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Abstract

Global climate change is expected to increase the length of drought periods in many tropical regions. Although large

amounts of potassium (K) are applied in tropical crops and planted forests, little is known about the interaction

between K nutrition and water deficit on the physiological mechanisms governing plant growth. A process-based

model (MAESPA) parameterized in a split-plot experiment in Brazil was used to gain insight into the combined

effects of K deficiency and water deficit on absorbed radiation (aPAR), gross primary productivity (GPP), and

light-use efficiency for carbon assimilation and stem biomass production (LUEC and LUEs) in Eucalyptus grandis plan-

tations. The main-plot factor was the water supply (undisturbed rainfall vs. 37% of throughfall excluded) and the

subplot factor was the K supply (with or without 0.45 mol K m�2 K addition). Mean GPP was 28% lower without K

addition over the first 3 years after planting whether throughfall was partly excluded or not. K deficiency reduced

aPAR by 20% and LUEC by 10% over the whole period of growth. With K addition, throughfall exclusion decreased

GPP by 25%, resulting from a 21% decrease in LUEC at the end of the study period. The effect of the combination of

K deficiency and water deficit was less severe than the sum of the effects of K deficiency and water deficit individu-

ally, leading to a reduction in stem biomass production, gross primary productivity and LUE similar to K deficiency

on its own. The modeling approach showed that K nutrition and water deficit influenced absorbed radiation essen-

tially through changes in leaf area index and tree height. The changes in gross primary productivity and light-use

efficiency were, however, driven by a more complex set of tree parameters, especially those controlling water uptake

by roots and leaf photosynthetic capacities.
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Introduction

Global climate change will result in rising average

temperatures and more frequent droughts in many

regions (Seager et al., 2007; Sheffield & Wood, 2008;

IPCC, 2013). How future rainfall distribution will alter

carbon (C), water and nutrient cycling has therefore

broad implications for tropical forests. Recent studies

highlighted the need to gain insight into the effects of

global climate change on tree nutrition and the conse-

quences on forest ecology (Kreuzwieser & Gessler,

2010; Pe~nuelas et al., 2013; Piao et al., 2013). In highly

productive planted forests, tree grow is largely depen-

dent on fertilization regimes (e.g. Smethurst, 2010;

Gonc�alves et al., 2013). Planted forests provided 39%

of the global wood consumption in 2010 (FAO, 2011),

and their contribution to satisfying the global wood

demand should increase in the future (Paquette &

Messier, 2010).

Management practices can help to mitigate the

adverse consequences of drought in planted forests

(White et al., 2009). In particular, the beneficial effects

of an adequate nutritional status on plant resistance to

abiotic stresses are well established (Reddy et al., 2004).

Potassium (K) nutrition influences plant growth in dry

environments through the strong effects of foliar K on

leaf osmotic adjustment (Mengel & Arneke, 1982; Bat-

tie-Laclau et al., 2014a), stomatal regulation (Cochrane

& Cochrane, 2009; Battie-Laclau et al., 2014a,b), protec-

tion against oxidative damage (Cakmak, 2005; Wang

et al., 2013) and photosynthate loading into the phloem

sap (Cakmak et al., 1994; Gajdanowicz et al., 2011).

However, despite the beneficial effects of K nutrition
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on leaf water relations, a recent study of Eucalyptus

grandis plantations showed that the increase in tree

water demand in response to K supply reduced water

storage in deep soil layers during rainy periods, which

led to an increase in water deficit during severe

droughts (Battie-Laclau et al., 2014b). Although K nutri-

tion has been much less studied than nitrogen and

phosphorus nutrition in forest ecosystems, recent stud-

ies showed that gross primary productivity (GPP) is

strongly K-limited over large tropical areas (R€omheld

& Kirkby, 2010; Darunsontaya et al., 2012; Santiago

et al., 2012; Gonc�alves et al., 2013). A wide range of

morphological and physiological traits are modified by

the K and water supply regimes (Zhang, 1996; Egilla

et al., 2001; Laclau et al., 2009). A modeling approach is

therefore needed to assess the contribution of each

traits to plant C assimilation and tree growth because

experimental approaches cannot disentangle the effects

of interacting plant adaptations. So far as we are aware,

process-based models have not been used to gain

insight into the main tree parameters (morphological,

physiological and root) driving GPP and light-use effi-

ciency under different K and water supply regimes in

tropical forests.

The Earth’s GPP results from the capacity of plants to

absorb photosynthetically active radiation (PAR) and to

use this absorbed photosynthetically active radiation

(aPAR) to synthesize carbohydrates through photosyn-

thesis. Light-use efficiency for C assimilation (LUEC,

the ratio between GPP and aPAR) is commonly used to

estimate GPP from remote sensing data (e.g. Yang et al.,

2007; Hilker et al., 2008; Sj€ostr€om et al., 2013). Light-use

efficiency for stem biomass production (LUES, the ratio

between the increase in stem biomass and aPAR) is also

widely used in studies dealing with forest management

(Binkley et al., 2013; Le Maire et al., 2013). Binkley et al.

(2004, 2010) showed that, in tropical planted forests,

LUES generally increases with the availability of water

and nitrogen. Nevertheless, the effect of K nutrition on

tree parameters driving LUE has never been studied

for forest ecosystems.

A better understanding of the effects of nutrients,

water supply and their interactions on tree function-

ing is required for the management of planted for-

ests in a changing climate. A process-based model

(MAESPA, Duursma & Medlyn, 2012) was used to

investigate the main tree parameters accounting for

the changes in aPAR, LUE and GPP under different

K and water supply regimes in Eucalyptus planta-

tions. These planted forests cover about 20 million

hectares throughout the world and are expanding

rapidly in tropical and subtropical regions (Booth,

2013). We hypothesized that (i) K deficiency and

water deficit lead to a decrease in GPP resulting

from a decrease in both aPAR and LUE, (ii) a mod-

eling approach using the MAESPA model makes it

possible to assess the contribution of each tree trait

to GPP and LUE, under different K and water sup-

ply regimes, and (iii) the effects of K deficiency

and water deficit are nonadditive and the interac-

tion between them strongly influences aPAR, LUE

and GPP.

Materials and methods

Site description

The experiment was conducted at the Itatinga Experimental

Station of the University of S~ao Paulo in Brazil (23°020S;
48°380W). Over the last 15 years, the mean annual rainfall

was 1360 mm and the mean annual temperature was 20°C.
The dry season was from June to September with a mean

monthly temperature of 15°C, and the rainy season was

from October to May, with a mean monthly temperature of

25°C and higher overall PAR. The experiment was located

on a hilltop (slope <3%) at an altitude of 850 m. The soils

were very deep Ferralsols (>15 m; Christina et al., 2011)

developed on Cretaceous sandstone, with clay content rang-

ing from 14% in the top soil to 23% in deep soil layers and

mean concentrations of exchangeable K of 0.02 cmolc kg
�1

in the upper soil layer and <0.01 cmolc kg
�1 at a depth of

5–1500 cm (Laclau et al., 2010).

Experimental design

A split-plot experimental design was set up in June 2010 with

a highly productive E. grandis clone used in commercial plan-

tations by the Suzano Company (S~ao Paulo, Brazil). The exper-

iment was described in detail by Battie-Laclau et al. (2014b).

Four treatments (two fertilization regimes 9 two water sup-

ply regimes) were applied in three blocks. The area of individ-

ual plots was 864 m2 (144 trees per plot). The main-plot factor

was the water supply regime (approximately 37% throughfall

exclusion, �W, vs. no throughfall exclusion, +W) and the sub-

plot factor was the fertilization regime (with 0.45 mol K m�2

applied as KCl, +K vs. no K addition, �K). The K was applied

3 months after planting and provided nonlimiting K availabil-

ity for tree growth (Almeida et al., 2010). The treatments were

as follows:

+K+W: K addition and no throughfall exclusion, the refer-

ence for comparisons;

�K+W: no K addition and no throughfall exclusion;

+K�W: K addition with throughfall exclusion;

�K�W: no K addition with throughfall exclusion.

Other nutrients were applied at planting for all treatments

(3.3 g P m�2, 200 g m�2 of dolomitic lime and trace elements)

and at 3 months (12 g N m�2), which was nonlimiting for tree

growth at this study site (Laclau et al., 2009). Throughfall was

excluded using panels made of clear, PAR-transmitting green-

house plastic sheets mounted on wooden frames at a height of

1.6–0.5 m.
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MAESPA model

The MAESPA model (Duursma & Medlyn, 2012) coupled the

soil water balance components of the SPA model (Williams

et al., 2001a,b) to the MAESTRA model (Wang & Jarvis, 1990a;

Medlyn et al., 2007), with some major changes and additions.

The MAESTRA model had a long history of development and

application to diverse forest types (http://maespa.github.io/

bibliography.html). MAESTRA was a 3D single-tree and stand

process-based model that calculated light interception and

distribution within crowns, and used a leaf physiology sub-

model to estimate photosynthesis and transpiration. The

three-dimensional model for calculating aPAR was based on

Norman & Welles (1983) and is described in other studies (e.g.

Wang & Jarvis, 1990b; Medlyn, 1998; Bauerle et al., 2004). The

spatial position, crown dimensions and total leaf area of each

tree of the stand were inputs to the model. aPAR was calcu-

lated for specified ‘target’ trees of the stand, taking into

account neighboring trees competing for light. The crown was

discretized in a 3D grid point with a given number of horizon-

tal layers and a given number of points per layer. For each

point of the grid, the leaf area density and the leaves inclina-

tion distributions were calculated using normalized beta-dis-

tributions. At each grid point, both photosynthesis and

transpiration were calculated using a combined stomatal con-

ductance/photosynthesis/transpiration model based on Far-

quhar et al. (1980) for CO2 assimilation and Tuzet et al. (2003)

for stomatal conductance. The water balance submodel was

largely derived from SPA routines (Williams et al., 2001a,b).

The soil profile comprised various horizontally uniform soil

layers with specific characteristics and root densities. The

water storage in each soil layer was calculated from the infil-

tration, drainage, root water uptake and soil evaporation at

the same time-step as the aboveground processes (half-hourly

in general).

Meteorological data

Meteorological data were obtained from June 2010 to June

2013 using an automatic station placed on the top of a 21-m

tower located 50 m from the experiment. Half-hourly

meteorological inputs were incident PAR (lmol m�2 s�1), air

temperature (°C), relative humidity (%), atmospheric pressure

(Pa), wind speed above the canopy (m s�1) and precipitation

(mm).

Canopy structure parameters

Tree position, crown dimensions, leaf area and stem bio-

mass. The XY coordinates of each tree within the plot were

specified in MAESPA, as well as the position of the plot rela-

tive to the north and east (Fig. 1). The tree height, crown

length and radius, and leaf area of each tree were calculated

based on inventories carried out in each plot monthly from 6

to 17 months after planting and then at ages 23, 27, 31 and

36 months. The tree size parameters were estimated by linear

interpolation between each inventory. The crown diameter

(Dc) was measured along the planting row and across the row

up to 10 months. Thereafter, the tree height (H) and trunk cir-

cumference at breast height (CBH) were measured and Dc was

estimated using the allometric relationship (Dc = a 9 log(H)b),

where a and b are fitted parameters. The tree leaf area (LA)

was measured destructively for eight trees for each treatment

at 8 (six trees only), 11, 16, 23, 28 and 36 months after planting.

When the trees were felled, the crown was divided into three

crown sections of equal length, and the leaf area in each of

these crown sections was calculated from the leaf biomass and

specific leaf area measurements. The tree leaf area was then

calculated by summing the leaf area of the three crown sec-

tions. Age-specific allometric relationships between LA and

the tree size were determined for each treatment and then

applied to estimate LA for all the trees in the plots for each

treatment using inventory data. Two allometric relationships

were used: LA was predicted either using c(DcH)d up to

11 months, or using e(CBH²H)f thereafter, where c, d, e and f

are fitted parameters. The relationships for the different ages

were tested using Akaike (AIC) and Bayesian (BIC) informa-

tion criteria. Allometric relationships were determined for the

crown length and for the crown radius along the row and

across the row. Treatment- and age-specific allometric rela-

tionships (g + h(CBH2H)i) were established at 12, 24 and

Fig. 1 Plot design used in MAESPA simulations. The four treatments were potassium fertilization (+K) vs. potassium deficiency (�K)

crossed with undisturbed rainfall (+W) vs. exclusion of 37% of throughfall (�W). Central trees within each plot are shown in dark blue

for +K+W, in red for +K�W, in light blue for �K+W and in pink for �K�W. Border trees are shown in green.

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 2022–2039
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36 months to estimate the stem biomass for all the trees in the

experiment. The stem carbon (C) contents in the stem biomass

were estimated assuming that 1-kg stem dry matter was equal

to 0.47 kgC, as measured in E. grandis trees at the same age in

a nearby plantation (Nouvellon et al., 2012). Finally, the crown

shape was assumed to be half-ellipsoid for all trees. Border

trees surrounding each plot were included in the simulations

with their true position and size (dark green trees in Fig. 1), to

take into account competition for light between the different

plots. Details of the variable names, definitions and units are

given in Table 1.

Leaf angle distribution. The leaf inclination angle distribu-

tions (LIA) were measured at 12, 24 and 36 months for eight

trees in each treatment over the range of tree sizes. Twelve

auxiliary branches (four for each of the upper, middle and

lower crown sections, at four azimuth angles) representative

of the crown were selected in each tree. The leaf inclination

angles were measured with a digital clinometer on six leaves

per branch (72 leaves per tree). The leaf area distribution in

nine inclination angle classes (from 0 to 90°) was calculated

and used as input in MAESPA for radiative transfer.

Vertical and horizontal leaf area distribution within the tree

crown. The MAESPA model distributes the leaf area within

the tree crown using the product of two beta functions (for

vertical and horizontal leaf area distributions). The parameters

of the beta function used for the vertical distribution were esti-

mated using the leaf areas measured in the three crown sec-

tions of each tree destructively sampled (see ‘tree position,

crown dimensions, leaf area and stem biomass’ above). The

horizontal beta-distribution was computed for eight trees in

each treatment at 12 and 24 months. The distance between the

trunk and the leaves was measured on all branches in each

third of the crown height. The number of leaves, used as a

proxy for the leaf area (there was little variation in leaf size

from the interior to the periphery of the crown), was plotted

as a function of the distance from the trunk, allowing the beta

function for the horizontal distribution to be adjusted. Hori-

zontal beta-distributions were combined for tree ages and

treatments using AIC and BIC (Table S1).

Plant physiological parameters

Photosynthetic parameters. The quantum yield (a,
mol e� mol�1 aPAR) and the curvature of the light response

of the electron transportation curve (h, dimensionless) were

estimated at 2 years using light response curves obtained for

leaves in three vertical positions within the crown (lower,

medium and upper third of the crown) for three trees in each

treatment. Measurements were made using a portable gas

exchange system (LI-COR 6400; LI-COR Inc., Lincoln, NE,

USA) at constant CO2 concentration (380 ppm). Each measure-

ment was initiated at PAR = 1500 lmol m�2 s�1, and subse-

quent photosynthesis measurements were made at

PAR = 2000, 1500, 1000, 750, 500, 250, 125, 63, 32 and

Table 1 List of symbols, definitions and units of variables used in the model and discussed within the paper

Variable Definition Unit

LAI Leaf area index m² m�2

LA Tree leaf area m²
H Tree height m

CBH Trunk circumference at breast height m

Dc Crown diameter m

LIA Mean leaf inclination angle °
LAD Leaf area density Dimensionless

JMAX Maximum rate of photosynthetic electron transport at 25°C lmol m�2 s�1

VCMAX Maximum rate of Rubisco carboxylase activity at 25°C lmol m�2 s�1

Rd Dark respiration at 25°C lmol m�2 s�1

h Curvature of the light response of electron transportation curve Dimensionless

a Quantum Yield mol e� mol�1 aPAR

Wleaf Leaf width m

RMD Fine root mass density g m�2

RAD Root radius mm

SRL Specific root length m g�1

Rdis Root mass distribution Dimensionless

Kp Leaf-specific total plant conductivity mmol m�2 s�1 MPa�1

hM Minimum volumetric soil water content m3 m�3

aPAR Absorbed photosynthetically active radiation MJ m�2 day�1

GPP Gross primary productivity gC m�2 day�1

LUES Light-use efficiency for stem biomass production gDM MJ�1

LUEC Light-use efficiency for C assimilation gC MJ�1

%GPPstem Fraction of assimilated C allocated to stem wood production gC gC�1

Dstem Stem biomass increment kgDM tree�1 yr�1

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 2022–2039
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0 lmol m�2 s�1, after stomatal conductance equilibrium. The

Farquhar model (Farquhar et al., 1980; Medlyn et al., 2002)

was used to fit a and h.
A–Ci curves were measured using the LI-COR 6400 at three

vertical positions and two horizontal positions within the

crown (inner and outer leaves) for three trees per treatment, at

20 and 32 months of age (total of 144 A–Ci curves for each

age). Measurements were made at various CO2 concentrations

(400, 300, 250, 200, 150, 100, 75, 50 ppm and then 400, 600, 800,

1000, 1300 ppm) at constant PAR (1600 lmol m�2 s�1). Photo-

synthetic parameters JMAX, VCMAX and dark respiration (Rd) at

25°C were fitted simultaneously to the Farquhar model

(according to Miao et al., 2009), using the Nelder & Mead

(1965) method. 500 random initial parameters were simulated

for each curve and the best fit under the RMSE criteria was

selected. These parameters were included in MAESPA as a

function of the height within the crown for each treatment

(Fig. S1).

Stomatal conductance parameters. Photosynthesis, stomatal

conductance and leaf water potential were measured monthly

from 16 to 36 months (data set from Battie-Laclau et al.,

2014b). MAESPA parameters were obtained by fitting the

Tuzet et al. (2003) model using the Nelder & Mead (1965)

method:

gs ¼ g0 þ g1 � An

Cs � c
� fðWLÞ ð1Þ

where An is the leaf net assimilation rate (lmol m�2 s�1), g0 is

the conductance when An is zero, g1 is an empirical parameter,

Cs is the CO2 concentration at the leaf surface (lmol mol�1), c
is the CO2 compensation point, and f (WL) is a function of

response of stomatal conductance to vapor pressure deficit

and soil water deficit controlled by the leaf water potential

(WL, MPa)

fðWLÞ ¼
1þ expðSfWf Þ

1þ exp½sf ðWf �WLÞ� ð2Þ

where Sf and Wf are parameters, Wf is a reference water poten-

tial (MPa), and Sf is the ‘steepness’ of the response of f(WL) to

WL. AIC and BIC showed that the parameters were identical

for all treatments (Table S2, g0 = 0.01, g1 = 18.7, c = 0.12,

Sf = 0.49 and Wf = �1.99). The leaf width, which was an input

parameter for MAESPA used for leaf boundary layer calcula-

tions, was measured on 20 upper leaves of four trees in each

treatment (method described by Battie-Laclau et al., 2013) at

24 months and did not change between treatments.

Plant hydraulic conductivity. The whole-plant hydraulic

conductivity (Kp) was estimated from sap flow measurements

and from the water potential gradient from roots to leaves at

midday measured every 1–2 months from 16 to 36 months.

The sap flow and leaf water potential were measured on four

trees for each treatment. The average tree transpiration

between 12:00 and 14:00 per unit leaf area was divided by the

difference between the predawn and midday leaf water poten-

tials, to obtain the whole-tree leaf-specific conductivity (for

details see Carter & White, 2009).

Soil characteristics and root parameters

Soil characteristics. The soil profiles were divided into layers

down to a depth of 13.5 m to take into account the variability

of soil and root characteristics depending on soil depth: 0–20,

20–50 cm, four layers 50 cm thick and 11 layers 1 m thick

down to 13.5 m. The soil retention curves (Van Genuchten,

1980) and hydraulic conductivity were estimated using a data

set obtained by Maquere (2008) at the same site. The residual

soil water content (hM) in each soil layer was forced in MAES-

PA to reach the minimum soil water content values measured

in each treatment down to 10 m depth (no drainage or water

uptake). The soil hydraulic conductivity (Ksat) was measured

at the same site down to a depth of 3 m (Maquere, 2008) and

was assumed to be constant for deeper soil layers (there was

little change in particle size fractions).

Root parameters. The root distribution (Rdis), root radius

(RAD), specific root length (SRL) and total fine root mass

(RMD) were measured at 12, 24 and 36 months by soil coring

(as described in Christina et al., 2011) in each treatment down

to a depth of 13 m. The root parameters in MAESPA were

treatment-specific over the study period. At 12 months, the

fine root biomass was measured down to 2 m depth in all

treatments and fine root biomass from 2 to 6 m was estimated

using the distribution found by Christina et al. (2011) in a

nearby stand. The root distribution was linearly interpolated

in MAESPA between measurement dates.

Validation of canopy gap fractions

The directional gap fractions (GFs) were measured with a LI-

COR PCA LAI-2000 (LiCor, Lincoln, NE, USA) at five dates

between 2 and 3 years in all treatments in block 1 (one plot

per treatment). In each plot, 12 measurements were taken

below the canopy following the standard protocol described

by Le Maire et al. (2013). Using MAESPA, the GFs were pre-

dicted at the same locations and on the same dates as the mea-

surements were taken. For these predictions, the leaf

reflectance and transmittance were set to values close to 0

because the optical filter of the LAI-2000 detects light in a part

of the spectrum where leaf reflectance and transmittance are

very low (LAI-2000 manual). The simulated and measured

directional GFs were averaged for each treatment and

compared.

Simulations, statistical and output analyses

Statistical analyses. The effects of the W and K supply

regimes on the tree leaf area (LA), tree height (H), crown

diameter (Dc), leaf angle (LIA), root-to-leaf conductivity (Kp),

photosynthetic parameters (JMAX, VCMAX, Rd, h and a), leaf
width (Wleaf), root biomass density (RMD), radius (RAD) and

specific root length (SRL) were tested using a linear mixed

model. The W and K supply regimes as well as the tree age

were considered to be fixed effects and the blocks, and the

interactions between W and blocks were considered as ran-

dom effects (Table 2). The effects of W and K regimes as well

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 2022–2039
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as tree age on the allometric relationships for vertical and hori-

zontal leaf area distributions and stomatal conductance mod-

els were assessed using AIC and BIC (Table S2). When the

effects of W, K, age and their interactions on parameters were

not significant, mean values were fixed in the MAESPA

model. Statistical analyses were performed with R 4.0 (R

Development Core Team, 2014, package nlme, gss, 2013).

Simulations and output analyses. A complete model repre-

senting the 4254 trees in the experiment was built using MA-

ESPA (Fig. 1). Simulations for the 36 inner trees in each

subplot were performed over 3 years at half-hourly time

steps, for the four treatments and the three blocks. The daily

GPP and daily aPAR were estimated for each tree, totaled for

the entire inner subplot and then divided by the area to give a

stand-scale GPP (gC m�2 day�1). The light-use efficiency for

carbon assimilation (LUEC, gC MJ�1) was obtained by divid-

ing the simulated stand GPP by the simulated stand aPAR

(MJ m�2 day�1). The light-use efficiency for stem biomass

production (LUES, kgDM MJ�1) was obtained for each tree by

dividing the measured tree stem biomass increment (Dstem,

kgDM yr�1 tree�1) by the tree aPAR (MJ yr�1 tree�1). The

proportion of assimilated C allocated to the stem (%GPPstem)

was obtained by dividing the measured tree stem biomass

increment (gC yr�1 tree�1) by the simulated tree gross photo-

synthesis (gC yr�1 tree�1). For a better visual interpretation,

daily changes in aPAR, GPP and LUEC were fitted using

smoothing spline functions with Gaussian regression (Kim &

Gu, 2004).

Analysis of individual and combined effects. The individual

effects of K deficiency and W deficit and their combined effect

on the measured stem biomass production, simulated aPAR,

GPP and LUEC were calculated annually using the method

proposed by Luo et al. (2008). For example, in the case of

aPAR, the effect of K deficiency (EffK), W deficit (EffW) and

the combined K and W effects (EffKW) were as follows:

EffK ¼ aPAR�kþw � aPARþKþW ð3Þ

EffW ¼ aPARþk�w � aPARþKþW ð4Þ

EffKW ¼ aPAR�k�w � aPARþKþW ð5Þ
The interaction between K deficiency and W deficit (Int)

was calculated as the difference between the combined effect

of K and W (EffKW) and the sum of the effects of K and W indi-

vidually (EffK + EffW). Changes in stem biomass production

were measured annually during the experiment, and changes

in aPAR, GPP and LUEC with K deficiency and W deficit

relative to the +K+W treatment (used as the reference treat-

ment in this study) were calculated annually from MAESPA

simulations.

Hierarchy between tree parameters. The consequences of tree

parameters affected by K deficiency and W deficit on aPAR,

GPP and LUEC the third year after planting were calculated

using the same sensitivity method as Luo et al. (2008). aPAR,

GPP and LUE were compared during the third year after

planting (between months 24 and 36), corresponding to the

period with the highest tree response to K deficiency and W

deficit.

The first-order effect of a given tree parameter affected by K

deficiency (for a given W deficit) was tested by comparing

simulated aPAR, GPP and LUEC in +K+W, with simulations

Table 2 Effects of throughfall exclusion (W) and potassium (K) fertilization regimes, tree age and their interaction on 14 parameters

described in Table 1

W K Age W 9 K W 9 Age K 9 Age W 9 K 9 Age

Morphological parameters

LA ns *** *** ns *** *** ***

H * *** *** *** *** *** ***

Dc * *** *** ** *** *** **

LIA * *** *** ns *** *** ns

Physiological parameters

JMAX ns *** ns * * ns ns

VCMAX ns *** *** ns *** ns ns

Rd *** *** *** ns ns ns ns

h ns ns ns

a ns ns *

Wleaf ns ns ns

Kp ns ns *** ns ns ns *

Root parameters

RMD ns ns ** * ns ns ns

RAD ns ** *** ns * ns ns

SRL ns * *** ns ns ns *

Block and W*block were used as random effects in the mixed linear model.

*, ** and *** show significant differences at P < 0.05, <0.01 and <0.001, respectively; ns indicates no significant differences.
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in the same +K+W treatment with the target tree parameter

forced to the value observed for the �K+W treatment. The

same procedure was used for parameters affected by W defi-

cit. For instance, the effect of parameter i measured in the

�K+W treatment (Effpi) on aPAR in response to K deficiency

was computed as follows:

Effpi ¼ aPARþKþW;i1 � aPARþKþW;i0 ð6Þ

where i1 and i0 are the values of parameter i in treatments

+K+W and �K+W, respectively. The tree parameters studied

were leaf area index (LAI), tree height (H), tree crown diame-

ter (Dc), leaf inclination angle (LIA), leaf area density (LAD),

JMAX, VCMAX, Rd, quantum yield for electron transport (a),
leaf-specific total plant conductance (Kp), total root biomass

(RMD), root radius (RAD), specific root length (SRL), root bio-

mass distribution (Rdis) as well as the minimum soil water

content (hM) in each layer and the W supply regime (Rain)

taken into account in the model.

Although it is difficult to calculate the interaction between

two or more tree parameters, the overall interaction between

all the parameters affected by K or W limitation could be esti-

mated as the difference between the results of simulations

substituting simultaneously all the parameters in the +K+W
treatment by their value in the treatment under K or W limita-

tion and the sum of the main effects of all the parameters

substituted 1 by 1 in the +K+W treatment. For instance, the

interaction between the n tree parameters affected by K defi-

ciency (Intp) on aPAR, was as follows:

Intp ¼ aPAR�KþW � aPARþKþW
� �

�
Xn

i¼1

Effpi ð7Þ

Results

Effects of potassium and water deficiencies on tree
parameters

Throughfall exclusion as well as K deficiency changed

the tree morphology considerably (Tables 2 and 3). At

3 years, the mean LAI, H, Dc and LIA of K-deficient

trees were 64%, 45%, 0% and 15% lower, respectively,

than trees with added K in +W, and 53%, 30%, 5% and

15% lower in �W (Table 3). K addition changed the

vertical LAD, with a higher proportion of leaves at the

bottom of the crown in K-deficient trees than in trees

with added K (Table S2). However, the horizontal LAD

was not affected by K addition. Exclusion of 37% of

throughfall led to a significant decrease in H, Dc as well

as LA, but only in +K and at the end of the study per-

iod. Throughfall exclusion did not affect LAD for either

K treatment. The water supply regime had a significant

effect on leaf area, tree height, crown diameter and leaf

angle, depending on tree age.

The K and W supply regimes significantly affected

the main parameters driving leaf photosynthetic

capacity (Table 2). At 3 years, JMAX, VCMAX and Rd in

K-deficient trees were 21%, 31% and 9% lower, respec-

tively, than in trees with added K in +W, and 7%, 29%

and 23% lower in �W (Table 3). h was not affected by

the W and K supply regimes and averaged 0.69. The W

deficit was significant depending on tree age for JMAX

and VCMAX, as a result of a strong decrease in JMAX and

VCMAX in response to throughfall exclusion that only

occurred at the end of the study period (Table 3). Kp

was 27% lower in K-deficient trees across the two W

supply regimes during the second year of growth.

Throughfall exclusion led to a 27% increase in Kp in the

third year for both K supply regimes (Tables 2 and 3).

The relationship between stomatal conductance and

photosynthesis (Tuzet et al., 2003 model, eqns 1 and 2)

was similar for all treatments (Table S2).

The root parameters were strongly influenced by the

K and W supply regimes (Tables 2 and 3). The fine root

biomass at 3 years ranged from 598 to 960 g m�2. It

was 23% lower in K-deficient trees in +W and 38%

lower in �W. The mean root radius increased signifi-

cantly with tree age, and K deficiency led to a RAD

13% lower in �K than in +K, for both W supply

regimes (Table 3). SRL decreased with tree age and was

10% higher in �K than in +K for both W supply

regimes. The minimum soil water content (hM) was

strongly affected by the K and W supply regimes. The

mean hM across the soil layers explored by fine roots

over the study period was 15% lower in +K�W and 4%

higher in �K+W (Table 3). However, K addition did

not affect hM in the �W plots. hM linearly increased

with soil depth whatever the treatment (M. Christina,

G. Le Marie, P. Battie-Laclau, Y. Nouvellon, J.-P. Bouil-

let, C. Jourdan, J. L. de M. Goncalves, J.-P. Laclau,

unpublished data).

Validation of the light interception submodel

The gap fractions were underestimated by 3% by the

MAESPA model over the study period for all treat-

ments (Fig. 2). The intercepted light (averaged over the

five rings and five dates) was underestimated by 5% in

+K�W and by 6% in �K�W, whereas it was overesti-

mated by about 3% in +K+W and by 5% in �K+W.

Effect of K deficiency and W deficit on the stand aPAR,
GPP and LUEC

The time series for the stand aPAR and GPP exhibited a

similar seasonality in all treatments (Fig. 3). Over the

first 2 years after planting, the mean daily values for

aPAR, GPP and LUEC were about 0.91 MJ m�2 day�1

(19%), 1.56 gC m�2 day�1 (24%) and 0.08 gC MJ�1 (6%)

lower in the least productive treatment (�K�W) than

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 2022–2039
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in the most productive treatment (+K+W). The effects

of the K and W supply regimes on aPAR, GPP and

LUEC sharply increased during the third year after

planting. The mean annual values for aPAR, GPP and

LUEC were significantly higher in +K than in �K at all

ages (Fig. 4). The third year after planting, throughfall

exclusion did not reduce aPAR, but it was 21% lower in

�K treatments than in +K treatments for both W supply

regimes. Throughfall exclusion reduced GPP by 25%

with +K treatments but had no significant affect with

�K treatments. LUEC ranged from 1.15 to 1.44 gC MJ�1

under various K and W supply regimes during the first

2 years after planting and increased by 22% in the third

year in +K+W, whereas it remained unchanged in the

other treatments.

The effect of K and W on Dstem, aPAR, GPP and

LUEC changed over the first 3 years after planting

(Fig. 5). Throughfall exclusion led to 4–16% higher

Dstem, aPAR, GPP and LUEC in +K treatments the

first year after planting but reduced Dstem by 25%,

aPAR by 5%, GPP by 25% and LUEC by 21% the

third year after planting in �K treatments. �K+W
and �K�W treatments reduced Dstem, aPAR, GPP

and LUEC over the whole study period (Dstem by

66%, aPAR by 21%, GPP by 31% and LUEC by 13%,

on average). There was an interaction between �K

and �W treatments: the third year after planting,

the reduction in GPP and LUEC in �K�W was

Fig. 2 Measured gap fractions compared with MAESPA simu-

lations, on five dates between 2 and 3 years after planting. The

line represents a linear regression between predicted (Y) and

measured (X) values across all the rings, treatments and mea-

surement dates.

Fig. 3 Predicted daily-absorbed radiation (aPAR), gross photosynthesis (GPP) and light-use efficiency for carbon assimilation (LUEC)

of Eucalyptus grandis trees at stand scale, depending on potassium (K) and water (W) supply regimes. Black points are daily simulations

for all treatments. For easier visual interpretation, the daily values of aPAR, GPP and LUEC were fitted using smoothing splines

(colored lines). Gray background areas show the dry seasons (from July to September).
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about 25% less than the sum of the reductions

caused by �K and �W individually.

Effect of tree height

Dstem, aPAR, GPP, %GPPstem and LUES increased with

tree height irrespective of the treatment over the first

2 years after planting (Fig. 6). In the third year, aPAR,

GPP and Dstem were still positively correlated with tree

height, but %GPPstem and LUES were no longer affected

by tree height for any treatment. At this age, %GPPstem

and LUES were 104% and 118% higher, respectively, in

+K than in �K for both W supply regimes, and

throughfall exclusion had no effect on %GPPstem and

LUES for either K supply regime. LUEC was not related

to tree height in the first 3 years after planting. The

third year, LUEC was 21% higher in +K+W than the

other treatments.

Main factors driving aPAR, GPP and LUEC

Simulations for the third year after planting, testing the

whole set of tree parameters in +K+W by successively

substituting each tree parameter measured in the other

treatments (cf. eqn 6), made it possible to identify the

main tree parameters responsible for the changes in the

stand aPAR, GPP and LUEC under K deficiency and W

deficit (Figs 7 and 8).

aPAR was about 22% lower in �K than in +K, for all
W supply regimes, mainly as a result of changes in LAI

and tree height. K deficiency in +W reduced GPP by

37% and LUEC by 18%, mainly in response to changes

(a) (b) (c)

Fig. 4 Predicted annual absorbed radiation (aPAR, a), gross primary production (GPP, b) and light-use efficiency for carbon assimila-

tion (LUEC, c) at stand scale, depending on potassium (K) and water (W) supply regimes. Different letters at each age indicate signifi-

cant differences between treatments (P < 0.05).

Fig. 5 Changes in stem biomass accumulation (Dstem), absorbed photosynthetic active radiation (aPAR), gross primary productivity

(GPP) and light-use efficiency for carbon assimilation (LUEC) relative to +K+W, in response to potassium deficiency (�K+W), water

deficit (+K�W), combined effects of �K and �W (�K�W) and the interaction between �K and �W (Int.) in the 1st(left), 2nd(middle)

and 3rd(right) year after planting.
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in minimum soil water content (hM), LAI, photosyn-

thetic capacity (JMAX, VCMAX, a) and tree height, and, to

a lesser extent, to soil-to-leaf hydraulic conductivity

(Kp) and specific root length (SRL). K deficiency in �W

decreased GPP by 14%, which was mainly the result of

a lower LAI as well as changes in fine root distribution

and, to a lesser extent, in hM. The effect of K deficiency

on GPP was much less in �W than in +W as a result of

a positive effect of a, Kp and fine root density in �K�W.

LUEC was 8% higher in �K�W as a result of the posi-

tive effects of the changes in H, a, Kp and SRL, on the

one hand, and the negative effects of the changes in the

Fig. 6 Stem biomass accumulation (Dstem), absorbed PAR (aPAR), gross primary production (GPP), carbon allocated to stem produc-

tion (%GPPstem), light-use efficiency for stem biomass production (LUES) and light-use efficiency for carbon assimilation (LUEC) in

function of tree height for different potassium (K) and water (W) supplies, in the 1st (left column), 2nd (middle column) and year (right

column) after planting. When significant at P < 0.05, correlation coefficients between the variables and tree height are shown by colors

within each chart (ns: not significant at P < 0.05).
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fine root distribution and hM on the other. Although the

interaction between tree parameters (Intp) had very lit-

tle effect on aPAR, it had a greater effect on GPP and

LUEC than individual tree parameters.

For all K supply regimes, aPAR was 2–5% lower in

�W than in +W the third year after planting and was

little affected by the tree parameters tested in the

model. Throughfall exclusion decreased GPP by 25%

and decreased LUEC by 21% for +K treatments. The

main variables accounting for this pattern were

the water supply regime (Rain), and the JMAX and a

parameters. With K deficiency, however, throughfall

exclusion increased GPP slightly (by 2%) and LUEC (by

4%), as a result of the opposite effects of aand VCMAX.

Discussion

Simulations of aPAR, GPP and LUE

Simulated gap fractions were slightly underestimated

compared to measured values. However, the discrep-

ancies between measured and simulated gap fractions

(a)

(b)

(c)

Fig. 7 Variations in aPAR (a), GPP (b) and LUEC (c) due to the effect of each parameter, for a Eucalyptus plantation between 2 and

3 years after planting. Four effects are shown: K deficiency under undisturbed rainfall (�K+W compared to +K+W), K deficiency under

throughfall exclusion (�K�W compared to +K�W), W deficit with adequate K supply (+K�W compared to +K+W) and W deficit for

K-deficient trees (�K+W compared to �K�W). The tree parameters are described in Table 1. The ‘Rain’ parameter refers to the amount

of rainfall (undisturbed rainfall vs. 37% of throughfall exclusion for +W and �W, respectively). Intp is the interaction between all

parameters (see calculations in eqn 7). The annual values of aPAR, GPP and LUEC are given in Fig. 4.
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were <6%, for all treatments, which was similar to other

studies (Wang & Jarvis, 1990a; Bauerle et al., 2004;

Charbonnier et al., 2013). aPAR predictions throughout

tree growth in +K+W were of the same order of magni-

tude as in a nearby E. grandis plantation (Le Maire

et al., 2013).

The GPP values in our study were consistent with

estimates based on measurements of aboveground net

primary production and total belowground carbon flux

between 5 and 7 years after planting in an adjacent

experiment dealing with the response of E. grandis trees

to K application (Epron et al., 2012). The simulated GPP

values for the third year after planting were 2.9

kgC m�2 yr�1 in �K+W and 4.6 kgC m�2 yr�1 in

+K+W, close to the values estimated by Epron et al.

(2012): GPP at 2.5 kgC m�2 yr�1 in �K plots and 4.4

kgC m�2 yr�1 in +K plots. GPP predictions obtained in

our study from a detailed canopy structure parameteri-

zation and precise measurements of photosynthetic

parameters within the crown (Fig. S1) were consistent

with other estimates in Brazilian Eucalyptus plantations,

which ranged from 2.9 to 4.2 kgC m�2 yr�1 in 3–6-year-
old plantations, depending on the site and fertilization

regime (Ryan et al., 2010; Cabral et al., 2011; Nouvellon

et al., 2012).

LUES increased from 0.23 gDM MJ�1 in the first year

to about 1.1 gDM MJ�1 at 3 years for trees with added

K, which was within the range of values reported for

commercial Eucalyptus plantations (Whitehead & Bea-

dle, 2004). LUES increased from about 0.3 gDM MJ�1 at

1 year to 1.2–1.6 gDM MJ�1 at 4 years in Brazilian

Eucalyptus plantations (Stape et al., 2004; Marsden et al.,

2010; Le Maire et al., 2013). LUES ranged from 0.9 to 2.7

gDM MJ�1 at 6–9 years in Australian E. globulus plan-

tations across a rainfall gradient (Landsberg & Hing-

ston, 1996) and was estimated at 1.9 gDM MJ�1 at

1.5 years for Hawaiian E. camaldulensis plantations

(Gower et al., 1999).

Influence of tree nutrition and tree water status on LUE
and GPP

The first hypothesis that K deficiency and rainfall defi-

cit lead to a decrease in GPP as a result of a decrease in

both aPAR and LUEC was only valid after canopy clo-

sure. The first year after planting, LUEC was little influ-

enced by the K and W supply regimes and light

absorption was the main driver of GPP. LAI values in

K-deficient trees about half of those with an adequate

supply of K have already been reported in E. grandis

plantations (Laclau et al., 2009; Epron et al., 2012).

aPAR and LUES were higher for big trees than for small

trees at early growth stages, for all K and W supply

regimes. Higher within-stand LUES for dominant trees

relative to dominated trees is common in forest ecosys-

tems but not systematic (Binkley et al., 2010), and the

lack of relationship between tree size and LUES after

canopy closure in our study has already been reported

for E. grandis plantations (Le Maire et al., 2013). Effi-

ciency in the use of captured resources to produce stem

biomass usually increases with stand productivity

(Giardina et al., 2003; Binkley et al., 2004; Stape et al.,

Fig. 8 Diagram of the main parameters affecting aPAR, GPP and LUEC in response to K deficiency and water deficit (shown in Fig. 7),

between 2 and 3 years after planting. Green arrows on the left of each parameter indicate whether the parameter increases or decreases.

Red arrows on the right of each parameter indicate whether the parameter increases or decreases aPAR, GPP or LUEC. The percentages

of variation relative to mean annual values in Fig. 4 are shown. For instance, aPAR decreases by 5% with water reduction under normal

K, and in that case, LAI is the only tree parameter which decreases enough to have a negative impact on aPAR.
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2004; Marsden et al., 2010). This pattern can be

explained by a shift in C partitioning to produce stem

biomass (shown by changes in %GPPstem) and/or an

increase in LUEC in response to an improvement in

water and nutrient availability (Binkley et al., 2004). A

shift of C partitioning to stem growth in response to K

application was also observed at later growth stages in

E. grandis trees (Epron et al., 2012).

High mobility of K+ leads to intense recycling pro-

cesses in forest ecosystems. The main fluxes of the K

biogeochemical cycle were quantified over the develop-

ment of eucalypt plantations in Congo and Brazil (La-

clau et al., 2003, 2010). Foliar leaching returns K to the

soil at about the same order of magnitude as the K con-

tent in the litter fall in eucalypt plantations. Potassium

is released rapidly during litter decomposition and a

fast uptake by eucalypt roots leads to the losses by deep

drainage being less than the atmospheric inputs, even

in sandy soils (Mareschal et al., 2013). In old tropical

soils, the amounts of K released by weathering are neg-

ligible compared to K requirements for tree growth

(Mareschal et al., 2011) and K fertilization is needed to

sustain highly productive planted forests (Gonc�alves
et al., 2013). Many processes involved in C and K

cycling depend on soil K availability in E. grandis plan-

tations. K fertilization greatly increases leaf longevity

(Laclau et al., 2010), individual leaf area (Battie-Laclau

et al., 2013), K concentrations in the foliage (Battie-La-

clau et al., 2014a) and in phloem sap (Battie-Laclau

et al., 2014b), and K remobilization within stemwood

(Sette et al., 2013). However, many field trials in tropical

eucalypt plantations show strong interactions between

N, P and K fertilizations for C and nutrient cycling

(Gonc�alves et al., 2013), as also shown by a fertilizer

application experiment in a native tropical forest

(Wright et al., 2011; Santiago et al., 2012). Previous stud-

ies showed that soil N and P availabilities limit tree

growth the first year after planting at our study site (La-

clau et al., 2009), even though K is the strongest limiting

factor. Therefore, the effect of K deficiency on tree

growth was higher in this experiment where large

amounts of N and P have been added than in planta-

tion when N, P and K together limit tree growth.

A strong effect of nutrient and water supply regimes

on GPP is common in forest plantations. K application

increased the GPP of 6-year-old E. grandis trees in Bra-

zil by 75% (Epron et al., 2012). Although the K supply

regime strongly influenced GPP from the first year after

planting in our study, the effect of throughfall exclusion

appeared only after canopy closure. This pattern was

explained by the withdrawal of large amounts of water

stored in deep soil layers after clear-cutting the

previous stand (Nouvellon et al., 2014). Long-term

throughfall exclusion experiments in forest ecosystems

show that GPP and net primary production (NPP) are

highly sensitive to rainfall distributions (Brando et al.,

2008; Misson et al., 2010; Wu et al., 2011). Modeling

approaches show that the response of forest NPP to

rainfall reduction is highly site-dependent. For exam-

ple, Luo et al. (2008) predicted that a decrease in precip-

itation by 50% in Northern Europe, USA and Brazil

would decrease NPP in forest ecosystems by 10 to 50%.

Cowling & Shin (2006) predicted that a decrease in pre-

cipitation by 50% would reduce NPP by 10–20% for a

large part of the Amazon basin.

GPP and LUEC under different W and K supply regimes:
which are the most important tree parameters?

According to our second hypothesis, we identify the

main tree parameters affected by K deficiency and

throughfall exclusion, which were different for aPAR,

LUEC, and GPP. Although the treatments affected

aPAR mainly through changes in LAI and tree height,

changes in GPP and LUE were driven by a more com-

plex set of parameters. Changes in photosynthetic

capacity in response to K deficiency and throughfall

exclusion had a considerable effect on GPP and LUEC.

Adding K increased the photosynthetic capacity (JMAX,

a), as shown by Pasquini & Santiago (2012). These

results also suggest that a strong response of VCMAX to

K addition affected GPP and LUEC in the +W treat-

ments. A strong response of photosynthetic parameters

to K availability has been shown for eucalypts (Battie-

Laclau et al., 2014a), cotton (Gerardeaux et al., 2010),

rice (Weng et al., 2007) and almond (Jin et al., 2011). A

lower VCMAX in K-deficient trees might also result from

an accumulation of carbohydrates within K-deficient

leaves (Battie-Laclau et al., 2014a), because K is needed

for activation of starch synthase (Wakeel et al., 2011).

Throughfall exclusion also led to a decrease in GPP and

LUEC by decreasing the capacity to convert light into

chemical energy (JMAX, a), which might be a result of

dissipation of excitation energy through processes other

than photosynthetic C-metabolism (Martinez-Ferri

et al., 2000).

The trees were able to take up water down to lower

soil water content in �W than in +W, and in +K than in

�K, which strongly affected GPP. This behavior was

represented in the model by the minimum soil water

content parameter (hM). The treatment with the highest

water demand (+K�W) had the lowest hM value indi-

cating that the maximum amount of extractible water

in the soil was greater than in the other treatments. This

affects stomatal conductance (Tuzet model) and photo-

synthesis (Farquhar model) and, therefore, LUE. The

capacity of plants to extract soil water depends on the

fine root density, which is highly sensitive to nutrient
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and water availability. Increased root growth in deep

soil layers in response to water deficit is well docu-

mented (Dardanelli et al., 1997; Meier & Christoph,

2008; Cotrufo et al., 2011). Recent studies of Arabidopsis

plants show that water potential gradients can control

root growth, based on specific genes and plant hor-

mones (Cassab et al., 2013). K deficiency has been

shown to reduce fine root biomass in various plant spe-

cies (Spollen et al., 1993; Egilla et al., 2001; Sangakkara

et al., 2010), as well as in E. grandis plantations (Epron

et al., 2012). Surprisingly, the fine root biomass parame-

ter (RMD) had a weak effect on GPP predictions in our

simulations, probably because root biomass was only

used in the model in the soil-to-root resistance calcula-

tion, which does not appear as a major limiting factor.

Nevertheless, fine root biomass also influences GPP

and LUE by modifying hM. Similarly, large differences

in Rdis and specific root length between treatments had

a low effect on GPP and LUEC. The low sensibility of

such parameter might be explained by the plasticity of

fine root growth in response to environmental con-

straints (Zhang et al., 2009) which may be sufficient to

supply the soil resources needed to reach GPP and

LUEC. Stand GPP and LUEC may be limited by nonop-

timal root distributions only under very limiting K and

W conditions (�K�W).

Interaction between K and W supply regimes on GPP and
LUEC

In agreement with our third hypothesis, there was a

strong interaction between K and W supply regimes,

which affected the measured stem biomass production,

as well as the simulated LUE and GPP. The effect on

aPAR, however, was negligible, mainly because

throughfall exclusion had a very little effect on aPAR.

One of the main objectives of process-based mod-

els is to simulate interactions to make the modeling

of ‘elementary’ processes more realistic. A possible

source of interactions in the model is the presence of

intrinsic interactions in the input parameters. For

instance, the LAI parameter was reduced by 25% in

response to throughfall exclusion (+K�W), 66% in

response to K deficiency (�K+W) and only 64% in

response to both K deficiency and throughfall exclu-

sion (�K�W). Another source of interactions in the

model, which adds to the input parameter interac-

tions, is the nonlinear response of various processes

to the values of the parameters. The model outputs

can be more or less sensitive to a parameter depend-

ing on its range of values or the values of other

parameters. Threshold responses, which are common

in process-based models, have similar effects. Interac-

tions can also come from new processes not taken

into account when K deficiency and water deficit are

simulated separately. Although these new processes

should be included in the model to simulate these

interactions correctly, they are often difficult to iden-

tify. Comprehensive field studies measuring most of

the input parameters used in ecophysiological mod-

els are, therefore, needed to improve the prediction

of the effects of nutrient deficiency and water deficit.

In our experiment, the effect of combined K defi-

ciency and throughfall exclusion on stem biomass pro-

duction and GPP was close to the effect of K deficiency

alone, despite a strong effect of throughfall exclusion

on its own. Although tree growth was mainly limited

by K availability before canopy closure as a result of

the withdrawal of large amounts of water stored in

deep soil layers (Battie-Laclau et al., 2014b), tree growth

was limited subsequently by both K and water avail-

ability. Battie-Laclau et al. (2014b) showed in the same

experiment that water stress during dry periods was

higher for K-fertilized trees than for K-deficient trees as

a result of higher LAI and water demand. The interac-

tion between K and W deficiencies reflected, therefore,

a much higher effect of throughfall exclusion for K-fer-

tilized trees than for K-deficient trees. Many processes

influence the interaction between K and W supply

regimes on stem biomass production and GPP through

carbon and water cycling. For example, it appears that

lower JMAX in �K than in +K does not influence GPP

under throughfall exclusion (comparing �K�W to

+K�W), whereas it was a major cause of lower GPP in

�K+W relative to +K+W.

Consequences for forest management in drought prone
regions

Few throughfall exclusion experiments have been under-

taken in planted forests to investigate the interactions

between nutrient deficiency and water deficit (Wu et al.,

2011; Battie-Laclau et al., 2014b). A growing body of evi-

dence suggests that trees are less prone to water deficit

in infertile soils than under high nutrient availability as

was shown by the low effect of throughfall exclusion on

tree morphology and physiology in the �K treatments.

A similar effect has been shown for grassland species

(Zhang, 1996) and desert plants (Zhou et al., 2011).

Nutrient (particularly K) availability is a key factor influ-

encing tree water loss (through changes in leaf area,

osmotic adjustment, stomatal regulation, etc). Moreover,

fast-growing species with high stomatal conductance,

such as E. grandis, maintain high photosynthesis rates

throughout drought periods, making it possible to avoid

death through C starvation during extreme drought

(McDowell et al., 2008). Nonetheless, a consequence of

such a strategy is possible death through hydraulic fail-

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 2022–2039
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ure (Mitchell et al., 2013). Management practices decreas-

ing the water demand in planted forests can help to pre-

vent tree mortality in a future drier climate (White et al.,

2009, 2014). A reduction of stocking densities or a

decrease in fertilizer doses relative to current silvicul-

tural practices would reduce stand water use and, there-

fore, the risk of tree mortality during extreme droughts.

This would, however, reduce the yield in these planted

forests.

As a conclusion, the decrease in GPP in response to K

deficiency and water deficit resulted from a decrease in

aPAR during the early growth stages and a decrease in

both aPAR and LUE after canopy closure. This model-

ing approach revealed that leaf photosynthetical

parameters, the tree parameters governing soil water

uptake and interactions between these parameters were

the main drivers of the GPP and LUE responses to K

deficiency and W deficit. The substantial changes in the

use of light and C in E. grandis trees which occur with

K addition suggest that key biochemical mechanisms

involved in K cycling should be taken into account in

process-based models designed to predict the net pri-

mary productivity of forests on K-deficient soils. This

study also suggests that, in a context of climate change,

recommended levels of nutrient supply in planted for-

ests should be revised to improve tree tolerance to

severe drought.
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Additional Supporting Information may be found in the
online version of this article:

Figure S1. A–Ci curves used in the model, with different
water (W) and potassium (K) availabilities.
Table S1. Average and standard deviation on photosynthet-
ical parameters (JMAX, VCMAX, Rd) depending of treatments,
tree ages and position within the crown (Inf = inferior, Med
= medium and Sup = Superior).
Table S2. Multiple regression of the effect of water (W),
potassium (K) and tree age on the stomatal conductance
response to photosynthesis (Gs), and vertical (VLAD) and
horizontal leaf area densities (HLAD).
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