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A B S T R A C T

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 supply regimes on water resources in tropical regions. This in-
teraction is a major issue because climate change is expected to increase the length of drought periods in many
tropical regions and soil water availability in deep soil layers is likely to have a major influence on tree growth
during dry periods in tropical planted forests. A process-based model (MAESPA) was parameterized in a
throughfall exclusion experiment in Brazil to gain insight into the combined effects of K deficiency and rainfall
reduction (37% throughfall exclusion) on the water used by the trees, soil water storage and water table fluc-
tuations over the first 4.5 years after planting Eucalyptus grandis trees. A comparison of canopy transpiration in
each plot with the values predicted for the same soil with the water content maintained at field capacity, made it
possible to calculate a soil-driven tree water stress index for each treatment. Compared to K-fertilized trees with
undisturbed rainfall (+K+W), canopy transpiration was 40% lower for K deficiency (−K+W), 20% lower for W
deficit (+K−W) and 36% lower for combined K deficiency and W deficit (−K−W) on average. Water was
withdrawn in deeper soil layers for −W than for +W, particularly over dry seasons. Under contrasted K
availability, water withdrawal was more superficial for −K than for +K. Mean soil water content down to 18m
below surface (mbs) was 24% higher for −K+W than for +K+W from 2 years after planting (after canopy
closure), while it was 24% lower for +K−W and 12% lower for −K−W than for +K+W. The soil-driven tree
water stress index was 166% higher over the first 4.5 years after planting for −W than for +W, 76% lower for
−K than for +K, and 14% lower for −K−W than for +K+W. Over the study period, deep seepage was higher
by 371mm yr−1 (+122%) for −K than for +K and lower by 200mm yr−1 (−66%) for −W than for +W. Deep
seepage was lower by 44% for −K−W than for +K+W. At the end of the study period, the model predicted a
higher water table for −K (10mbs for −K+W and 16mbs for −K−W) than for +K (16mbs for +K+W and
18mbs for +K−W). Our study suggests that flexible fertilization regimes could contribute to adjusting the local
trade-off between wood production and demand for soil water resources in planted forests.
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1. Introduction

Planted forests provided 46% of the wood consumption worldwide
in 2012, and 65% in tropical and subtropical regions (Payn et al.,
2015). In tropical and subtropical regions, the growth of these highly
productive planted forests is largely dependent on fertilization regimes
(e.g. Smethurst, 2010) and their contribution to satisfying the global
wood demand should increase in the future (Paquette and Messier,
2010). However, climate change is expected to exacerbate the intensity
and frequency of droughts in tropical and subtropical regions (Allison
et al., 2009; IPCC, 2013; Solomon et al., 2009). Fast-growing tropical
plantations are particularly vulnerable to drought and changes in
rainfall patterns (Allen, 2009). Consequently, the sustainability of fast-
growing planted forests in a future with extended dry periods in many
tropical regions will probably require a revision of management stra-
tegies to improve tree tolerance to drought (Battie-Laclau et al., 2014a,
2016; Carter and White, 2009).

Water storage in deep soil layers is likely to have a major effect on
tree functioning in tropical regions (Malhi et al., 2008). Indeed, water
uptake by deep roots is generally considered as an efficient adaptation
to drought in tropical forests to maintain transpiration rates during dry
periods by withdrawing water from soil deeper than 8 to 10m below
surface (mbs) (Christina et al., 2017; Markewitz et al., 2010; Nepstad
et al., 1994). Water uptake in the capillary fringe above the water table
is likely to account for a substantial proportion of tree water use in
eucalypt forests (Dawson and Pate, 1996; Zolfaghar et al., 2014; Eamus
et al., 2015), even under relatively high rainfall regimes (approx.
1500mm yr−1) for water tables at 10mbs–18mbs (Christina et al.,
2017). Recent studies have shown that tree water stress and mortality
are dependent on the amount of water stored in deep soil layers in
Australian eucalypt forests (Harper et al., 2009; Brouwers er al., 2013;
Zolfaghar et al., 2014), in the Amazonian Forest (da Costa et al., 2010;
Malhi et al., 2009) and in the Brazilian savanna (Jackson et al., 1999;
Oliveira et al., 2005). In consequence, modifications to current man-
agement practices in drought-prone planted forests have been proposed
to decrease tree water stress during dry periods. The most common
silvicultural adaptations proposed are: (i) to plant species and hybrids
selected by breeding programs for their high tolerance to drought
(Dutkowski et al., 2012; Rojas et al., 2017), (ii) to decrease the stocking
densities (Mendham et al., 2011; White et al. 2009) or rotation periods,
to restore soil water storage after clear-cutting (Harper et al., 2014),
(iii) to reduce the amounts of fertilizer applied (Forrester et al., 2013;
Battie-Laclau et al., 2014a; White et al., 2009), and (iv) to concentrate
future afforestation programs on deep soils (Harper et al., 2014; Battie-
Laclau et al., 2016).

Although it is well established that an adequate nutritional status
helps plant tolerance to abiotic stresses (Cakmak, 2005; Reddy et al.,
2004), carbon partitioning to wood production (Litton et al., 2007;
Epron et al., 2012), and water-use efficiency (White et al., 2014; Battie-
Laclau et al., 2016), some studies have shown that fertilization is likely
to increase tree water stress during dry periods (Linder et al., 1987;
White et al., 2009), for example by increasing leaf area. Measurements
(Battie-Laclau et al., 2014a, 2016) as well as modeling approaches
(Christina et al., 2015) in a field experiment manipulating throughfall
and potassium (K) supply showed that a decrease in K fertilizer relative
to current practices in commercial eucalypt plantations might help re-
duce tree water stress during drought through lower water use and
increased water storage in deep soil layers during rainy seasons.

Concerns have been raised since the new millennium about the
impact of highly productive eucalypt plantations on groundwater re-
sources and stream flow in tropical regions (Cossalter and Pye-Smith,
2003; Farley et al., 2005). In a future drier climate, management
practices should be adapted to maintain wood production while lim-
iting adverse consequences on groundwater resources. Our study aimed
to gain insight into the effects of contrasting K nutrition and water
supply regimes on tree water use and water seepage under highly

productive Eucalyptus plantations in tropical soils. We hypothesized
that: (i) a decrease in rainfall reduces tree water use and groundwater
recharge, but increases tree water stress and the depth of water uptake
in the soil and (ii) a decrease in K fertilization could mitigate the ad-
verse consequences of low precipitation on tree water stress and soil
water resources.

2. Material and methods

2.1. Site description

The experiment was conducted at the Itatinga Experimental Station
of the University of São Paulo in Brazil (23° 020S; 48° 380W). From
2010 to 2014, the mean annual precipitation was 1578mm yr−1, with a
drier year in 2014 (1189mmyr−1) at this site. The dry season lasted
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 lo-
cated on a hilltop (slope < 3%) at an altitude of 850 MASL. The soils
were very deep Ferralsols (> 15m; Christina et al., 2011) developed on
Cretaceous sandstone, with clay content ranging from 14% in the top
soil to 23% in deep soil layers (Laclau et al., 2010).

The experiment was described in detail by -Laclau et al. (2014a). A
split-plot experimental design was set up in June 2010 with a highly
productive Eucalyptus grandis clone used in commercial plantations by
the Suzano Company (São Paulo, Brazil). Two K fertilization regimes
(+/−K) and two water supply regimes (+/−W) were applied in three
blocks. The area of the individual plots was 864m2 (144 trees per plot).
The four treatments were:

• +K+W: K fertilization (0.45 mol Km−2 applied as KCl) and no
throughfall exclusion,

• −K+W: no K fertilization and no throughfall exclusion,

• +K−W: K fertilization and about 37% throughfall exclusion,

• −K−W: no K fertilization and about 37% throughfall exclusion.

K fertilizer was applied 3months after planting and the amount was
calculated to be a non-limiting factor at our study site (Almeida et al.,
2010). Before fertilization, mean exchangeable K was ranging from
0.02 cmolc kg−1 in the upper soil layer and<0.01 cmolc kg−1 between
0.05mbs and 15mbs (Laclau et al., 2010). Other amendments
(3.3 g Pm−2, 200 gm−2 of dolomitic lime and trace elements) were
applied at planting for all treatments and at 3months after planting
(12 g Nm−2); this was not limiting for tree growth at this study site
(Laclau et al., 2009). Manual weeding was done in the first months after
planting and then glyphosate was applied before canopy closure to
totally eliminate weeds in the experiment. Leaf cutting ants were con-
trolled before planting using sulfluramide based baits. A manual hole
was made for planting. Throughfall was excluded using panels made of
clear, PAR-transmitting greenhouse plastic sheets mounted on wooden
frames at a height of 1.6 m–0.5m. Plastic sheets (37 cm in width) were
set up in the throughfall exclusion plots to cover 37% of the area, and
the throughfall exclusion amounted to ∼450mm y−1. Photographs of
the design can be found in Battie-Laclau et al. (2014a,b).

Meteorological data were obtained from June 2010 to December
2014 using an automatic weather station placed at the top of a 21m
high tower located at 50m from the experiment at a half-hourly time
step. The following data were used as inputs to the MAESPA model:
incident total short-wave radiation (RAD, W m−2), air temperature
(Tair, °C), relative humidity (RH, %), atmospheric pressure (Press, Pa),
wind speed above the canopy (Wind, m s−1) and precipitation (PPT,
mm). Annual precipitations were 1834, 1622, 1714 and 1103mm yr−1

in 2011, 2012, 2013 and 2014 (an exceptionally dry year), respectively.
Measured canopy transpiration was estimated using sap flow mea-

surements at tree scale (see Battie-Laclau et al. 2016 for details) to be
compared with model simulation. The sap flow density was measured

M. Christina et al. Forest Ecology and Management 418 (2018) 4–14

5



from July 2011 to June 2013 in 10 to 13 trees, throughout the range of
cross-sectional area in each treatment, at a 30-min time step, using a
calibration equation determined in a preliminary study (Delgado-Rojas
et al., 2010, slope=0.97 and R2= 0.94 between predicted and mea-
sured values of tree transpiration). In each treatment, a linear regres-
sion was performed between the daily sap flow of each tree and the
circumference at breast height (CBH). These regressions were then used
to estimate the daily stand-scale canopy transpiration from the CBH of
all the trees in each inner plot. Soil water content was measured with 3
TDR probes per treatment (Trase Soilmoisture, Santa Barbara, CA, USA)
at 0.5, 1.5, 3.0, 4.5 and 6.0 mbs over the study period, to be compared
with model simulation.

2.2. MAESPA model

The MAESPA model (Duursma and Medlyn, 2012) is a model cou-
pling the above-ground components of the MAESTRA model (Medlyn
et al., 2007; Wang and Jarvis, 1990) and the water balance components
of the SPA model (Williams et al., 2001a, 2001b), with several changes
and additions (Christina et al., 2017) in particular in the soil water
balance model (water table dynamics, capillary rising,…) and stomatal
conductance model. The model has a long history of development and
applications on diverse forest types (see the bibliography at http://
maespa.github.io/bibliography.html). A 3D single-tree based model
calculates light interception and distribution within the tree crowns to
estimate the absorbed photosynthetically active radiation for individual
trees in the stand, considering neighboring trees that compete for light.
A leaf physiology model is used to estimate photosynthesis and tran-
spiration at the leaf scale (Medlyn, 1998). The water balance is based
on a soil-root-leaf-air water potential gradient and on the hydraulic
conductivity between these compartments. The tree canopy is divided
in small grid cells and transpiration is calculated from the Penman-
Monteith equation applied to the small volumes of leaves inside. There
were two methods for calculating transpiration: one using the Pen-
man–Monteith equation applied to small volumes of leaves and the
other simulating the water flow from the soil to the leaves based on
water potential gradients and hydraulic conductivity. The leaf water
potential, which was used to calculate the leaf stomatal conductance
(Tuzet et al., 2003), was estimated iteratively to ensure that the two
transpiration rate calculations matched. In the Tuzet et al. (2003)
model, stomatal conductance depends on leaf water potential, which
summarize the effect of both vapour pressure deficit and soil water
potential. The soil is considered as horizontally uniform. Water uptake
is distributed between the soil layers depending on the fine root density
and soil water potential. The soil water storage in each layer is calcu-
lated as the balance between infiltration, soil evaporation, drainage,
root water uptake, capillary rising and lateral groundwater flow. The
fraction of roots in each layer is an input parameter in the model as well
as root characteristics such as root diameter, specific root length and
total root biomass. Root systems are assumed to be horizontally
homogeneous under the whole stand. The equations and mechanisms
driving the water balance were described in Duursma and Medlyn
(2012) with some modifications detailed in Christina et al. (2017;
supplementary information).

2.3. MAESPA parameterization

The MAESPA model has been parameterized over the first 3 years
after planting for the studied site using a split-plot design with com-
binations of K nutrition and water supply regimes (Christina et al.,
2015, Appendix Table A2). In addition, the leaf area index, crown
morphology, tree height and leaf angle measurements were extended to
4.5 years after planting in all the treatments using the methods de-
scribed in Christina et al. (2015). The positions of each tree within the
plot were specified in MAESPA. The tree height, crown length and ra-
dius, and leaf area of each tree were calculated based on inventories

and destructive measurements of eight trees carried out in each plot
monthly from 6 to 17months after planting and then at ages 23, 27, 31,
36 and 48months. The tree size parameters were estimated by linear
interpolation between each inventory. Age-specific allometric re-
lationships between leaf area and the tree size were determined for
each treatment and then applied to estimate leaf area for all the trees in
the plots for each treatment using inventory data. Belowground model
parameters are given in appendix (Table A3). We assumed that soil
hydraulic conductivity decreased linearly between 3mbs and 8mbs,
and remained constant below 8mbs. In each treatment, the minimum
soil water content for root absorption was the lowest volumetric water
content measured by TDR probes at each depth over the study period
(Christina et al., 2015) and we assumed a linear increase with soil depth
down to 18mbs (as in Christina et al., 2017). The soil profile is divided
in 50 cm thick soil layers down to 18mbs, with soil characteristics and
root densities specified for each layer.

The experiment was established close to a hilltop and monthly
measurements of the water table (using three piezometers) showed that
it fluctuated throughout the first 4.5 years after planting between
15mbs and 17mbs, with small differences between treatments. Large
amounts of deep drainage in a neighboring stand with a very low leaf
area index (LAI) at the top of the hill influenced the water table within
the experimental site, with a rise of 1–2m at the end of each rainy
season, independently of the treatment. The small area of each treat-
ment within the field trial did not make it possible to measure the ef-
fects of the K and W supply regimes on the water table depth in each
treatment. For this, very large stand would have been necessary, which
was not technically possible. A modeling approach was therefore used
to explore the impact of these treatments on the water table present in
each plot at the same depth at planting, and to assess the consequences
of different K nutrition and water supply regimes on soil water re-
sources in commercial Eucalyptus plantations covering large areas. The
initial water table depth and the lateral groundwater flow used for the
simulations were measured in a nearby 90 ha commercial Eucalyptus
plantation growing on the same soil type and studied in detail in
Christina et al. (2017). All the other parameters used in the MAESPA
model (soil and plant parameters) were specifically determined from
measurements in the experiment manipulating K and W supply regimes,
as described above (Appendix Tables A1, A2 & A4). Measurements in
the 90 ha commercial stand showed the water table initially at 18.5 mbs
at planting and had a lateral groundwater flow of ∼0.5 mmd−1

(Christina et al., 2017). Finally, simulations were performed for each of
the 36 inner trees in each plot over the 4.5 years after planting at a
15min time step. Six lines of trees were added as buffer rows in the
simulations to take into account the radiation environment of the 36
target trees.

2.4. MAESPA predictions and comparison with measurements

Daily transpiration was estimated for each tree and summed over all
the inner plots of each treatment. It was then divided by the area of the
inner plots to estimate the stand-scale canopy transpiration (TC, mm
d−1). Each day, the depths of soil layers were weighted by the fraction
of water withdrawn from each layer to estimate the weighted uptake
depth (DUPT, mbs). For a particular day, the weighted uptake depth was
calculated as follows:

=
∑ ∗

∑
D

D UPT
UPT

,UPT
i i i

i i (1)

where UPTi is the water withdrawn from layer i (mm d−1), and Di is the
depth of layer i (mbs) from the soil surface to the depth of the water.
Water uptake from the capillary fringe of the water table was included.

A soil-driven water stress index was calculated to assess the con-
sequences of soil water limitation on tree water status. We predicted the
stand-scale canopy transpiration over the 4.5 years of growth with the
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soil water content forced to field capacity throughout the soil profile
(TC,sat_soil), while all other parameters were identical to the simulation
with non-forced soil water content. TC,sat_soil was influenced by canopy
structural characteristics (e.g. leaf area index, leaf angles, tree position
and sizes), by meteorological conditions (e.g. global radiation, vapor
pressure deficit) but not by soil water content. As a consequence, TC is
always lower (when there is. soil-driven water stress) or equal to
TC,sat_soil (with. no soil-driven water stress). A daily soil-driven water
stress index (ISWS,d) was, therefore, calculated from the ratio between
daily TC and daily TC,sat_soil:

= −I T
T

1 ,SWS d
C

C sat soil
,

, (2)

Similarly, a total soil-driven water stress index over the whole
growth period was calculated as follows:

= −
∑

∑
I

T
T

1 ,SWS tot
i C i

i C sat soil i
,

,

, , (3)

where, TC,i and TC,sat_soil,i are the TC and TC,sat_soil at day i (from planting
date to 4.5 years), respectively.

Total deep seepage was calculated as the sum of the lateral
groundwater flow over the first 4.5 years after planting and the differ-
ence in the groundwater stocks after 4.5 years (difference between final
and initial groundwater stocks above 18mbs). The deep seepage cor-
responds to the part of the water that will mostly be available for
stream flow in the long term (blue water). Canopy transpiration, soil
water content, weighted water uptake depth, deep seepage and water
storage throughout the soil profiles were predicted for each plot of the
split-plot experiment and averaged per treatment.

The model outputs for canopy transpiration (TC) and soil water content
(θ) were compared to measurements made at the same site. Predicted
daily TC for each treatment was compared to sap flow measurements
carried out by Battie-Laclau et al. (2016) from 1 to 3 years after planting.

3. Results

3.1. Comparison between predicted and measured stand transpiration and
soil water content

In general the predicted canopy transpiration (TC) was a good fit to
the measurements (Fig. 1). Root mean square errors (RMSE) between
daily measurements and predictions ranged from 0.63 to 1.08mm d−1

(from 4 to 16%), depending on the treatment. Over the two years of
measurements, canopy transpiration was underestimated by 6% for +K
+W and 16% for +K−W and was over-estimated by 9% for −K+W
and 15% for −K−W.

There was good overall agreement between predicted and measured
soil water content (θ) over the study period, for all treatments and soil
depths (Fig. 2). The RMSEs between predicted and measured θ over the
first 4.5 years after planting, across all the soil depths equipped with
TDR probes, were similar in all treatments
(RMSE=0.020–0.023m3m−3). The small discrepancies between
measured and predicted TC and θ (down to 6mbs) in all the treatments
suggest that our simulations of water fluxes throughout the soil profiles
were realistic.

3.2. Canopy transpiration and tree water stress

The effects of K and W supply regimes on canopy transpiration (TC)
changed over the tree growth period (Fig. 3). For +K+W, TC sharply
increased after planting up to approximately 3mmd−1 at one year of
age, then reached maximum values of 5–6mmd−1 in the successive
rainy seasons. For +K+W, TC in the dry season was about half that in
the rainy season. The predicted TC for +K−W was similar to that for
+K+W the first year after planting, after which TC was limited to
maximum values of about 4mmd−1 for +K−W in the rainy seasons.
For −K+W and −K−W, TC increased up to 2mmd−1 the first year

Fig. 1. Comparison between daily predicted (blue
line) and measured (black line) canopy transpira-
tion from 1 to 2 years after planting in Eucalyptus
grandis plantations for different K nutrition and
water supply regimes. −K and +K are for the K-
deficient and K-fertilized trees, respectively. +W
and −W are for undisturbed rainfall and exclusion
of 37% of throughfall, respectively. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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after planting and remained below 3mmd−1 for the rest of the study
period. The effects of K deficiency and W deficit on TC were therefore
more pronounced after canopy closure (at about 1.5 years of age) than
earlier. TC for +K−W was 270–517mm y−1 less than for +K+W after
canopy closure (Table 1), which represented an overall decrease of 20%
over the study period (Fig. 5a). TC for both −K+W and −K−W was
231–685mm y−1 less than for +K+W (Table 1), which represented an
overall decrease of 38% (Fig. 5a). The dynamics of tree transpiration
over time and change between K and W availability followed the
change in leaf area index observed in our experiment and presented in
previous studies (Battie-Laclau et al., 2014a, 2016; Christina et al.,
2015). In average, LAI decreased by 45% for both−K+W and−K−W,
compared to +K+W. In comparison, LAI was 10% lower in +K−W
compared to +K+W, over the growth period, but this difference in-
creased over the growth. The consequences in term of total above-
ground net primary production was similar and presented in Battie-
Laclau et al. (2016).

For +K+W the model predicted only short periods with daily soil-
driven tree water stress (ISWS,d) > 0.2 at the end of the dry seasons
(Fig. 3). However, for −K+W; ISWS,d was low throughout the tree
growth period, except during one short climatic event about 1 year after
planting. For +K−W, ISWS,d was high in each dry season and remained
greater than 0.4 most days from 3.5 years onwards. For −K−W, ISWS,d

was slightly lower than for +K+W over the study period, even the
fourth year after planting which was particularly dry. ISWS,d was only
greater than 0.1 only when the available soil water content in the layers
with roots was less than 0.02m3m−3, except for +K−W, where the

threshold value was 0.04m3m−3.
The soil-driven tree water stress index over the growth period

(ISWS,tot) was strongly influenced by K and W supply regimes (Fig. 5b).
ISWS,tot for +K−W was +166% higher than for +K+W and for −K
+W it was 76% lower than for +K+W. ISWS,tot for−K−Wwas slightly
lower (−14%) than for +K+W. and 38% lower than for +K−W.

3.3. Water uptake depth

While contrasting K and W supply regimes strongly affected annual
TC, water uptake depth was little affected by the treatments up to age
2 years (Fig. 4). However, water uptake depth sharply increased in K-
fertilized stands the fourth year after planting, which had exceptionally
low rainfall at our study site (Table 1), with mean annual values of
approx. 6 mbs for +K−W, 4m for +K+W and about only 2mbs for
−K+W and −K−W. For −K+W the fluctuations in water uptake
depth were much smaller throughout the fourth year after planting than
for the other treatments. The water uptake depth was much greater in
dry seasons than rainy seasons, with little differences between treat-
ments up to 3 years (Fig. 4). In the dry season of the fourth year after
planting, the mean water uptake depth was only about 2mbs for −K
+W (with a low temporal variability) whereas it reached 7–9mbs for
the other treatments (with a high temporal variability). Water with-
drawal close to the water table hardly ever occurred for −K+W and
even −K−W (Fig. 4, Table 1), while this occurred frequently from
2.5 years onwards for +K−W and from 3.5 years onwards for +K+W,
after the upper soil layers dried out. However, the simulation of the

Fig. 2. Predicted (blue line) and measured (black
line) daily volumetric soil water content (θ) over
the first 4 years after planting Eucalyptus grandis
trees for different K nutrition and water supply
regimes. θ was measured in each treatment at
0.5mbs, 1.5 mbs, 3mbs, 4.5mbs and 6mbs, using
TDR probes. −K and +K are for the K-deficient
and K-supplied trees, respectively. +W and −W
are for undisturbed rainfall and exclusion of 37%
of throughfall, respectively. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this ar-
ticle.)
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water table depth was for a large stand with dynamics similar to an-
other site previously studied 15 km away in the same catchment area.
The implications of this modeling choice will be further discussed.

The model indicated that, during the first 2.5 years of growth, 88%
of the water used by the trees was taken up in the upper 5m for all
treatments (Table 1). During the third year of growth, water uptake in
the upper 5m remained high in all treatments (84–91%) except for +K
+W where 76% of water was taken up in the upper 5m. For +K−W,
16% of the water was taken up below 5mbs and 11% in the capillary
fringe. The water uptake in the water table capillary fringe reached
23% of tree water use the last year of growth (an exceptionally dry
year) in both −W treatments (+K−W and –K−W). On the contrary,
even during an exceptionally dry year, water uptake from the capillary
fringe was almost non-existent for −K treatments.

3.4. Soil water content and groundwater stocks

The K and W supply regimes strongly influenced soil water content
(θ) throughout the soil layers explored by fine roots (Fig. 4). θ was
higher for −K +W than for +K+W and the differences increased with
stand age. As expected, θ was lower for +K−W and −K−W than for
+K+W.

The depth of the water table over the first 4.5 years after planting
was highly dependent on the K nutrition and water supply regimes
(Figs. 4 and 5c). While the groundwater stocks (down to 18 mbs) de-
creased by 35mmyr−1 on average over the study period for +K+W, it
decreased by 138mmyr−1 for +K−W and increased by 288mm yr−1

for –K +W. The groundwater stocks decreased by only 23mm yr−1 for
−K−W.

Water table depths were highly dependent on the K and W supply
regimes (Fig. 4). The water table rose from 18mbs to 12mbs the first
year after planting without throughfall exclusion (+K+W and −K
+W). While the water table progressively fell to 16mbs at 4.5 years
after planting for +K+W, it rose to 10mbs for −K+W. With
throughfall exclusion (+K−W and −K−W), the water table rose to
about 14mbs after 1 year. The water table then fell slowly to 16mbs for
−K−W after 4.5 years because of lateral groundwater flows, while it
fell to 18mbs for +K−W, as a result of water uptake from the capillary
fringe. For K-fertilized trees, there was groundwater recharge by
gravitational water in years with high rainfall but not in years with low
rainfall (after the first year for +K−W and in the fourth year after
planting for +K+W). The groundwater recharge was much higher
under K-deficient trees than under K-fertilized trees.

The deep seepage (Fig. 5d) was calculated as the sum of the lateral
groundwater flow over the study period (Table 1) and the difference in
the groundwater stocks (down to 18mbs) between the end and the
beginning of the study period. Deep seepage is a proxy of the soil water
resources supplying the long-term stream flow in afforested catchment
areas. Compared to standard silvicultural practices (+K+W), deep
seepage was 371mmyr−1 higher (+122%) with K deficiency (−K
+W) and 200mm yr−1 lower (-66%) with throughfall exclusion
(+K−W).
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Fig. 3. Canopy transpiration (TC) in Eucalyptus grandis
plots over 4.5 years after planting. −K and +K are for
the K-deficient and K-supplied trees, respectively. +W
and −W are for undisturbed rainfall and exclusion of
37% of throughfall, respectively. The daily soil-driven
water stress index, ISWS,d is shown as a color gradient
(red for transpiration limited by soil water content, and
blue for non limited transpiration). Daily precipitation
(PPT) over the study period is shown in the upper graph.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of
this article.)
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4. Discussion

4.1. Simulation reliability

The discrepancies between measured and predicted values were
relatively small in our study for stand transpiration and soil water
contents, which suggests that the effects of K nutrition and water supply
regimes on soil water resources were predicted reliably. Nevertheless,
canopy transpiration estimates might be affected by several sources of
uncertainty such as the rough estimation of the variation of Leaf Area
Index (LAI) and root depth with time, which may affect predicted
transpiration, and uncertainties associated with sap flow measurements
(Köstner et al., 1998). While linear interpolation between the destruc-
tive LAI measurements made at about 6month intervals limited the
intra-annual variations in LAI, destructive (Christina et al. 2017) and
remote sensing measurements (le Maire et al., 2011) made at higher
frequencies in nearby Eucalyptus plantations showed that seasonal LAI
changes can be more rapid. Also, despite using sap flow probes speci-
fically calibrated for E. grandis trees at our study site, there may still be
uncertainties associated with sap flow measurements and their extra-
polation to the whole stand. The soil water content down to 6mbs was
satisfactorily predicted over the study period in the 4 treatments, as in a
previous study using the MAESPA model in E. grandis plantations
(Christina et al., 2017).

The depth of the water table is site-dependent and cannot change
over short distances in a field experiment with throughfall exclusion.
Our objective here was not to predict the water table variations for the
experiment, but to predict the water table variations that would have
occurred in a large commercial plantation, by using the initial water
table depth and lateral groundwater flow parameters obtained for a
large nearby E. grandis stand growing on a similar soil type (Christina

et al., 2017). Since measured structural and physiological tree para-
meters are inputs in the MAESPA model, there is no feedback between
the predicted soil water balance and tree characteristics (e.g. LAI).
Therefore, one potential issue comes from the prediction of ground-
water uptake, as the real water table depth in the experiment may be
different. We argue here that this bias leads to only limited errors in the
predictions for several reasons.

(1) The water table depth was measured as 15 mps to 17 mps over the
whole rotation in the experiment, which indicates that the trees did
not have access to groundwater over the first 3 years after planting
(unpublished data). This corresponds to our predictions for all
treatments, since we predicted almost no groundwater uptake the
first 3 years, and no water uptake below 14mbs.

(2) In the fourth year, the predicted water table for all treatments ex-
cept −K+W reached depths similar to that measured in the ex-
periment (17mbs). For these treatments, we predicted groundwater
uptake during that year, which was also probably occurring in the
experiment.

(3) For −K+W, there was nearly no predicted groundwater uptake,
even though the water table was predicted to be higher than in the
other treatments. This lack of water uptake from the water table is
therefore highly probable in the experimental plots where the water
table was 6–8m deeper than predicted for a large stand.

The quantification of the effects of K nutrition and water supply
regimes on water storage in very deep soil layers as well as deep water
seepage, which probably affects stream flows in catchment areas cov-
ered by eucalypt plantations, was among the most interesting outputs of
our simulation approach.

4.2. Consequences of different K nutrition and water supply regimes on
Eucalyptus water use and tree water stress

In agreement with our first hypothesis, throughfall exclusion de-
creased tree water use and the groundwater recharge, increased tree
water stress (shown by ISWS) and increased the depth of water uptake in
the soil. The soil-driven tree water stress index is an instantaneous
index measuring the effect of soil water content on transpiration. Under
a saturated soil, many tree traits should be impacted in turn due to
plant plasticity (e.g. LAI), which was not the case in our simulation;
therefore, the computed index act as an instantaneous water stress
index considering only the direct effect of soil water content to stomatal
conductance and plant transpiration. A decrease in groundwater re-
charge after planting, in response to a decrease in rainfall, led to a drop
in the water table, through the continuous outgoing lateral ground-
water flow within the catchment area. Management of eucalypt plan-
tations has been shown to have a strong effect on the water table in
Brazil with a rise from -26mbs to -16mbs after clear cutting (Almeida
et al., 2007). In this experimental catchment area covered by highly
productive plantations, the deep seepage over an entire rotation
amounted to 3.6% of the total precipitation (1147mmyr−1 on
average), which is consistent with our findings in K-fertilized plots. The
contribution of soil water stored in deep soil layers is critical for tree
survival in regions with frequent droughts. In Australia, Eucalyptus
plantations with high stocking densities were highly sensitive to
drought after 3 years of growth during dry periods (Harper et al., 2014).
A strong relationship between tree growth rates (and mortality) and
water table depth has been shown in groundwater-dependent ecosys-
tems (Eamus et al., 2015), and in particular in Eucalyptus and Pinus
forests (McGrath et al., 1991; Harper et al., 2009; Zolfaghar et al.,
2015).

In agreement with our second hypothesis, a severe K-deficiency of E.
grandis trees led to lower water use and lower tree water stress (shown
by ISWS) in comparison with K-fertilized trees, and increased the
groundwater recharge. A growing body of evidence suggests that forests

Table 1
Water fluxes over the study period for different K nutrition and rainfall supply regimes in
Eucalyptus grandis plantations. The table shows annual canopy transpiration and water
uptake by trees at different depths (0–5m, 5m down to the water table, and at the ca-
pillary fringe of the water table), soil water storage in the vadose zone and lateral
groundwater flows. Annual precipitation was 1834, 1622, 1714 and 1103mmyr−1 from
0.5 to 1.5, 1.5 to 2.5, 2.5 to 3.5 and 3.5 to 4.5 years after planting, respectively.

Stand age (year) +K+W −K+W +K−W −K−W

Canopy transpiration (mm yr−1)
0.5–1.5 947 654 984 716
1.5–2.5 1365 881 1095 1035
2.5–3.5 1438 753 1110 792
3.5–4.5 1323 774 806 705

Uptake 0 – 5 mbs (mm yr−1)
0.5–1.5 840 598 859 639
1.5–2.5 1115 798 955 872
2.5–3.5 1088 644 933 722
3.5–4.5 796 647 543 523

Uptake 5mbs – water table (mm yr−1)
0.5–1.5 107 56 125 77
1.5–2.5 233 78 140 163
2.5–3.5 341 84 50 70
3.5–4.5 221 118 79 182

Uptake from the capillary fringe (mm yr−1)
0.5–1.5 0 0 0 0
1.5–2.5 17 5 0 0
2.5–3.5 9 25 127 0
3.5–4.5 306 9 184 0

Vadose soil water storage (mm yr−1)
0.5–1.5 +387 +614 −111 +106
1.5–2.5 −143 +241 −241 −248
2.5–3.5 −256 +220 −285 +2
3.5–4.5 −524 −208 −92 −157

Groundwater lateral flow (mm yr−1)
0.5–1.5 291 287 144 132
1.5–2.5 350 443 170 172
2.5–3.5 308 532 112 126
3.5–4.5 174 470 23 96

M. Christina et al. Forest Ecology and Management 418 (2018) 4–14

10



Fig. 4. Daily simulated soil water content (θ, m3 m−3)
per soil layer down to 18mbs over the study period for
undisturbed rainfall and K fertilization (+K+W) for
potassium deficiency (–K+W), for throughfall exclu-
sion (+K−W) and combined potassium deficiency
and throughfall exclusion (−K−W). The red line in-
dicates the daily weighted uptake depth (mbs).

Fig. 5. Mean responses of eucalypt trees to dif-
ferent potassium (K) and water (W) supply re-
gimes over the study period: (a) canopy tran-
spiration (TC, mm yr−1), (b) soil water stress
index (ISWS,tot, unitless), (c) changes in ground-
water stocks down to 18mbs (mm yr−1) and (d)
deep seepage (sum of lateral groundwater flow
and change in groundwater stocks, mm yr−1).
The variations are shown in percentages on ar-
rows and mean annual values are indicated
within each box. −K and +K are for the control
and K-supplied trees, respectively. +W and −W
are for undisturbed rainfall and exclusion of 37%
of throughfall, respectively.

M. Christina et al. Forest Ecology and Management 418 (2018) 4–14

11



are less prone to water deficit under low than under high nutrient
availability, as has been shown for Eucalyptus and Pinus plantations
(Linder et al., 1987; Mendham et al., 2011; White et al., 2009; Battie-
Laclau et al., 2014a). Water stress and tree mortality in Eucalyptus
plantations increased in response to nitrogen fertilization in Australia
(Carter and White, 2009; Stoneman et al., 1997). An increase in tree
water stress in response to K fertilization (this study), and N fertilization
(White al., 2009; Mendham et al., 2011) might also occur for other
nutrients, when a major deficiency in the soil is removed by fertilizer
addition.

Despite the beneficial effect of nutrient supply on plant resistance to
abiotic stresses (Cakmak, 2005; Reddy et al., 2004), our study em-
phasizes possible drawbacks of high fertilization on tree water stress
over dry periods in fast-growing planted forests. Fertilization greatly
increases leaf area and biomass production in Eucalyptus plantations
(Leuning et al., 1991; Clearwater and Meinzer, 2001; Epron et al., 2012;
Smethurst, 2010; du Toit et al., 2010), as well as photosynthetic ac-
tivities in expanded leaves (Leuning et al., 1995; Battie-Laclau et al.,
2014b, Forrester et al., 2013). High productivity in these fast-growing
plantations is associated with high transpiration rates, which leads to
reduced water storage in deep soil layers during rainy seasons
(Christina et al., 2017) and might lead to an increase in tree water stress
during the following dry periods.

Our results suggest that a reduced but adequate nutrient supply can
help mitigate the adverse consequences of low precipitation on tree
water stress and soil water resources. We compared highly fertilized
trees with severe K deficiency in our study but intermediate K fertilizer
addition should also be studied. Addition of sodium instead of po-
tassium in the K-deficient soil of our study site led to water stress of E.
grandis trees (shown by predawn leaf water potential) and wood pro-
duction that was intermediate between K-fertilized trees and K-defi-
cient trees (Battie-Laclau et al., 2014a).

4.3. Managing water in eucalypt plantations under climate changes

Tropical and subtropical planted forests provided 65% of the global
wood consumption in 2012 (Payn et al., 2015). However, the intensity
and duration of dry periods will probably increase in the future in many
tropical and subtropical regions (Solomon et al., 2009). Therefore,
management practices improving tree tolerance to severe drought are
needed to satisfy a continuously increasing demand in wood (FAO,
2010). The partitioning between blue water and green water is a major
issue in many regions (Farley et al., 2005; Jackson et al., 2005;
Falkenmark and Rockström, 2006). While low evapotranspiration rates
contribute to maintaining stream flows in afforested catchments, high
evapotranspiration rates can positively affect the regional climate,
though a decrease in land surface temperatures, and an increase in
atmospheric humidity and precipitation (Bonan, 2008; Peng et al.,
2014; Alkama et Cescatti, 2016; Syktus and McAlpine, 2016). Managing
water in eucalypt plantations and, more generally, in agricultural lands
is therefore essential to cope with both local and global issues.

Our study shows that soil depth is an essential criterion to consider
for the selection of new afforestation sites in tropical regions prone to
severe droughts. The depth of the soil explored by tree roots strongly
influences the soil water storage capacity and the amount of water
available for tree growth during dry periods (Harper et al., 2014, 2009;
Laclau et al., 2013). Even though planting water-resistant genotypes is
essential to limit the risks of tree mortality, the most resistant clones are
not the most productive. When selecting the genotype to plant in each
plot, forest managers must compromise between potential wood pro-
duction and the risk of mortality during prolonged drought periods.
Management practices leading to a reduction in stand transpiration by
comparison with intensively managed plantations can contribute to
increasing water storage in deep soil layers. Stand water use can be
decreased through a reduction in LAI, which can be achieved by using
stocking rates that are lower than the most productive plantations

(Mendham et al., 2011; Harper et al., 2014). However, tree plasticity
leads to an increase in leaf area per tree when the stocking density
decreases in Eucalyptus plantations (Le Maire et al., 2013; Stoneman
et al., 1997), and a large decrease in the stocking density is therefore
needed to substantially reduce LAI. Moreover, low stocking densities
can have some drawbacks for Eucalyptus plantations (e.g. more difficult
weed control, larger trunks to harvest,…) and other management op-
tions could be considered to improve the tolerance of tropical planta-
tions to drought. Reducing the rotation period (i.e. the time between
two successive harvests) could be another means of reducing tree water
stress, with a more frequent groundwater recharge after clear cutting.
For example, a rise of 6–10m in the water table after clear cutting
followed by a drop down to its initial depth has been observed in
commercial eucalypt plantations intensively studied in two Brazilian
states (Almeida et al., 2007; Christina et al., 2017). Thinning at mid
rotation could also be an alternative to open the canopy and sig-
nificantly reduce evapotranspiration and tree water stress in the last
years before the final harvest (White et al., 2009).

Fertilization regimes can be a flexible tool to improve local trade-
offs between wood production and water resources. A reduction in
fertilizer supply relative to current practices can strongly decrease stand
water use and therefore contribute to enhancing the drought tolerance
of the trees, but at the expense of stand productivity (White et al., 2009;
Battie-Laclau et al., 2016, Christina et al., 2015). Fertilization regimes
could be associated with other management practices (i.e. rotation
periods, stocking densities, thinning at mid rotation, etc.) to limit the
adverse consequences of severe droughts while maintaining a high
wood production.

Major changes in management practices would be operationally
challenging. High risks of tree mortality in a changing climate might
require changes in the productivity objectives of tropical planted forests
(Battie-Laclau et al. 2014a; Harper et al. 2014). The marked effect of
drought on tree water uptake from deep soil layers in our study also
suggests that management practices designed to reduce stand water use
(and therefore stand productivity) might also be useful to maintain
stream flows in some regions under a future drier climate.

5. Conclusion

Fertilization regimes strongly influence tree water use in intensively
managed Eucalyptus plantations and can be used, with other manage-
ment options, as a tool to decrease tree water stress through an increase
in water storage in deep soil layers during rainy seasons. A decrease in
annual rainfall increases the mean soil depth of water withdrawal,
decreases the residual soil water content in deep soil layers and leads to
a drop in the water table. The negative impact of a decrease in annual
rainfall on soil water resources was lower for K-deficient trees than for
K-fertilized trees. Our study suggests that, in a context of climate
change, current levels of nutrient supply in tropical planted forests
might be revised to improve tree tolerance to severe droughts and to
adjust the partitioning between blue water and green water to face both
global and local issues.
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