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Understanding the underlying mechanisms that account for the impact of potassium (K) fertilization and its replacement by
sodium (Na) on tree growth is key to improving the management of forest plantations that are expanding over weathered
tropical soils with low amounts of exchangeable bases. A complete randomized block design was planted with Eucalyptus
grandis (W. Hill ex Maiden) to quantify growth, carbon uptake and carbon partitioning using a carbon budget approach. A
combination of approaches including the establishment of allometric relationships over the whole rotation and measure-
ments of soil CO, efflux and aboveground litterfall at the end of the rotation were used to estimate aboveground net pro-
duction (ANPP), total belowground carbon flux and gross primary production (GPP). The stable carbon isotope (6'3C) of stem
wood o.-cellulose produced every year was used as a proxy for stomatal limitation of photosynthesis. Potassium fertilization
increased GPP and decreased the fraction of carbon allocated belowground. Aboveground net production was strongly
enhanced, and because leaf lifespan increased, leaf biomass was enhanced without any change in leaf production, and
wood production (P,) was dramatically increased. Sodium application decreased the fraction of carbon allocated below-
ground in a similar way, and enhanced GPP, ANPP and Py, but to a lesser extent compared with K fertilization. Neither K nor
Na affected 3'3C of stem wood a-cellulose, suggesting that water-use efficiency was the same among the treatments and
that the inferred increase in leaf photosynthesis was not only related to a higher stomatal conductance. We concluded that
the response to K fertilization and Na addition on P, resulted from drastic changes in carbon allocation.

Keywords: carbon budget, Eucalyptus grandis, fertilization, soil CO, efflux, stable carbon isotope.

Introduction 2010). Potassium fertilization affects the yield of many crop

species (Pettigrew 2008) and stimulates wood production in
Potassium (K) deficiency is known to be a key limiting factor for fast-growing tree plantations like Populus (Ache et al. 2010) and
high crop production in developing tropical countries (Cakmak Pinus radiata (Smethurst et al. 2007) in temperate regions and
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Eucalyptus in the tropics (Laclau et al. 2009). The Eucalyptus
genus includes the fastest-growing species in tropical regions
and they are among the most widely planted species in the trop-
ics (FAO 2005). High productivity is attained in Brazil when
Eucalyptus is grown on soil with sufficient amounts of nutrients
and water (Gongalves et al. 2008). The increase in global wood
demand is leading to a rapid expansion of Eucalyptus plantations
(300,000 ha year™ in Brazil; ABRAF 2009) on weathered tropi-
cal soils that are often K deficient. Potassium plays many roles in
plant physiology (Marschner 1995, Rémheld and Kirkby 2010).
Among them, K contributes to the osmotic mechanism that pro-
motes stomata opening and closing, allowing a better diffusion
of CO, inside the leaf mesophyll and thus favouring photosyn-
thesis (Fischer 1968, Talbott and Zeiger 1996, Roelfsema and
Hedrich 2005). Leaf photosynthesis declined when K deficiency
developed in cotton (Gossypium hirsutum) plants (Bednarz et al.
1998). This was mainly explained by a decrease in stomatal con-
ductance deduced from both leaf gas exchange measurements
and foliar stable carbon isotope composition (8'3C). An increase
in leaf area per tree (or in leaf area index at the ecosystem scale)
also parallels an increase in gross primary production (GPP).
This was evidenced in Eucalyptus plantations at early growth
stages, and related to an increase in leaf lifespan (LLS) (Laclau
et al. 2009). In addition, hydraulic conductance, which is essen-
tial for sustaining higher leaf stomatal conductance and gas
exchanges, increased following short-term K fertilization of
young Laurus nobilis plants (Oddo et al. 2011). Potassium is also
an important solute that contributes to the maintenance of high
turgor required for cell elongation in growing organs, especially
the cambial zone for wood formation in trees (Wind et al. 2004,
Fromm 2010). In addition, K* ions affected the rate of phloem
loading in Ricinus plants, in particular by promoting the efflux of
assimilates into the apoplast prior to phloem loading (Mengel
and Haeder 1977, Doman and Geiger 1979). Taken together, all
these mechanisms (carbon acquisition, assimilate loading in the
phloem and carbohydrate requirements of growing sink organs)
may affect carbon uptake, transport and allocation, and finally
tree growth and wood production.

The relief of nutrient deficiency by fertilization may affect
carbon allocation in several ways. Fertilization decreased the
relative amount of carbon allocated belowground in Pinus pon-
derosa (Haynes and Gower 1995) and Eucalyptus plantations
(Giardina et al. 2003). This might be explained by the high
carbon cost of efficient nutrient uptake mechanisms in nutrient-
poor soils. For instance, nitrogen addition decreased fine root
production in Liquidambar styraciflua plantations, shifting car-
bon towards stem growth (lversen and Norby 2008). Similarly,
nitrogen deprivation enhanced the flux of recently assimilated
carbon belowground in Fagus sylvatica seedlings (Dyckmans
and Flessa 2001). Most of the studies to date have concen-
trated on nitrogen and phosphorus (see a recent review by
Litton et al. 2007), while the effect of K or sodium (Na) on

carbon allocation in trees has been poorly investigated, espe-
cially in the field. We may however expect a similar shift in
carbon allocation pattern when the added fertilizer relieves the
main limiting factors for growth.

Fertilization also eliminates the necessity of having an effi-
cient resource conservation strategy, which is often related to
a long LLS for species adapted to nutrient-poor soils (Aerts
and Chapin Il 2000). A shorter LLS implies a higher leaf turn-
over rate and requires higher allocation to leaf growth, but it
does permit higher leaf-area-based photosynthesis owing to
the trade-off between LLS and leaf photosynthetic capacity
(Wright et al. 2004). However, in a previous study, we showed
that K fertilization enhanced LLS in young Eucalyptus trees and
thus increased the maximum leaf standing biomass (Laclau
et al. 2009).

Whereas K is the most abundant inorganic cation in plant
tissue, Na is much less abundant. Except in halophytic plants,
Na accumulation is often detrimental to tree growth due to
both osmotic effects and salt toxicity (Kozlowski 1997).
However, Eucalyptus may fulfil 15% of their water requirement
from saline groundwater in some Australian plantations
(Feikema et al. 2010). In addition, a positive effect of Na appli-
cation on the growth of young Eucalyptus trees planted on a
K-depleted soil has recently been reported, thus suggesting a
putative physiological replacement of K by Na (Almeida et al.
2010). It is important to gain insights into the response of
Eucalyptus to Na in areas with dry depositions of marine aero-
sols, and to investigate the possibility of including NaCl in the
fertilization regimes of Eucalyptus plantations in a context of
increasing costs for K fertilizers.

Our aim was to study the effects of K fertilization and Na
addition on growth, carbon fluxes and carbon partitioning to
above- and belowground in Eucalyptus trees at the stand level
using a carbon budget approach (Keith et al. 1997). We
hypothesized that K fertilization decreases the fraction of car-
bon allocated belowground and increases carbon uptake in
trees both by increasing leaf biomass and by favouring stoma-
tal opening that will, in turn, decrease water-use efficiency. In
addition, we aim to confirm over the whole rotation that K fer-
tilization enhanced LLS and that Na can partly replace K in
K-deficient soils.

Materials and methods

Study site and experimental design

Seedlings of Eucalyptus grandis (W. Hill ex Maiden) were
planted in April 2004 on a site afforested with Eucalyptus for
>60 years at the ltatinga experimental station (23°02’S and
48°38’W, 850 m elevation). The soil is a deep Ferrasol lying
on a Cretaceous sandstone (Laclau et al. 2009). At the Itatinga
experimental station, mean annual air temperature and annual
rainfall over the last 15 years (1996-2010) were 19 °C and

Tree Physiology Volume 32, 2012

1202 1890300 G| U0 Jasn dSN-HO144-agsS Aq 9G£€991/299/9/z¢/e101e/sAydeai)woo dno-olwapede//:sdjy woly papeojumod



Table 1. Average annual air temperature (7,,,), Maximum daily air
temperature of the hottest month (7,,,), minimum daily air tempera-
ture of the coldest month (T.,,) and cumulative rainfall (P) for each
1-year period beginning from the first day of the month of planting
(May 2004) and ending on 30 April 2011.

Age (months) Tean (°C) Tax (°C) Tin (°C) P (mm)
0-12 191 37.6 1.6 1274
12-24 20.2 36.6 0.0 1503
24-36 19.6 35.5 0.0 1191
36-48 20.2 35.5 2.0 1352
48-60 23.9 34.9 1.0 1294
60-72 19.6 341 2.0 2105
72-84 19.3 3341 2.4 1364

1360 mm, respectively, with a marked dry and cool season
between June and September and substantial inter-annual vari-
ability (Table 1). The cumulative rainfall measured between 1
May 2009 and 30 April 2010 (when the stand was between
60 and 72 months old) was 2106 mm, while it had only been
1191 mm between 1 May 2006 and 30 April 2007 (stand age
between 24 and 36 months).

A complete randomized block design was set up with seven
treatments (81 trees per plot) and four blocks in order to
assess the effects of K and Na additions on tree development
(Almeida et al. 2010). Our study was carried out in three of the
seven treatments and three of the four blocks. The fourth block
was used for successive destructive sampling. The three treat-
ments included a control treatment without K addition (C), a K
fertilization treatment where 0.45 mol m= of KClI fertilizer was
applied (K) and a Na addition treatment where 0.45 mol m=2 of
NaCl was applied instead of KCI (Na).

All three treatments also received 0.86 mol m= of N (ammo-
nium sulphate application split to match the periods of high
tree demand), 0.11 molm= of P and 0.2 g m= of dolomitic
lime and micronutrients (applied once at planting). A quarter of
the total amounts of K and Na was applied at planting and then
at 6, 12 and 60 months of age. A complete analysis of all the
fertilizers showed that total amounts of K and Na applied in all
the plots with the basic fertilization were 4.2 and 3.1 kg ha™,
respectively. The Na content in the KCl fertilizer was 1.0% and
the K content in the NaCl fertilizer was 0.05% (< 0.15 kg K ha™
contained in the NaCl fertilizer applied in treatment +Na).

Tree census and biomass measurements

Tree height (H, m) and circumference at breast height (C, cm)
were measured every 6 months on 25 inner trees per plot
(excluding two buffer rows). Aboveground biomass, i.e., stem
wood (Bgy), stem bark (Bgg), living branches (Bg), and dead
branches and leaves (B,), was measured at ages 11, 24, 35,
47, 60, 72 and 84 months by sampling eight trees selected to
account for the distribution of cross-sectional area in each
treatment. Coarse roots (diameter >10 mm) of each tree were
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excavated at ages 60 and 72 months only. The fresh mass of all
tree compartments was measured in the field and subsamples
were brought back to the laboratory, oven-dried at 65 °C and
weighed. Allometric relationships were established for each
compartment:

By =ay + by X (D* X H)* ()

with B (kg) the biomass, D (m) the diameter computed from C,
and a, b and c the allometric coefficients to be estimated for
compartment X. The equations were fitted by treatment at each
age using PROC NLP in the SAS 9.2 software (SAS Institute
Inc., Cary, NC, USA), and maximum likelihood estimations were
used as a criterion to decide whether a different set of allome-
tric coefficients should be used for each of the three treat-
ments or whether a single set should be used for all three
treatments. The selected allometric relationships were then
applied to the plot inventories at each age to estimate the bio-
mass of each compartment at the plot level. Age-specific allo-
metric relationships were established for branches and leaves
by sampling eight additional trees per treatment at 84 months
of age. Bgy and Bgg at 84 months were estimated using the
allometric relationships established at 72 months.

Medium root biomass (2—10 mm diameter) was measured at
60 months of age by digging one 1.5 m? pit 1 m deep in each
plot (three pits per treatment for the three blocks). Fine roots
(diameter <2 mm) were retrieved at the same time from four
soil cores per plot down to 1 m in depth (inner diameter of
the root auger of 4.5 cm) in two blocks, and down to 3 m in
depth in one block. We assumed that the vertical distribution of
fine roots was similar in all blocks in order to extrapolate fine
root biomass down to 3 m depth in the two blocks with 1 m
deep pits.

Aboveground litterfall (F,, kgm=year”') was collected
every month in five litter traps (52 x 52 cm) in each plot, sepa-
rated into leaves (F), bark and dead branches, oven-dried at
65 °C and weighed.

Soil CO, efflux and total belowground carbon flux

Soil CO, efflux (Fs, tmol m= s™") was measured every 2 weeks
during two consecutive years between the ages of 60 and 84
months with a dynamic closed-path Li8100 system equipped
with a 20 cm diameter Li8100-103 respiration chamber (LiCor
Inc., Lincoln, NE, USA). Nine PVC collars were installed in each
plot about 1 month before the beginning of the measure-
ments. Soil volumetric water content in the O—6 cm soil layer
(SWC, m3 m=3) and within 5 cm of the collars was measured at
the same time with a soil moisture probe (Theta Probe ML2X,
Delta-T Device Ltd, Cambridge, UK). Cumulative annual soil
CO, efflux (Feymy kg C m= year™) was estimated for each PVC
collar using linear interpolations of Fg between each measure-
ment date over the 2-year period of measurement.
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Litter on the forest floor (L, kg m™) was collected at the
ages of 18, 31, 43, 55, 61, 73 and 84 months in 4—6 quadrats
(50 x 50 cm) in each plot and sorted into leaves, twigs, bark
and miscellaneous, oven-dried at 65 °C and weighed. For for-
est floor samples, ash content was determined after combus-
tion of pooled samples in a muffle furnace at 450 °C for 6 h,
and used to correct the dry mass for soil contamination.

Total belowground carbon flux (TBCF, kg Cm= year™)
includes biomass increment of roots, turnover of fine roots,
root exudation and respiration of roots and associated
microorganisms. It can be estimated from Fyy (Giardina and
Ryan 2002):

TBCF = Feyy + ARXCr — Fy XCyp +ALXCp +ACg + E )

where AR is the annual increment of root biomass, AL is the
annual build-up of litter on the forest floor and ACs is the
annual increase in the carbon content of the mineral soil. Cg,
C,and C, are the carbon contents of roots, litterfall and litter
on the forest floor and E is the flux of the C transported off
the site by leaching of the dissolved organic and inorganic C,
by erosion or by CH, emission. The annual increment of
coarse root mass was calculated as the difference in biomass
between two consecutive years. The annual increment of
medium root mass was estimated assuming a similar relative
growth rate for medium and coarse roots. We assumed a con-
stant fine root (<2 mm) biomass and necromass at this age,
no change in soil organic matter after >60 years of afforesta-
tion with Eucalyptus, and no exportation of carbon. Average
TBCF between the ages of 60 and 84 months was calculated
using 2-year average values of the above-mentioned
parameters.

Aboveground net primary production and
partitioning of GPP

Annual net production (kg m= year™') of stem wood was calcu-
lated as the difference in biomass between two consecutive
years. Annual net productions of foliage, stem bark and
branches were estimated as the yearly difference in standing
biomass plus the amount of leaf, stem bark and dead branches
recovered in the annual aboveground litterfall. Aboveground
net primary production (ANPP, kg m= year™) was calculated as
the sum of all annual net production of the aboveground
compartments.

Gross primary production (GPP, g C m= year™) between the
ages of 60 and 84 months was computed as the sum of ANPP,
TBCF and aboveground respiration, which was assumed to be
a constant fraction of ANPP:

ANPP
CUE

1- CUE)

GPP = ANPP + TBCF + ( CUE X ANPP = + TBCF

3)

where CUE is the carbon-use efficiency of aboveground
production. We used 0.53, a value reported for Eucalyptus
saligna in Hawaii (Giardina et al. 2003). Aboveground net pro-
duction was converted into C flux using the carbon content of
each aboveground compartment, which ranged from 0.43 g
C gDM"in barkto 0.50 g C g DM~ in leaves (data not shown).

Isotope composition of stem wood cellulose

A disk was collected at a height of 1.3 m on the trees felled in
May 2010 (72 months old) to determine §'3C as a proxy to
provide time- and plant-integrated estimates of water-use effi-
ciency (Farquhar et al. 1989). The circumference at breast
height of the sampled trees had been recorded every year
throughout the rotation. The limits of annual growth of the
previous 5 years were drawn on the disk and annual rings were
sampled with respect to this drawing. A safety margin was
respected by discarding 25% of the annual increment around
each ring boundary.

Alpha-cellulose was extracted from the wood using the
acidified sodium chlorite extraction method (Bonal et al. 2011).
The wood samples were oven-dried at 50 °C for a week and
milled for 2-3 min at 30 Hz (MM301, Retsch GmbH, Haan,
Germany). About 0.04 g of ground wood was put into individ-
ual pouches made of a Teflon filter with a pore size of 0.45 um
(Alltech, Templemars, France). Wood extractives were removed
through Soxhlet extractions, first with a 2:1 (v/v) mixture of
toluene 95% and ethanol 95%, and then with ethanol 95%
alone. Inorganic salts were removed by boiling samples in de-
ionized water for 6h. In order to remove the lignin, the
pouches were placed in distilled water with sodium chlorite
(2.5 g per gram of wood) and glacial acetic acid (volume
adjusted to reach a pH solution within the range of 3—4) at
70 °C for 24 h. Hemi-cellulose was removed by reaction with a
0.4 % (w/v) sodium hydroxide solution at room temperature
for 1 h. After each step, the samples were rinsed with de-ion-
ized water in an ultrasonic bath at 45 Hz for 10 min. Finally, the
cellulose was oven-dried at 50 °C for 24 h.

For 8'3C analysis, about 1 mg of extracted a-cellulose was
weighed into 4 X 6 mm tin capsules (Elemental Microanalysis,
Okehampton, UK). The isotopic analyses were conducted
using a continuous flow isotope ratio mass spectrometer
(Delta S, Finnigan MAT, Bremen, Germany) at the stable
isotope facility at INRA (Nancy, France). &'3C of wood
a-cellulose was expressed relative to the Pee Dee Belemnite
standard (VPDB). The analytical precision was +0.12%o
(standard deviation for 20 repetitions of a standard working
laboratory).

Statistical analyses

Statistical analyses were performed with R software version
2.13.0 (R Development Core Team, 2011). Mixed-effect mod-
els were used to estimate the effect of fertilization and age as
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Figure 1. Tree height (H, a) and circumference (C, b) at different stand
ages (in months) in the control (open diamonds), K-fertilized (closed
circles) and Na-supplemented (closed triangles) plots. Measurements
were taken on 25 trees in three plots per treatment. The vertical bars
represent the standard deviation of the residuals. Statistics are given
in Table 2.
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fixed effects on tree dimension (H and C) and on &'3C of stem
wood cellulose (with trees within blocks as a random effect),
on Fg (with collars within blocks as a random effect), on tree
compartment biomass, on net production of the different tree
compartments, and finally on F,, L and ANPP (with blocks as
random effects). Mixed-effect models were also used to esti-
mate the effect of fertilization as a fixed effect on Fyy, TBCF
and GPP (with blocks as a random effect). Contrasts were
used to test relevant differences between treatment and/or age
when the overall model was significant.

Results

Aboveground biomass and net primary production

Tree height and circumference were significantly enhanced at
all ages by fertilization, with a stronger effect of K than of Na
(Figure 1, Table 2). At 84 months, the differences in height
between fertilized trees and control trees were 6.5 m for K
fertilization and 2.7 m for Na addition. The differences for tree
circumference were 12.3 and 6.2 cm, respectively.

Leaf biomass was significantly higher in the K treatment
compared with the control at all ages while the increase in
leaf biomass in the Na treatment was only significant at 35
and 47 months and vanished thereafter (Figure 2a, Table 2).
Despite the higher leaf biomass in the K treatment, there was
no significant difference in leaf litterfall among treatments
(Figure 2b). Leaf production was only enhanced at 11 and 35

Table 2. Effects of the treatment [T: control (C), K fertilization (K) and Na addition (Na)], the age of the plantation (A) and their interaction for all
variables depicted in Figures 1-3, 5 and 6: tree height (H), tree circumference (C), leaf biomass (B,), stem wood (Bsy,), stem bark (Bsg), living
branches (B,3), aboveground biomass (B,g), aboveground net primary production (ANPP), wood production (including stem wood, stem bark and
branches, Py), leaf (F) and total aboveground litterfall (F,g), litter on the forest floor (L) and carbon isotope composition of stem wood a-cellulose
(8'3C). Differences between treatments for each age tested by contrast analyses are given when the probability of rejecting equality when it is true

is <0.05.

Fixed effects (P values) Contrast analyses (P < 0.05)

T A T XA K#C Na=C K# Na
H <0.001 <0.001 <0.001 All ages 24-84 18-84
C <0.001 <0.001 <0.001 All ages 24-84 All ages
B, <0.001 <0.001 <0.001 All ages 35 and 47 24-84
Fi 0.045 <0.001 <0.001 - - -
P 0.014 <0.001 <0.001 11,35 and 72 35 -
LLS <0.001 <0.001 <0.001 24-84 - 35-84
Bsw <0.001 <0.001 <0.001 24-84 47-84 35-84
Bsg <0.001 <0.001 <0.001 24-84 35-84 35-84
Bg <0.001 <0.001 <0.001 11-84 35-60, 84 24-84
B <0.001 <0.001 <0.001 24-84 47-84 35-84
ANPP <0.001 <0.001 <0.001 24-84 35, 60-84 24-47, 72
Py <0.001 <0.001 <0.001 24-84 35, 60-84 24-47, 72
FaL <0.001 <0.001 0.015 60-84 72 -
L - <0.001 - - - -
§13C 0.050 <0.001 0.003 — 722 -

@Note that the effect of treatment was just above the threshold of significance (P =0.0503).
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Figure 2. Leaf biomass (B, a, leaf litterfall (F_, b), leaf production (P, c) and leaf lifespan (LLS, d) at different stand ages (in months) in the
control (open diamonds), K-fertilized (closed circles) and Na-supplemented (closed triangles) plots. Biomass and production were calculated using
allometric relationships applied to 25 trees per plot and litter was collected in five litter traps in each plot. Each point is the mean of three plots per
treatment (blocks). The vertical bars represent the standard deviation of the residuals. Statistics are given in Table 2.

months by K fertilization and at 35 months by Na addition
(Figure 2c, Table 2). P_ was actually reduced by K fertilization
at 72 months compared with the control. The increase in leaf
biomass in response to K fertilization can therefore be
explained by an increase in LLS from the age of 24 months
that was not observed in response to Na addition (Figure 2d,
Table 2).

Over all the treatments, stem wood, stem bark, branches
and leaves respectively accounted for 82, 11, 4 and 4% of the
total aboveground biomass at harvest. Stem wood biomass
was significantly enhanced by K fertilization from the age of 24
months to harvest (+130% at 84 months compared with the C
treatment) and by Na addition from the age of 47 months,
though to a lesser extent (+55% at 84 months, Figure 3a,
Table 2). Stem bark biomass responded similarly to K fertiliza-
tion and Na addition (+101 and +44%, respectively, at 84
months compared with the C treatment, Figure 3b, Table 2).
The effect of K fertilization on living branch biomass (Figure 3c,
Table 2) was already significant at 11 months, while there was
no clear response to Na addition. Aboveground biomass was
significantly enhanced by K fertilization from the age of 24
months and by Na addition from 47 months (Figure 3d, Table
2). At harvest, aboveground biomass was enhanced by 121
and 51%, for K and Na, respectively.

Aboveground net primary production and wood production
were significantly enhanced both by K fertilization from the age
of 24 months and by Na addition from 35 months (except at
47 months), though the effect was stronger for K fertilization
(Figure 3e and f, Table 2).

Total belowground carbon flow

Soil CO, efflux exhibited seasonal fluctuations with greater
values during the wet/warm season than during the dry/cold
season and paralleled the seasonal fluctuation in soil water
content (Figure 4). Average cumulative soil CO, efflux for the
three treatments was significantly higher in year 1 (1.41 kg
Cm=year") than in year 2 (1.12 kg Cm= year'). Over a
2-year period, Feyy was slightly but not significantly higher
(P =0.08) in the fertilized treatments compared with the
control (Table 3).

The total aboveground litterfall (F, ) increased with stand
age and was significantly higher in the fertilized treatments than
in the control after the age of 48 months (Figure 5a, Table 2).
The amount of aboveground litter (L) decreased slightly after
planting until 43 months, and increased thereafter (Figure 5b).
This pattern might result from thick depositions of dead
branches from the age of 3 years onwards (data not shown).
However, there was no significant difference among the three
treatments (Table 2), nor was there any significant change
between 61 and 84 months.

Coarse root biomass was significantly enhanced by K fertil-
ization and Na addition at all ages (Table 4) while medium-
sized root biomass and fine root biomass at the age of 60
months were not significantly different among treatments.
Coarse roots therefore contributed more to total root biomass
in the K treatment (73%) and the Na treatment (66%) than in
the C treatment (57%). The increment in both coarse and
medium root masses over the 2-year period (AR) was signifi-
cantly different among the three treatments, with the greatest
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Figure 3. Stem wood biomass (Bgy, a), stem bark biomass (Bsg, b), living branch biomass (B g, ), aboveground biomass (B,g, d), aboveground
net primary production (ANPP, e) and wood production (Py, f) at different stand ages (in months) in the control (open diamonds), K-fertilized
(closed circles) and Na-supplemented (closed triangles) plots. Biomass and production were calculated using allometric relationships applied to
25 trees per plot. Each point is the mean of three plots per treatment (blocks). The vertical bars represent the standard deviation of the residuals.

Statistics are given in Table 2.

increment in the K-fertilized plots and the lowest increment in
the control plots (Table 3). The annual increase in root carbon
stock over the 2-year period was therefore included in the
TBCF calculation. Total belowground carbon flux enhancement
by K fertilization (+20% compared with the control, Table 3)
was not significant.

Gross primary production partitioning

Gross primary production was strongly enhanced by K fertiliza-
tion (+74%, Table 3) while the effect of Na addition was much
smaller (+36%). When expressed on a leaf mass basis, the
difference in GPP:B_ was significant and more pronounced in
the Na treatment (+41% compared with the C treatment) than
in the K treatment (+27%).

In addition, there was a marked change in GPP partitioning
in response to fertilization (Table 2) with less carbon allocated
belowground for both the K and Na treatments (TBCF.GPP = 21
and 23%, respectively) compared with the control (31%), but
also with less carbon allocated to leaf production, especially in
the K treatment (P_:GPP=5%) compared with the Na (7%)
and C (10%) treatments. As a consequence, partitioning to

wood production was strongly stimulated by K fertilization
(Py:GPP = 37% vs. 26% in the control) while it was intermedi-
ate in the Na treatment (34%).

Isotope composition of stem wood «-cellulose

The carbon isotope composition of stem wood a.-cellulose var-
ied with the age of the tree at the time of cellulose deposition
from —25.9 to —28.2%o. Despite a nearly significant treatment
effect (P =0.0503), it did not exhibit any clear tendency
(Figure ©).

Discussion

The Ferrasols on which the experiment was set up were acidic
and had quite a low cation exchange capacity and very low
amounts of exchangeable bases (Laclau et al. 2010). A posi-
tive effect of K fertilization (and potentially Na addition) was
therefore expected, and indeed both higher GPP and net
aboveground production confirmed this hypothesis. Clear
changes in carbon allocation brought on by K fertilization and
Na addition resulted in increased wood production.
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Figure 4. Soil water content (SWC, a) and soil CO, efflux (Fs, b) mea-
sured every 2 weeks for 2 years between the ages of 60 and 84
months in the control (open diamonds), K-fertilized (closed circles)
and Na-supplemented (closed triangles) plots. Each point is the mean
of 72 measurements per treatment (24 collars per plot and three plots
per treatment). Fixed effects (treatments and dates) are highly signifi-
cant (P <0.001) for Fg and SWC as well as for the interaction
(P <0.001 for SWC and P =0.045 for Fg).

Table 3. Annual leaf production (P,), aboveground wood production
including stem wood, stem bark and branches (P,,), aboveground net
primary production (ANPP), cumulative soil CO, efflux (Fcyy), coarse
and medium root biomass increment (AR), total aboveground litterfall
(FaL), total belowground carbon flux (TBCF) and gross primary pro-
duction (GPP) between the ages of 60 and 84 months in the control,
K-fertilized and Na-supplemented plots. P, Py and TBCF were also
expressed relative to GPP and GPP relative to leaf biomass (B,).
Values are means with the standard deviation for the three blocks.
Values followed by different letters are significantly different at
P =0.05.

Control (kg K fertilization ~ Na addition P values

Cm=2 year™)
PL 0.26+0.02a 0.22+002a 0.25*+005a 017
Py 066+010a 162+010c 117+0.07b <0.001
ANPP 092+012a 185+012c 142+002b <0.001
Feum 116£0.07a 1.38+011a 1.26+0.07a 008
AR 006+0.00a 015+0.02c 010+0.00b  0.001
FaL 0.43+004a 057+005b 057+005b  0.007
TBCF 079+0.03a 095+0.15a 0.79+0.10a 0.12
GPP 254+022a 444+030c 346+0.14b 0.001
PL/GPP 010+£0.00a 005+000c 007+0.02b  0.003
Py,/GPP 0.26+0.02a 037+001c 034%£001b <0.001
TBCF/GPP 031 £0.03a 0.21+0.02b 023+002b  0.001
GPP/B_ 690+0.63a 873+045b 972+0.39c  0.003

0.6

0.3

0.0
2.0

04

()‘ (‘ 1 1 1 1 1 1 1
0 12 24 36 48 60 72 84

Age (months)

Figure 5. Aboveground litterfall (Fng, @) and amount of litter on the
forest floor (L, b) at different stand ages (in months) in the control
(open diamonds), K-fertilized (closed circles) and Na-supplemented
(closed triangles) plots. Litterfall was collected in five litter traps in
each plot and litter on the forest floor was collected in 4—6 quadrats in
each plot. Each point is the mean of three plots per treatment (blocks).
The vertical bars represent the standard deviation of the residuals.
Statistics are given in Table 2.

Table 4. Coarse root biomass (diameter >10 mm) at the ages of 60,
72 and 84 months, and medium-sized biomass (2—10 mm diameter)
and fine root (diameter <2 mm) biomass at 60 months for the control,
K-fertilized and Na-supplemented treatments. Mean and standard
deviations of three replicates (blocks) are given. Values followed by
different letters are significantly different at P = 0.05.

Age Control K fertilization ~ Na addition
(months) (kg m=)
Coarse root 60 0.58+0.08a 115£0.07c 0.80+0.05b
72 0.71+£010a 1.52+011c 1.04+£0.05b
84 0.78+0.10a 169+0.13c 116+005b
Medium 60 0.22+0.07a 0.21£0.04a 019%+0.23a

root

Fine root 60 0.22+£0.05a 022£004a 023+0.01a

Potassium fertilization increases tree carbon uptake
without affecting water-use efficiency

Annual GPP values between the ages of 60 and 84 months
(Table 3) fell in the uppermost part of the range of values for
forest ecosystems ([0.3-5.6 kg C m=2 year™], Litton et al. 2007).
These values correspond well to those reported for 6-year-old E.
saligna in Hawaii (Ryan et al. 2004) and are consistent with
values estimated from eddy correlation measurements of
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Figure 6. Carbon isotope composition of stem wood a-cellulose
(8'3C) formed at different ages of the plantation recorded on the trees
felled in May 2010 (72 months old) in the control (open diamonds),
K-fertilized (closed circles) and Na-supplemented (closed triangles)
plots. Each point is the mean of 25 measurements per treatment (five
trees per plot and three plots per treatment) taken from stem disks
collected at 1.3 m height and cut according to the circumference incre-
ment of each tree. The vertical bars represent the standard deviation
of the residuals. Statistics are given in Table 2.

ecosystem carbon exchange in a nearby site (3.75kg
C m= year™, Cabral et al. 2011). Our estimation of GPP relies on
the assumption that the CUE for aboveground growth is con-
stant among treatments. A constant CUE among forest types
has been questioned (Delucia et al. 2007), but direct estima-
tions of aboveground CUE are rather scarce and are often viti-
ated by uncertainties due to the cumulative error resulting from
scaling chamber-based respiration measurements up to the
stand scale. We used the average value of CUE (0.53) reported
for E. saligna plots in Hawaii (Giardina et al. 2003), even though
slightly higher values were reported for plots that received com-
plete fertilization compared with unfertilized plots (0.51 vs.
0.55). Using these values rather than the average in our compu-
tation slightly reduced the difference in GPP between the control
and the K-fertilized plots, and had only a marginal effect on GPP
partitioning (<3%, data not shown). In addition, we might have
slightly underestimated GPP because we used CUE values
reported for trees (2—4 years old) younger than ours (4—6 years
old) and because CUE was found to decrease with stand age
(Ryan et al. 2004, Delucia et al. 2007); however, this should
not affect the overall trends among treatments.

Potassium fertilization enhanced the GPP of E. grandis more
dramatically (+75%) than did a complete fertilization of E.
saligna plots in Hawaii (34%, Giardina et al. 2003). Assuming
that the increase in leaf biomass per ha mirrors a similar trend
in leaf area index, the enhancement of GPP by fertilization can
be explained by an increase in the amount of absorbed photo-
synthetic radiation. If the enhancement of GPP was solely due to
a higher leaf area index, a constant GPP:B, ratio (or a decrease
due to leaf self-shading) would be expected but that was not
the case. This suggests that K fertilization also enhances the
canopy quantum-use efficiency (as defined by Landsberg and
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Waring 1997) through an increase in CO, assimilation at the
leaf level. Our argument implies a constant specific leaf area
(SLA) among treatments that might not be true. However,
because SLA decreases with tree height in Eucalyptus trees
(Nouvellon et al. 2010), we may expect lower SLA in K-fertilized
trees compared with the control; this would reinforce our argu-
ment that K fertilization enhances net leaf CO, assimilation.
Potassium is strongly involved in the osmotic control of sto-
matal movement (Fischer 1968, Roelfsema and Hedrich 2005),
and the enhancement of leaf photosynthesis by K fertilization
might be related to higher leaf stomatal conductance that would
in turn decrease water-use efficiency. Several studies have
reported contradictory relationships between soil fertility and
0'3C of wood or wood cellulose with a positive effect of site
fertility on water-use efficiency (Weitner et al. 2007), a lack of
significant relationships (Elhani et al. 2005) or interactions with
soil moisture variations (Korol et al. 1999). The effect of K fer-
tilization itself on water-use efficiency has seldom been
assessed. Significantly lower &'3C values in plant organic matter
(which correspond to lower water-use efficiency) in K-fertilized
cotton plants as compared with K-deficient ones have been
reported (Bednarz et al. 1998). In contrast, we did not observe
any significant difference in 8'3C of stem wood a-cellulose pro-
duced every year until the age of 72 months; this suggests that
water-use efficiency might be the same among the treatments
and that the increase in leaf photosynthesis was not only related
to a higher stomatal conductance. A higher rate of phloem load-
ing with improved K nutrition (Mengel and Haeder 1977) that
increases the amount of C transferred to the active sinks might
relieve some end-product, non-stomatal limitation of photosyn-
thesis (Goldschmidt and Huber 1992). An increase in internal
CO, concentration in the leaves of K-deficient almond trees
(Prunus dulcis) and cotton plants revealed some biochemical
limitations of photosynthesis (Bednarz et al. 1998, Basile et al.
2003) and an accumulation of glucose in the leaves of
K-deficient cotton plants was reported (Pettigrew 1999).

Potassium fertilization decreases the fraction of carbon
allocated belowground

The total belowground carbon flux in our study (0.7-0.95 kg
Cm=year") was in the lower range of values reported for
tropical Eucalyptus plantations (0.4-2.6kg Cm= year’
Giardina et al. 2003, Stape et al. 2008, Ryan et al. 2010) and
accounted for only 21-31% of GPP, which was also in the
lower range of values currently reported for forest ecosystems
on the whole (Litton and Giardina 2008). We did not measure
annual changes in fine root biomass and soil carbon content
because we assumed that they would both be negligible over
the 2 years studied at the end of the rotation. The net increase
in fine root biomass (O—5 mm diameter) over a whole rotation
in a Eucalyptus plantation in the Congo estimated with a set of
age-related allometric equations was <0.02 kg DM m= year™
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from the age of 60 months onwards (Thongo M'Bou et al.
2010), i.e., one order of magnitude lower than the coarse root
biomass increment. In addition, a strong relationship between
leaf and fine root biomass was observed in E. grandis planta-
tions near our study site (Maurice et al. 2010), and the rather
stable foliar biomass at the end of the rotation in our study
suggests that fine root biomass remained roughly constant
between the ages of 60 and 84 months. Change in soil carbon
after afforestation with Eucalyptus depends on soil characteris-
tics and previous land use (Paul et al. 2002, Zinn et al. 2002).
The maximum rate of carbon accretion immediately after affor-
estation of carbon-depleted savannah soil with Eucalyptus was
0.09 kg Cm=2year" (Epron et al. 2009); furthermore, most
carbon accretion is expected to take place during the first few
decades after afforestation (Lima et al. 2006). Carbon accre-
tion after 60 years of continuous cultivation and 60 months
after replanting, if any, should therefore be several orders of
magnitude lower than TBCF.

Whereas K fertilization did not significantly affect the total
amount of carbon that flows belowground, the fraction of GPP
allocated belowground was markedly reduced by K fertiliza-
tion. This has often been reported for trees receiving complete
fertilization (Giardina et al. 2003, Ryan et al. 2004), nitrogen
fertilization (Chen et al. 2011) or phosphorus fertilization (Keith
et al. 1997) but, to our knowledge, has never previously been
documented for K. With K fertilization, a larger fraction of GPP
was allocated aboveground. Assuming a constant CUE for
aboveground growth, this contributed to the enhancement of
ANPP (Giardina et al. 2003). The enhancement of ANPP in
response to K fertilization was therefore explained by both an
increase in GPP and a change in carbon partitioning towards
aboveground growth, the increase in GPP being almost fully
allocated aboveground. This finding is consistent with the the-
ory that carbon allocation patterns optimize resource acquisi-
tion in order to maximize growth (Thornley 1972).

Potassium fertilization increases LLS and carbon
allocated to leaf production

Our result confirmed the increase in LLS of Eucalyptus leaves in
response to K fertilization at the early growth stage of the plan-
tation (Laclau et al. 2009). Leaf lifespan increased with the
age of the plantation in all treatments, and the effect of K fertil-
ization was even more pronounced between the ages of 47
and 84 months (+186 days compared with the C treatment)
than between the ages of 11 and 36 months (+91 days). This
increase in LLS does not support the ecological concept of
resource conservation strategy, which postulates that the lifes-
pan of plant organs lengthens in resource-limited environments
(Aerts and Chapin Ill 2000). The longevity of Douglas-fir and
grand fir needles decreased in response to a combination of
nitrogen and K fertilization (Balster and Marshall 2000). This
response might be specific to nitrogen fertilization. A decrease

in LLS was reported in a tropical forest in Hawaii after nitrogen
addition while LLS was not affected by phosphorus fertilization
(Cordell et al. 2001). Our results on Eucalyptus are consistent
with the acceleration of leaf senescence observed in K-deficient
almond trees (Basile et al. 2003).

The dramatic increase in LLS associated with a relatively lim-
ited increase in leaf production accounts for the 50% decrease
in the relative amount of carbon allocated to leaf production
(P_:GPP) in response to K fertilization compared with the con-
trol plots. The decrease in P :GPP together with an increase in
ANPP explains the substantial increase in wood production
(Py) in response to K fertilization (+145% between the ages of
60 and 84 months compared with the C treatment). An
increase in Py is a common response to fertilization in
Eucalyptus (Keith et al. 1997, Ryan et al. 2004), but the
increase we observed is one order of magnitude above those
commonly reported (Litton et al. 2007).

The enhancement of Py, by K fertilization was maintained
over the whole rotation of the plantation from 11 months to
84 months, even though a decreasing trend in Py, was
observed after 36 months in all treatments, except between
the ages of 60 and 72 months. This decrease in P, with
stand ageing is in agreement with previous observations on
Eucalyptus both in Hawaii (Ryan et al. 2004) and in Brazil
(Stape et al. 2010) where a decline in P, related to a decline
in GPP was observed after canopy closure. Although we did
not estimate GPP over the entire rotation, the decline in 8'3C
of wood formed after age 36 months did not support the
hypothesis of a hydraulic limitation that would have reduced
canopy photosynthesis by stomatal closure as the trees
became taller (Hubbard et al. 1999). However, both ANPP
and Py, between the ages of 60 and 72 were significantly
higher than those estimated for the two previous 1-year peri-
ods and for the following 1-year period. In addition, the most
depleted values of 8'3C of a-cellulose were recorded in stem
wood produced between 60 and 72 months. Since during
this period the cumulative precipitation was 46% higher than
the average value (2106 mm compared with 1440 mm), this
strongly suggests that ANPP and P,, were limited by the
amount of available soil water in this rain-fed plantation,
which is in agreement with the strong response of Brazilian
Eucalyptus plantations to irrigation (Ryan et al. 2010, Stape
et al. 2010). The enhancement of ANPP and Py, by K fertiliza-
tion was also more important between the ages of 60 and
72, possibly indicating an interaction between K and water
availability on Eucalyptus growth.

Potassium can only partly replace K

There is now growing evidence that Na can replace K as an
osmoticum or an accompanying cation for negatively charged
organic solutes, and can stimulate the growth of a few crop
species (Subbarao et al. 2003). Our study clearly demonstrated
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that Na application on K-deficient soil can significantly enhance
the GPP, ANPP and P, of Eucalyptus stands, but to an extent that
is nonetheless lower than that achieved with K fertilization. This
confirms over the whole rotation the preliminary results obtained
at a younger stage (Almeida et al. 2010). However, we should
keep in mind that our calculation of GPP assumed a constant
CUE for aboveground growth, which might not be true for the
Na-supplemented plots since the energetic requirements of cel-
lular mechanisms involved in alleviating Na toxicity, such as the
active transport of Nat ions into the vacuoles, may increase
maintenance respiration (Schwarz and Gale 1981, Epron et al.
1999). It should be noted, however, that the amount of Na added
to the soil (99 kg ha™") in our experiment was quite limited.

Surprisingly, Na addition has a stronger positive effect on the
GPP:B, ratio; this might reflect a strong stimulation of leaf pho-
tosynthesis. In addition, there is no indication of a higher stoma-
tal limitation of photosynthesis that would have increased 8'3C
in Na-supplemented trees compared with K-fertilized or control
trees, in contrast to what was reported for both salt-tolerant and
salt-sensitive plants (e.g., Brugnoli and Lauteri 1991).

Aboveground net production and P,, differed between the
two treatments between the ages of 60 and 72 months (wet
year) while they did not differ the previous year nor the follow-
ing year when precipitation was close to the 15-year average.
This clearly indicates that K fertilization and Na addition interact
with water availability in a different way, and that the ANPP and
Py, of K-fertilized plots were likely limited by soil water availabil-
ity under the average precipitation regime for this region.

The effect of Na addition on the partitioning of GPP did not
completely mimic the effect of K fertilization. While Na addition
and K fertilization did not affect the total amount of carbon allo-
cated belowground, they both reduced the fraction of GPP allo-
cated belowground in a similar way (TBCF:GPP), thus similarly
enhancing the fraction of GPP allocated aboveground. The parti-
tioning of GPP between leaf and wood production differed sig-
nificantly between both treatments. One of the reasons is that
LLS was not enhanced by Na addition in contrast to the dramatic
increase in LLS in response to K fertilization. Accumulation of Na
with time in leaves may constrain LLS in Na-supplemented trees
due to the toxicity of high Na concentrations in non-halophytic
plant tissue (Greenway and Munns 1980). Lower LLS means
that leaf biomass is not enhanced by Na addition in contrast to K
fertilization, and canopy carbon uptake (GPP) is therefore
limited.

Conclusion

Potassium fertilization and Na addition increased carbon uptake
by trees both at the canopy level (higher leaf biomass) and at
the leaf level (higher GPP:LB ratio) without decreasing water-
use efficiency. Both K fertilization and Na addition decrease the
fraction of carbon allocated belowground, which is a common
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response of trees to improved belowground resource availabil-
ity (Litton et al. 2007). This occurred without affecting signifi-
cantly the total amount of carbon allocated belowground, which
contradicts the idea that the flux of carbon to all compartments
increases with increasing GPP. Indeed, all the excess GPP was
allocated aboveground, thus strongly enhancing ANPP. Because
LLS increases in response to K fertilization, but not Na addition,
leaf biomass increases without any change in leaf production,
and wood production is dramatically increased by K fertilization.
Because P,, was more enhanced than B, the water cost of
wood production might be reduced.

The role of K in phloem loading may be key to alleviating
non-stomatal limitations of photosynthesis, but it might also
speed up the long-distance transport of photosynthates from
leaves to the sink organs, thus changing the pattern of carbon
allocation within the tree. Pulse labelling of whole trees by 3C
is a promising tool for obtaining more insight into the mecha-
nisms of within-tree carbon transfer (Plain et al. 2009,
Dannoura et al. 2011). We had previously hypothesized that
the increase in leaf photosynthesis explains the enhancing
effect of K on LLS (Laclau et al. 2009) but, while Na addition
also increases leaf photosynthesis, it does not change LLS.
Understanding the role of K and Na in drought stress mitiga-
tion will be necessary to refine silvicultural practices in forest
plantations that have expanded to less fertile soils in drier
areas, in particular in a context of a changing climate.

Acknowledgments

We are particularly grateful to Rildo Moreira e Moreira
(ESALQ), Eder Araujo da Silva (FLORAGRO) and Raphael
Romao (UNESP) for their contributions to this study. Isotope
measurements were performed by the Technical Platform of
Functional Ecology (OC 081) at INRA, Nancy, France. We
thank Nicolas Métral and Carole Antoine for sample prepara-
tion prior to analysis.

Funding

The experiment received financial support from the European
Integrated Project ‘Ultra Low CO2 Steelmaking’ (ULCOS—
Contract No. 515960), FAPESP (No. 2005/60312-0) and the
USP/COFECUB project (No. 22193PA).

References

ABRAF. 2009. Anuario estatistico da ABRAF: ano base 2008.
ABRAF—Associagdo Brasileira de Produtores de Florestas
Plantadas, Brasilia, 120 p.

Ache, P, J. Fromm and R. Hedrich. 2010. Potassium-dependent wood
formation in poplar: seasonal aspects and environmental limita-
tions. Plant Biol. 12:259-267.

Tree Physiology Online at http://www.treephys.oxfordjournals.org

1202 1890300 G| U0 Jasn dSN-HO144-agsS Aq 9G£€991/299/9/z¢/e101e/sAydeai)woo dno-olwapede//:sdjy woly papeojumod



678 Epron et al.

Aerts, R. and F.S. Chapin Ill. 2000. The mineral nutrition of wild plants
revisited: a re-evaluation of processes and patterns. Adv. Ecol. Res.
30:1-67.

Almeida, J.C.R,, J.-P. Laclau, J.L.d.M. Gongalves, J. Ranger and L. Saint-
André. 2010. A positive growth response to NaCl applications in
Eucalyptus plantations established on K-deficient soils. For. Ecol.
Manag. 259:1786-1795.

Balster, N.J. and J.D. Marshall. 2000. Decreased needle longevity of
fertilized Douglas-fir and grand fir in the northern Rockies. Tree
Physiol. 20:1191-1197.

Basile, B., E.J. Reidel, S.A. Weinbaum and T.M. DeJong. 2003. Leaf potas-
sium concentration, CO, exchange and light interception in almond
trees (Prunus dulcis (Mill) D.A. Webb). Sci. Hortic. 98:185-194.

Bednarz, C.W., D.M. Oosterhuis and R.D. Evans. 1998. Leaf photosyn-
thesis and carbon isotope discrimination of cotton in response to
potassium deficiency. Environ. Exp. Bot. 39:131-139.

Bonal, D., S. Ponton, D. LeThiec et al. 2011. Leaf functional response
to increasing atmospheric CO, concentrations over the last cen-
tury in two northern Amazonian tree species: an historical §'3C
and &8'80 approach using herbarium samples. Plant Cell Environ.
34:1332-1344.

Brugnoli, E. and M. Lauteri. 1991. Effects of salinity on stomatal con-
ductance, photosynthetic capacity and carbon isotope discrimination
of salt-tolerant (Gossypium hirsutum L.) and salt-sensitive (Phaseolus
vulgaris L.) C3 non-halophytes. Plant Physiol. 95:628—-635.

Cabral, O.M.R,, J.H.C. Gash, H.R. Rocha, C. Marsden, M.AV. Ligo, H.C.
Freitas, J.D. Tatsch and E. Gomes. 2011. Fluxes of CO, above a plan-
tation of Eucalyptus in southeast Brazil. Agric. For. Meteorol.
151:49-59.

Cakmak, I. 2010. Potassium for better crop production and quality.
Plant Soil. 335:1-2.

Chen, B., N.C. Coops, T. Andy Black, R.S. Jassal, .M. Chen and M.
Johnson. 2011. Modeling to discern nitrogen fertilization impacts
on carbon sequestration in a Pacific Northwest Douglas-fir forest in
the first-postfertilization year. Glob. Change Biol. 17:1442-1460.

Cordell, S., G. Goldstein, F.C. Meinzer and PM. Vitousek. 2001.
Regulation of leaf life-span and nutrient-use efficiency of
Metrosideros polymorpha trees at two extremes of a long chrono-
sequence in Hawaii. Oecologia 127:198-206.

Dannoura, M., P. Maillard, C. Fresneau et al. 2011. In situ assessment
of the velocity of carbon transfer by tracing '3C in trunk CO, efflux
after pulse labelling: variations among tree species and season. New
Phytol. 190:181-192.

Del.ucia, E.H., J.E. Drake, R.B. Thomas and M. Gonzales-Meler. 2007.
Forest carbon use efficiency: is respiration a constant fraction of
gross primary production? Glob. Change Biol. 13:1157-1167.

Doman, D.C. and D.R. Geiger. 1979. Effect of exogenously supplied
foliar potassium on phloem loading in Beta vulgaris L. Plant Physiol.
64:528-534.

Dyckmans, J. and H. Flessa. 2001. Influence of tree internal N status
on uptake and translocation of C and N in beech: a dual '>C and >N
labeling approach. Tree Physiol. 21:395-401.

Elhani, S., J.-M. Guehl, C. Nys, J.-F. Picard and J.-L. Dupouey. 2005.
Impact of fertilization on tree-ring >N and 3C in beech stands: a
retrospective analysis. Tree Physiol. 25:1437-1446.

Epron, D., M.L. Toussaint and P.M. Badot. 1999. Effects of sodium
chloride salinity on root growth and respiration in oak seedlings.
Ann. For. Sci. 56:41-47.

Epron, D., C. Marsden, A. Thongo M'Bou, L. Saint-André, R. d’Annunzio
and Y. Nouvellon. 2009. Soil carbon dynamics following afforesta-
tion of a tropical savannah with Eucalyptus in Congo. Plant Soil
323:309-322.

FAO. 2005. State of the world's forests. Food and Agriculture
Organization of the United Nations, Rome, 144 p.

Farquhar, G.D., J.R. Ehleringer and K.T. Hubick. 1989. Carbon isotope
discrimination and photosynthesis. Annu. Rev. Plant Physiol. Plant
Mol. Biol. 40:503-537.

Feikema, P, J. Morris and L. Connell. 2010. The water balance and
water sources of a Eucalyptus plantation over shallow saline ground-
water. Plant Soil 332:429-449.

Fischer, R. 1968. Stomatal opening: role of potassium uptake by guard
cells. Science 160:784-785.

Fromm, J. 2010. Wood formation of trees in relation to potassium and
calcium nutrition. Tree Physiol. 30:1140-1147.

Giardina, C.P. and M.G. Ryan. 2002. Total belowground carbon alloca-
tion in a fast-growing Eucalyptus plantation estimated using a car-
bon balance approach. Ecosystems 5:487-499.

Giardina, C.P, M.G. Ryan, D. Binkley and J.H. Fownes. 2003. Primary
production and carbon allocation in relation to nutrient supply in a
tropical experimental forest. Glob. Change Biol. 9:1438-1450.

Goldschmidt, E.E. and S.C. Huber. 1992. Regulation of photosynthesis
by end-product accumulation in leaves of plants storing starch,
sucrose, and hexose sugars. Plant Physiol. 99:1443-1448.

Gongalves, J., J. Stape, J.-P. Laclau, J.-P. Bouillet and J. Ranger. 2008.
Assessing the effects of early silvicultural management on long-
term site productivity of fast-growing eucalypt plantations: the
Brazilian experience. South. For. 70:105-118.

Greenway, H. and R. Munns. 1980. Mechanisms of salt tolerance in
nonhalophytes. Annu. Rev. Plant Physiol. 31:149-190.

Haynes, B.E. and S.T. Gower. 1995. Belowground carbon allocation in
unfertilized and fertilized red pine plantations in northern
Wisconsin. Tree Physiol. 15:317-325.

Hubbard, R.M., B.J. Bond and M.G. Ryan. 1999. Evidence that hydraulic
conductance limits photosynthesis in old Pinus ponderosa trees.
Tree Physiol. 19:165-172.

Iversen, C.M. and R.J. Norby. 2008. Nitrogen limitation in a sweetgum
plantation: implications for carbon allocation and storage. Can. J. For.
Res. 38:1021-1032.

Keith, H., R.J. Raison and K.L. Jacobsen. 1997. Allocation of carbon in a
mature eucalypt forest and some effects of soil phosphorus avail-
ability. Plant Soil 196:81-99.

Korol, R.L., M.U.F. Kirschbaum, G.D. Farquhar and M. Jeffreys. 1999.
Effects of water status and soil fertility on the C-isotope signature in
Pinus radiata. Tree Physiol. 19:551-562.

Kozlowski, T.T. 1997. Responses of woody plants to flooding and salin-
ity. Tree Physiol. Monogr. 1:1-29.

Laclau, J., J.C.R. Almeida, J.L.M. Gongalves, L. Saint-André, M. Ventura,
J. Ranger, M.R. Moreira and Y. Nouvellon. 2009. Influence of nitro-
gen and potassium fertilization on leaf lifespan and allocation of
above-ground growth in Eucalyptus plantations. Tree Physiol.
29:111-124.

Laclau, J.-P, J. Ranger, JL. de Moraes Gongalves et al. 2010.
Biogeochemical cycles of nutrients in tropical Eucalyptus planta-
tions: main features shown by intensive monitoring in Congo and
Brazil. For. Ecol. Manag. 259:1771-1785.

Landsberg, JJ. and R.H. Waring. 1997. A generalised model of forest
productivity using simplified concepts of radiation-use efficiency,
carbon balance and partitioning. For. Ecol. Manag. 95:209-228.

Lima, A.M.N.,, LR. Silva, J.C.L. Neves, R.F. Novais, N.F. Barros, E.S.
Mendonga, T.J. Smyth, M.S. Moreira and FP. Leite. 2006. Soil
organic carbon dynamics following afforestation of degraded pas-
tures with Eucalyptus in southeastern Brazil. For. Ecol. Manag.
235:219-231.

Litton, C.M. and C.P. Giardina. 2008. Below-ground carbon flux and
partitioning: global patterns and response to temperature. Funct.
Ecol. 22:941-954.

Litton, C.M., JW. Raich and M.G. Ryan. 2007. Carbon allocation in forest
ecosystems. Glob. Change Biol. 13:2089-2109.

Tree Physiology Volume 32, 2012

1202 1890300 G| U0 Jasn dSN-HO144-agsS Aq 9G£€991/299/9/z¢/e101e/sAydeai)woo dno-olwapede//:sdjy woly papeojumod



Marschner, H. 1995. Mineral plant nutrition of higher plants. Academic
Press, London, 889 p.

Maurice, J., J-P. Laclau, D. Scorzoni Re et al. 2010. Fine root isotropy in
Eucalyptus grandis plantations. Towards the prediction of root length
densities from root counts on trench walls. Plant Soil 334:261-275.

Mengel, K. and H.-E. Haeder. 1977. Effect of potassium supply on the
rate of phloem sap exudation and the compoosition of phloem sap
of Ricinus communis. Plant Physiol. 59:282-284.

Nouvellon, Y., J.-P. Laclau, D. Epron et al. 2010. Within-stand and sea-
sonal variations of specific leaf area in a clonal Eucalyptus plantation
in the Republic of Congo. For. Ecol. Manag. 259:1796-1807.

Oddo, E., S. Inzerillo, F. La Bella, F. Grisafi, S. Salleo and A. Nardini.
2011. Short-term effects of potassium fertilization on the hydraulic
conductance of Laurus nobilis L. Tree Physiol. 31:131-138.

Paul, K.I, PJ. Polglase, J.G. Nyakuengama and PK. Khanna. 2002.
Change in soil carbon following afforestation. For. Ecol. Manag.
168:241-257.

Pettigrew, W.T. 1999. Potassium deficiency increases specific leaf
weights and leaf glucose levels in field-grown cotton. Agron. J.
91:962-968.

Pettigrew, W.T. 2008. Potassium influences on yield and quality pro-
duction for maize, wheat, soybean and cotton. Physiol. Plant.
133:670-681.

Plain, C., D. Gérant, P. Maillard, M. Dannoura, Y. Dong, B. Zeller, P. Priault,
F. Parent and D. Epron. 2009. Tracing of recently assimilated carbon
in respiration at high temporal resolution in the field with a tuneable
diode laser absorption spectrometer after in situ 3CO, pulse labelling
of 20-year-old beech trees. Tree Physiol. 29:1433-1447.

Roelfsema, M.R.G. and R. Hedrich. 2005. In the light of stomatal open-
ing: new insights into ‘the Watergate'. New Phytol. 167:665-691.
Rémheld, V. and E.A. Kirkby. 2010. Research on potassium in agricul-

ture: needs and prospects. Plant Soil 335:155-180.

Ryan, M.G., D. Binkley, J.H. Fownes, C.P. Giardina and R.S. Senock.
2004. An experimental test of the causes of forest growth decline
with stand age. Ecol. Monogr. 74:393-414.

Ryan, M.G., J.L. Stape, D. Binkley et al. 2010. Factors controlling
Eucalyptus productivity: How water availability and stand structure

Fertilization effects on carbon allocation 679

alter production and carbon allocation. For. Ecol.
259:1695-1703.

Schwarz, M. and J. Gale. 1981. Maintenance respiration and carbon
balance of plants at low levels of sodium chloride salinity. J. Exp.
Bot. 32:933-941.

Smethurst, P, A. Knowles, K. Churchill, A. Wilkinson and A. Lyons.
2007. Soil and foliar chemistry associated with potassium defi-
ciency in Pinus radiata. Can. J. For. Res. 37:1093—-1105.

Stape, J.L., D. Binkley and M.G. Ryan. 2008. Production and carbon
allocation in a clonal Eucalyptus plantation with water and nutrient
manipulations. For. Ecol. Manag. 255:920-930.

Stape, J.L., D. Binkley, M.G. Ryan et al. 2010. The Brazil Eucalyptus
Potential Productivity Project: influence of water, nutrients and
stand uniformity on wood production. For. Ecol. Manag.
259:1684-1694.

Subbarao, G.V,, O. Ito, W.L. Berry and R.M. Wheeler. 2003. Sodium: a
functional plant nutrient. Crit. Rev. Plant Sci. 22:391-416.

Talbott, L.D. and E. Zeiger. 1996. Central roles for potassium and
sucrose in  guard-cell  osmoregulation.  Plant  Physiol.
111:1051-1057.

Thongo M'Bou, A., L. Saint-André, A. de Grandcourt, Y. Nouvellon, C.
Jourdan, F. Mialoundama and D. Epron. 2010. Growth and mainte-
nance respiration of roots of clonal Eucalyptus cuttings: scaling to
stand-level. Plant Soil. 332:41-53.

Thornley, J. 1972. A model to describe the partitioning of photosyn-
thate during vegetative growth. Ann. Bot. 36:419-430.

Weitner, A., J.L. Dupouey, Y. Lefevre, N. Bréda, V. Badeau, A. Ferhi, A.
Duquesnay and A. Thimonier. 2007. Roles of soil chemistry and
water availability in site-related 8'3C variations in French beech for-
ests. Tree Physiol. 27:1043-1051.

Wind, C., M. Arend and J. Fromm. 2004. Potassium-dependent cambial
growth in poplar. Plant Biol. 6:30-37.

Wright, 1J., PB. Reich, M. Westoby et al. 2004. The worldwide leaf
economics spectrum. Nature 428:821-827.

Zinn, Y.L., DV.S. Resck and J.E. Da Silva. 2002. Soil organic carbon as
affected by afforestation with Eucalyptus and Pinus in the Cerrado
region of Brazil. For. Ecol. Manag. 166:285-294.

Manag.

Tree Physiology Online at http://www.treephys.oxfordjournals.org

1202 1890300 G| U0 Jasn dSN-HO144-agsS Aq 9G£€991/299/9/z¢/e101e/sAydeai)woo dno-olwapede//:sdjy woly papeojumod



