitioned to mycorrhizae in low P conditions. We found

that our mycorrhizal infection rates in fine roots ranged
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Figure 3. The relationship between the rate of foliage respiration at night (Rd) and (A) foliage nitrogen (Na) and (B) phosphorus
concentration (Pa) on a hemi-surface leaf area basis. Slopes (F3,86 < 0.73, P > 0.53) and intercepts (F3,86 < 0.78, P > 0.51) of these
linear relationships were not influenced by nutrient treatment or clone: Rd = 0.4112 + 0.0012 Na, r

2 = 0.04, P = 0.05, n = 94;
Rd = 0.3600 + 0.0087 Pa, r

2 = 0.07, P = 0.01, n = 94. Horizontal bar graph inserts show nonsignificant main effects of nutrient
treatment (A) and clone (B) on foliage respiration.
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from 1% to 40% with average 11%. Overall, these values

are relatively low compared to the conservative estimate

for ectomycorrhizal carbon demand of 15% of NPP (range

0–22%) suggested by Söderström (1991). We speculate that

our low mycorrhizal infection rate was probably attribut-

able to use of the artificial growth medium.

We found our third hypothesis that partitioning to APR

increases with single or combined N and P additions to be

false. The fraction of tree GPP partitioned to APR was

independent of single or combined N and P additions

(0.31) in contrast to other studies where this proportion

increased with fertilization in forest ecosystems (Ryan

et al. 1996, Giardina et al. 2003). However, in all these

cases, relative increases in APR have been far less than

the relative increases in GPP, indicating that growth and

maintenance respiration are only slightly enhanced by

nutrient additions. Supporting evidence for this slight

enhancement was found in our weak positive correlations

between foliage maintenance respiration rates and foliage

N and P concentrations.

Similarly, the data showed our fourth hypothesis that sin-

gle or combined N and P additions do not alter the fraction

of GPP partitioned to NPP to be false. Nitrogen and to a

lesser extent P additions reduced the fraction of GPP allo-

cated to respiration. The NPP:GPP fraction is widely used

to model the carbon cycle at a range of spatial scales (Ichii

et al. 2005, Turner et al. 2006) and it has been found to be

relatively invariant for a wide range of forest ecosystems

(e.g., 0.45 ± 0.05 SD, Landsberg and Waring 1997;

0.47 ± 0.04 SD, Waring et al. 1998). Although our values

of CUE fall within reported ranges, they significantly

increased with N and to a lesser extent with P additions.

Although Giardina et al. (2003) suggested that CUE of

E. saligna plantations increases with fertilization, our study

showed that N additions exert a greater influence than P

additions in minimizing respiratory losses and in enhancing

CUE.

A consequence of rejecting our fourth hypothesis is that

respiratory losses were reduced mainly with N and to a les-

ser extent with P additions. However, partitioning to APR

was independent of nutrient addition whereas CUE varied

with N and P additions. This means that differences in par-

titioning of GPP to NPP (i.e., CUE) were driven exclusively

by changes in partitioning to production versus respiration

belowground. This was verified in that the ratio of FS/

TBCF in our study was significantly higher for the low-N

low-P addition treatments (61%) compared to those with

single or combined N and P additions (49%).

Many ecosystem-process-based carbon budget models

assume that TBCF is evenly partitioned between root

production and respiration (Ryan 1991a, Landsberg and

Waring 1997, Waring et al. 1998, McDowell et al. 2001).

However, Giardina and Ryan (2002) found that annual soil

respiration (FS) was lower in fertilized than in control plots

of E. saligna plantations, suggesting a decrease in the FS/

TBCF ratio with nutrient availability. Although we worked

with small plants growing in pots where heterotrophic res-

piration could be neglected, this study extends previous

research by demonstrating the interactive effect of N and

P on the FS/TBCF ratio. Both the imbalanced and the high

nutrient supply regimes exhibited very similar values for

this ratio, which were significantly lower than in the low-

N low-P supply regime. This suggests that as nutrient

supply declines, our plant roots and mycorrhizae respired

proportionally more than when N and P were well supplied.

Further research should investigate the regulation of TBCF

partitioning to belowground NPP, auto- and hetero-

trophic respiration by plant and soil nutrition to derive

relationships that can be incorporated into ecosystem

models.

Litterfall was omitted from the mass balance TBCF

equation since it was collected regularly. Litterfall removal

would arguably change the rates of FS and therefore the cal-

culation of the FS:TBCF ratio. However, litterfall from the

young trees over the experiment was very low and varied

from only 0.1% to 3.1% of GPP (average 0.9%), whereas

FS ranged from 7.5% to 43.3% of GPP (average 20%).

Given that litterfall was a small fraction of FS and GPP,

it is unlikely that litterfall removal greatly impacted FS or

the interpretation of the FS:TBCF ratios in this study.

We found our last hypothesis that faster-growing geno-

types exhibit greater C partitioning to ANPP at the expense

of TBCF to be true. Carbon partitioning explained differ-

ences in growth performance among genotypes. The slow-

est growing clone partitioned a significant 4% less of

GPP to ANPP and 4% more to TBCF than one of the

faster-growing genotypes (clone D). This marginal change

in C partitioning may compound over time and account

for relatively large differences between genotypes. Fischer

et al. (2007) observed substantial changes in fine-root pro-

duction, soil CO2 efflux and TBCF along an elevation

and hybridization gradient between two Populus species,

suggesting strong genetic controls over these variables. Sim-

ilarly, Raison and Myers (1992) argued that genotype, in

addition to fertility and silviculture, may influence carbon

partitioning in P. radiata. Also, Miller and Hawkins

(2003, 2007) found that fast-growing families of interior

spruce exhibited a greater plasticity in dry mass partitioning

between shoots and roots than slow-growing families, sug-

gesting that carbon partitioning might be partially con-

trolled by genotype. Such differences in C partitioning

plasticity among genotypes may account for the enhanced

ANPP with increased plant genotypic diversity of Solidago

altissima L. observed by Crutsinger et al. (2006). We also

found that the clone · nutrient treatments interactions

were minor compared to the main effects of nutrient

treatments and clones. This suggests that faster-growing

genotypes would have greater C assimilation and C parti-

tioning aboveground, irrespective of nutrient availability

as suggested by Carson et al. (2004).

In conclusion, we investigated the effects of N and P sup-

ply on carbon flux and partitioning of P. radiata clones.
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Nitrogen and to a lesser extent phosphorus additions

enhanced CUE and aboveground NPP while reducing total

belowground C partitioning. Carbon partitioning to APR

was invariant to N or P additions, whereas C partitioning

to belowground plant respiration decreased similarly and

significantly with single or combined N and P additions.

The slowest growing clone partitioned a significantly lower

fraction of GPP to aboveground NPP, than one of the

faster-growing genotypes, which may contribute to explain

clonal differences in growth performance.
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Appendix

Abbreviations

GPP gross primary production
NPP net primary production
CUE carbon-use efficiency
ANPP aboveground net primary production
APR aboveground plant respiration
TBCF total belowground carbon flux
FA aboveground twig, bark and leaf litterfall
CW carbon content of aboveground wood
CC carbon content of live leaves in the canopy
LRC leaf construction respiration
LRM leaf maintenance respiration
WR wood construction respiration
FS soil surface CO2 efflux
CR carbon content of root biomass (coarse + fine)
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