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A B S T R A C T

High stocking short rotation plantations provide high yields for bioenergy use and have been adopted world-
wide, especially in tropical areas. This silvicultural approach might alter ecosystem water balances compared
with lower stocking, longer rotation practices. The sensitivity of water balance to stocking might also differ
among genotypes. We evaluated the primary components of ecosystem water balance (transpiration - Et, canopy
interception - Ei, soil evaporation – Es) for two hybrid clones that differ in drought tolerance and productivity (E.
urophylla × E. grandis, Clone B2 and E.grandis × E.camaldulensis, Clone C3) planted in stockings ranging from
590 to 2,950 tree ha.-1 in a tropical region in Brazil. On a monthly time step, all water balance components of the
two clones were largely related to the seasonality of rainfall, where the wet season represented 73% of the total
rainfall, these processes corresponded on average to 76, 75, 67 and 70% of annual canopy interception, soil
evaporation, transpiration and evapotranspiration (ET), respectively. For both clones, temperature (R2 = 0.32)
and precipitation (R2 > 0.76) explained evapotranspiration responses while adding stocking as a second in-
dependent variable slightly improving the model for clone B2 but no improvement was detected for clone C3.
When scaling up the monthly data to yearly analyses, all water balance components responded strongly to tree
stocking for both clones during the two years of measurements (1.7 to 3.7 years-old). Annual transpiration rose
linearly with stocking for the clone B2, rising from 550 mm yr−1 up to 1,039 mm yr−1, corresponding to
53–100% of precipitation (P). The clone C3 showed a much weaker influence of stocking on transpiration, rising
only from 550 mm yr−1 at low stocking to 650 mm yr−1 at high stocking (53–63% of P). Canopy interception
rose from about 230 mm yr−1 at low stocking to 300 mm yr−1 at high stocking, with little difference between
the clones, ranging from 21 to 30% of P. Evaporation from the soil decreased with increased stocking for both
clones and represented an average of 20–12% of P from lowest to highest stocking. Total evapotranspiration (ET
– sum of Et, Ei and Es) was about 1,000 to 1,050 mm yr−1 at low-to-moderate stockings of both clones, but the
less-drought tolerant clone B2 showed substantially higher total evapotranspiration at high stocking
(2,900 mm yr−1) compared to the clone C3 (2300 mm yr−1). The difference between precipitation and eva-
potranspiration (the overall ecosystem water balance) declined with increasing stocking, dropping below 0 at
stockings higher than 1,030 tree ha−1 for both clones. High stocking in highly productive Eucalyptus plantations
may be less sustainable across multiple rotations, since any deficit in the ecosystem water balance would need to
come from longer-term soil water storage. Our results indicate that both genetics and tree stocking can be used as
silviculture tools to manage the sustainably of short rotation forest plantations in the face of climate change.

1. Introduction

Over the last 25 years, planted forest area in the tropics increased at
an average rate of 2.5% per year, reaching approximately 56 million ha

(Payn et al. 2015). Eucalyptus plantations are one of the most commonly
planted species because wood productivity of these forests can exceed
50 m3 ha−1 yr−1 (Stape et al. 2010, Gonçalves et al., 2013). The high
growth rates of forest plantations are the result of research and
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development in silviculture and genetic improvement, that often yields
up to a 10-fold increase in volume compared to that obtained by non-
plantation forests (Oliveira et al. 2002, Payn et al. 2015, Binkley et al.,
2020).

Silvicultural practices including high stocking, short-rotation plan-
tations (e.g., > 3,000 tree ha−1 with harvesting scheduled each
3–4 years) are becoming popular for bioenergy production in the tro-
pics as these systems have been found to produce the same amount of
wood biomass in a shorter period of time (Guerra et al., 2014; Eufrade
Junior et al., 2016). The implications for ecosystem water balance
(EWB) could be important (Whitehead and Beadle, 2004) if these sil-
vicultural systems have higher evapotranspiration than precipitation
leading to a long-term decrease in water reserves (Calder et al., 1997,
Mendham et al., 2011).

Many forest management decisions have been proven to affect
ecosystem water balance from a landscape management perspective,
such as the percentage of the landscape coverage by plantations (Ferraz
et al., 2019) or the modification of harvesting age (Cornish and
Vertessy, 2001, Forrester et al., 2010), to the stand silvicultural pre-
scription, as the stocking or the number of trees per area. Stocking af-
fects water relations from tissue components (Forrester, 2015) to wa-
tershed scale (Attia et al., 2019), normally with increasing number of
trees in planted forests increasing the water use of the stand (Forrester,
2015). The majority of studies, including non-tropical regions, have
studied the effect of stockinǵs influence on water balance through
thinning (White et al., 2014, Tsamir et al., 2019), and a few studies
control stocking by varying planting spacing (Leite et al., 1999). Re-
maining trees after thinning differ in many physiological aspects com-
pared to unthinned population, such as transpiration, stem resistance to
water transport and leaf area (Whitehead et al., 1984).

High leaf area (often > 5 m2 m−2) in Eucalyptus plantations
(Giunti Neto et al., 2015) may lead to both high transpiration rates in
trees, and high interception loss of rain retained on leaf surfaces
(Benyon and Doody, 2015, Bialkowski and Buttle, 2015). High water
use might lead to high vulnerability to water stresses, especially during
droughts (McDowell, et al. 2008, White et al. 2009, Allen, et al. 2015,
Hakamada et al. 2017) or when Eucalypts are planted on drier sites
(Ferraz et al., 2019).

Stocking influences ecosystem water balance (Whitehead et al.,
1984, Bréda et al., 1995, Forrester et al., 2012) and Eucalypt species
differ in transpiration rates (White et al., 2002; Mugunga et al., 2015).
As part of the TECHS Project (Binkley et al. 2017), our aim was to
quantify the influence of stocking on ecosystem water balance com-
ponents for two high-productivity Eucalyptus clones growing in a tro-
pical area of Brazil. We selected two hybrids with distinct water stress
tolerances; a drought sensitive hybrid of Eucalyptus grandis and E. ur-
ophylla (Clone B2), and a drought tolerant hybrid of E.grandis × E.ca-
maldulensis (Clone C3) (Gonçalves et al., 2013), and measured key
components of evapotranspiration (Table 1) during two hydrological
years in the period of peak of tree growth (1.7–3.7 years). We hy-
pothesized that:

i) Evapotranspiration increases with stocking, particularly in the wet
season, explained by the tight relationship between rainfall and
water use by trees and

ii) The increase in evapotranspiration with stocking will be greater for
the drought sensitive clone B2 because of its lower sensitivity of
stomatal conductance to water deficit.

2. Materials and methods

2.1. Site description

Our study was conducted in an experimental plantation that was
planted on 02/21/2012 in Mogi Guacu, state of São Paulo, Brazil
(22°20́58́́S and 46°58′16́́W), at an altitude of 664 m. Local climate
(Fig. 1) is humid mesothermal according to Koppen’s classification.
Mean annual temperature is 22 °C, and mean annual precipitation is
1,200 mm, with 120 rainy days, mostly (82%) concentrated in summer
(October to March). Potential evapotranspiration (PET) averages
1,170 mm, similar to the PET observed during the two hydrological
years of our study (1,140 and 1,110 mm). The average aridity index
(AI = PET/P; (Budyko, 1974)), in the region is 0.81, however, during
our study, it reached 1.48 and 0.91 during the first and second year
respectively. The region typically experiences an annual water deficit of
50 mm, with a soil water storage capacity of 150 mm (Demattê, 2000).
The soil in the experimental area is characterized as red oxisol, with a
clay content of 39% and a pH in water of 4.3. The soil is very deep, with
an effective depth on the order of 20 m.

2.2. Experimental design

We took advantage of the TECHS project (Binkley et al., 2017,
http://www.ipef.br/techs/en/) experimental design. Each of the plots
in the stocking experiment was 0.38 ha, and trees were planted at 3-m
intervals within rows, but with a gradient of distances between rows
(Fig. 2). This design allowed us to have a wide range of stockings and
different genotypes in a relatively small area. We evaluated water
balance components at four stockings with 14 trees per plot, and eight
of these trees in each plot were selected for sapflow measurements. The
four stockings were 2950, 1420, 1030 and 590 trees ha−1 (Fig. 2).

Our unit of observation was the individual tree for evaluating the
response of water balance components with increasing stocking. Even
though neighboring trees are not spatially independent, they provide a
fair estimate of water balance components because any interaction
between trees is competitive, leading to increased (rather than de-
creased) variation in physiology. The design also encompasses realistic
competitive interactions that happen in operational plantations. Our
experimental site is uniform, but slight differences in soils might have
some influence on water balance components; however, the 4-fold
range in stocking is likely a much stronger factor on water balance
components than any minor variation in soils.

We measured two genotypes differing in drought sensitivity. The
clone B2 is a hybrid of E. urophylla × E. grandis and is drought sensitive
(Gonçalves et al., 2013) and the clone C3 (E.grandis × E.camaldulensis)
is more drought tolerant; both differed in canopy structure and leaf area
index (Fig. 3). The site was prepared by subsoiling at a depth of 0.60 m,
followed by planting operation in February 2012. The level of fertili-
zation was defined to eliminate any nutritional limitation to growth
with the use of 70 kg N ha−1, 110 kg P ha−1, and 160 kg K ha−1. Ant
control was performed prior to planting and every year afterwards with
0.3% sulfluramide. Weeds were prevented with Glyphosate at 2.88 kg
active ingredient ha−1, so, the site was kept without any vegetation but
the Eucalyptus trees. The entire test site was maintained pest and disease
free through visual inspection since saplings were planted and sapling
survival was 100%.

Table 1
Abbreviations for water balance variables used in this paper.

Variable Abbreviation

Transpiration (stand scale) Et
Soil evaporation Es
Canopy Interception Ei
Precipitation P
Throughfall TF
Evapotranspiration ET
Potential evapotranspiration PET
Stemflow SF
Ecosystem water balance EWB
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3. Individual (tree transpiration) and stand transpiration (Et)
measurements

We used 20 mm Granier-style heat dissipation probes (Granier,
1987) to quantify tree transpiration on 64 individual trees (eight
trees × four stockings × two clones) for 24 months, from November
2013 to October 2015, when trees were between 1.7 and 3.7 years old.
Data were collected every 15 s, and 15-minute averages recorded via a
multiplexer coupled to a data logger (CR1000 and AM 16/32, Campbell
Scientific, Inc., Logan, UT). Probes were positioned at each cardinal
direction (north, south, east, and west), and the sensors were moved 90°
clockwise every three months to minimize differences in circumference
over the time span of the experiment (Grime and Sinclair, 1999). Probes
were insulated using styrofoam and foil-backed insulation, with trans-
parent plastic bags around the insulation to protect from moisture and
stemflow. Sapflow density was calculated using the standard Granier
equation (Granier, 1987) but with coefficients derived from a specific
Eucalyptus calibration (Hubbard et al., 2010). We estimated sapwood
area for the measurement trees using allometric equations based on
diameter at breast height. For these equations, 15 trees were harvested

(of each clone) from the adjacent site with identical stockings. Thin
(10–15 mm) disks were cut at breast height and conducting sapwood
area was estimated visually by measuring four equally opposed radii of
the obvious translucent portion of the disk and calculating area as an
ellipse (for details see Otto et al., 2014). Sapwood area in relation to
DBH was estimated by power models for each genotype (sap-
wood = a + b*DBH, r2 > 0.78). Transpiration per tree (L tree-1) was
estimated as the product of sapflow density and sapwood area. Sap-
wood thickness averaged between 19 and 22 mm so we expect the sap
velocity measured by the probes was representative of the entire sap-
wood area. Stand transpiration (mm ha−1) was estimated using the sum
of values for the eight trees per plot.

4. Ecosystem water balance (EWB)

Solar radiation, temperature, relative humidity, precipitation and
wind velocity data were obtained every 5 min from an automated
weather station 1 km from the test site. These data were stored every
hour using a Campbell CR1000® datalogger.

All water balance components are shown in table 1. P was measured
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Fig. 1. Precipitation (P) (light bar), potential evapotranspiration (PET) (dark bar) determined by the Penman-Monteith method and air temperature (line) during the
2-year period from November 2013 to October 2015, measured in a weather station 500 m far from the experiment. Grey strips represent wet season that accounted
for 73% of precipitation.

Fig. 2. Test site. Left: Photographic image obtained from Google Earth® when trees were 12 months old, solid squares show the location of the two genotypes used in
the study. Right: diagram showing the increasing spacing between trees and the plots with different spacings per tree (590, 1030, 1420 and 2950 tree ha−1).
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with 12 funnel collectors with an area of 0.026 m2 (0.183 m in dia-
meter) in an open area within 50 m of the plots. TF, i.e., the difference
between the precipitation outside and inside the canopy, was obtained
by placing 12 collectors at each stocking for each clone. Water collected
by the 12 funnels in each plot was directed to a reservoir tank and was
measured after each precipitation event > 2 mm using a balance.
Collectors were distributed across representative areas below the ca-
nopies, including within and between rows. An additional group of 12
collectors was installed in an open area adjacent to the research plots.

Soil water evaporation (Es) was estimated according to White et al.
(2002). From January to October 2014 and from May to October 2015,
when PET, estimated using the Penman-Monteith equation (Allen et al.,
1998) exceeded precipitation, we assumed a value for Es of
0.01 mm h−1 for 10 h day−1. This was the lowest value in a study of Es
from dry soil according to a study in similar latitude by Leuning et al.
(1994). When precipitation exceeded potential evapotranspiration,
from November to December of 2013 and from November 2014 to April
2015, we used:

= =

+

E E
γ

RΔ
Δs eq s

(1)

where:
Es = soil water evaporation = Eeq = equilibrium evaporation;
Δ = slope of the relation between saturated vapor pressure and

temperature;
γ = psychrometric constant;
Rs = net radiation below the canopy (MJ m−2).
The slope of the relationship between saturated vapor pressure and

temperature was calculated according to Murray (1967), and the psy-
chrometric constant was determined by FAO method (Allen et al.,
1998). Net radiation was measured hourly and to estimate the net

radiation below canopy, we used the average percentage of radiation
measured by a ceptometer below the canopy compared to the open field
measurement for each clone and each stocking. Measurements were
done every three months and values were interpolated.

Stemflow was estimated with a water-collection system installed on
six trees per plot. Water from these stems was weighed on balance at
the same time as throughfall measurements. We used the ground area
occupied by each tree to extrapolate to a hectare basis. Canopy inter-
ception (Ei) was calculated with Eq. (2):

= − +E P TF SF( )i (2)

Evapotranspiration (ET) was calculated as:

= + +ET E E Et i s (3)

Ecosystem water balance (EWB) for each stocking and clone was
calculated as proposed by Lee (1980) as:

= −EWB P ET (4)

Surface runoff was unimportant at this site (slope < 1%). The
evaporation from understory was also irrelevant, because the experi-
ment was kept weed free for the duration of our measurements.

4.1. Leaf area index

Leaf area index (LAI) was estimated using Beer’s law assuming a
light extinction coefficient of 0.5 (Almeida et al., 2004), and the dif-
ference between photosynthetically active radiation (PAR) values
measured outside the forest (simulating a measurement above the ca-
nopy) and below the canopy.

We measured PAR in each stocking nine times between November
2013 and October 2015 (approximately every 3 months) using a

Fig. 3. General view of the field experiment, showing clone B2 increasing light interception with increasing stocking at age 3.7, with a higher leaf area index than
clone C3 (bottom).
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ceptometer (Decagon Devices Inc., Pullman, WA, USA). Measurements
were performed in two transects per plot, with 16 measurements per
transect. After measurement in each plot, PAR was measured outside
the forest. Measurements were conducted between 11:30 and 13:00 on
clear days with no clouds or wind.

4.2. Statistical analysis

Results were analyzed at a monthly and yearly time step. The in-
dependent variables leaf area index, stemflow, soil evaporation, canopy
interception, transpiration, evapotranspiration and ecosystem water
balance were correlated to the dependent variable, stocking, through
linear and non-linear models. Models were considered significant at
α < 0.05 and were selected with parsimony based on the least AIC and
highest coefficient of determination using CurveExpert version 2.6
(http://www.curveexpert.net/). We evaluated the normality and
homogeneity of variance in all models. We tested if models of the two
clones differed from each other based on a test of identity as proposed
by Leite and Oliveira (2006) where each tree was a unit of observation.
However, as a conservative measure, we also analyzed the effect of
stocking by pooling all eight trees at each stocking into a single average,
giving four observations for testing the effect of stocking. The average
trend would be the same in this analysis, but the reduction in degrees of
freedom gives a far more conservative test of the effects of stocking than
in our basic design that used each tree as a unit of observation. Our
plots had 100% survival, promoting uniformity in size of neighboring
trees. All the analysis were conducted in Sigma Plot (Systat Software,
San Jose, CA, USA) and using an Excel spreadsheet for the test of
identity.

Although the individual tree was our sampling unit, our study only
assessed water balance components at one site. To support our as-
sumption that results from this site would be relevant to other TECHS
sites across Brazil, we examined volume growth for the two clones in
this study across all TECHS sites. We reasoned that because of the
strong positive relationship between leaf area, water use and growth,
changes in tree volume with stocking would support findings from this
study.

5. Results

5.1. Monthly results

All water balance components of the two clones were largely related
to the seasonal weather. Water balance components during the wet
season averaged 73, 75, 76, 67 and 70% of annual precipitation, canopy
interception, soil evaporation, transpiration and evapotranspiration,
respectively (Fig. 4A to 4H) (Table S1). Cumulative ecosystem water
balance (Fig. 4I, J) after the first year of measurement, which had 30%
lower precipitation than the historic average, was negative for all
stockings for both clones and became more negative with an increase in
stocking. During the second hydrological year, where rainfall was much
closer to the historical average (only 11% higher), only the highest
stocking treatment was negative.

For both clones, temperature increases from 18 to 24 °C increased
ET, declining from 24 °C to hotter months (Fig. 5A, 5B). The effect of P
on ET was stronger (R2 > 0.76, P < 0.0001) (Fig. 5C, 5D) with a
linear behavior for clone B2 and sigmoidal for clone C3, with stabilized
ET after a P of 200 mm month−1. Including stocking as a second in-
dependent variable slightly improved the model for clone B2, reducing
7 points in AIC and increasing R2 from 0.67 to 0.70 (Table S2), while no
improvement was detected for clone C3 when including stocking
(Fig. 5E, 5F).

5.2. Yearly results

Increased stocking of trees led to increase in stemflow, canopy

interception, transpiration and evapotranspiration, along with de-
creases in soil evaporation and throughfall (Fig. 6). For the clone B2,
stemflow increased from 16 to 40 mm yr−1 as stocking increased from
590 tree ha−1 to 2,950 tree ha−1. SF was higher in the clone C3, in-
creasing from 24 to 61 mm yr−1 from the lowest to the highest stocking
(Fig. 6A). Soil evaporation decreased with increasing stocking in both
genotypes, and remained 50% higher in the clone C3 (Fig. 6B). Canopy
interception increased with stocking from an average of 452 to 630 mm
(Fig. 6C). These values were, on average, 8% greater in the clone B2,
probably because of higher LAI (Fig. 9B). Higher stocking resulted in
greater transpiration for both clones, with B2 exceeding C3 by 22%
(Fig. 6D). TF decreased by 13% with increasing stocking from 1605 to
1397 mm (Fig. 6E). The increases in transpiration and stocking resulted
in an increase in ET (Fig. 6F). Model equations (Table S3) were all
significant with high coefficients of correlation, indicating that water
use related strongly to stocking.

Fig. 7 compares the values obtained for each variable with the
lowest and higher stocking for both clones. For some variables, the
lowest and higher stockings were not the absolute lowest or highest
value. However, there were significant increase or decrease for all when
modeling the yearly results, so the difference of highest and lowest
stocking shows the tendency and magnitude of differences. The highest
stocking exhibited ET values that were 49% greater for B2 (11% greater
for C3) than for the lowest stocking. SF was a small component of the
overall water balance, and it had the largest relative response to
stocking, with the highest stocking showing 240% greater SF than the
lowest stocking. TF and soil evaporation were less responsive to
stocking.

Evapotranspiration was dominated by the transpiration component
(Fig. 8). The components of soil evaporation and canopy interception
showed opposite responses to stocking, leading to a relatively constant
contribution of the sum of these two for total ET. The ecosystem water
balance went from positive at stockings below about 1000 trees ha−1 to
negative for higher stockings for both clones.

The mean percentage of incoming photosynthetically active radia-
tion (PAR) absorbed by the canopy at midday increased asymptotically
with increasing stocking, ranging from 71–82% for clone B2 and from
40 to 66% for clone C3 (Fig. 9A). The average LAI from nine assessment
periods was greater at higher stockings for both genotypes (Fig. 9B),
varying from 3.2 to 4.2 for B2 and from 1.6 to 2.8 for C3. Even though
there is a clear trend of increasing in LAI, for clone B2 from about 1,000
trees ha−1 the absorbed light kept constant, suggesting intercepted ir-
radiance is becoming saturated.

6. Discussion

Our first hypothesis was supported as evapotranspiration increased
with stocking for both genotypes, particularly in the wet season. There
was not a difference of proportion of ET accumulated at wet season for
different stockings, representing on average of all stockings 72 and 68%
for clones B2 and C3. The responses of ET to seasonality is variable and
has been reported as higher ET (O’Grady et al., 1999), no variation
during the year (Eamus et al., 2001) and lower ET in dry season
(Moreaux et al., 2013, Ouyang et al., 2018). ET of forest plantations
could be influenced by many factors, as atmospheric conditions like air
humidity and temperature, the amount of rainfall and soil water storage
(Whitehead and Beadle, 2004). In our case, the lower ET in the dry
season could be attributed to a decline in stomatal conductance caused
by higher evaporative demand as measured in the same clones by Otto
et al. (2017) and reported for Eucalyptus trees by Moreuax et al. (2013).
Also, our results could be explained by a tight relationship between
rainfall and water use by trees, as shown by Christina et al. (2017) and
Christina et al. (2018). These previous studies were done for only one
genotype at one stocking (~1,111 trees ha−1), and ours revealed this
behavior occurred for all stockings levels. The increase of ET when
rainfall increases could be explained by many ecophysiological
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Fig. 4. Grey strips represent wet season that accounted for 73% of precipitation. All water balance components of the two clones were largely related to the
seasonality of rainfall, with stocking having a significant effect in canopy interception (Ei) and soil evaporation (Es) (A to D) but greater effect on transpiration (Et) (E,
F) which resulted in an average of 70% of evapotranspiration (ET) (G, H) concentrated in wet season. The cumulative ecosystem water balance (EWB) was negative
for stocking> 1030 trees ha−1, with a higher effect on Clone B2, which is more sensitive to drought.
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adaptations of trees according to stocking. Higher stockings in this
study had taller trees, which could be interpreted as a deeper root
system, because there is a strong relationship between tree height and
fine root depth (Christina et al, 2011, Silva et al., 2020), resulting in
higher access to deep water reservoirs, and consequently to higher ET.

Increasing temperature from 18 to 24 °C increased ET, then declined
from 24 °C to hotter months. The same limit of temperature was found
by Binkley et al. (2020) to wood growth. The authors attribute the
relationship to respiration, that is, there is an expenditure of C when the
temperature is above 24 °C. We found temperature higher than 24 °C

reduced ET, showing that in addition to the increase in respiration,
there is probably reduced stomatal conductance and carbon uptake
associated with higher air saturation deficit at higher temperatures
(Otto et al., 2017).

At a yearly time step higher stockings resulted also in more water
use. Average canopy interception values for both clones increased at
higher stockings from 20% of precipitation to approximately 29% of
precipitation. However, this pattern was compensated by the inverse
pattern of soil evaporation, so the primary driver of changes in eco-
system water balance was transpiration. Benyon and Doody (2015)

Fig. 5. Effect of precipitation on evapotranspiration (ET) for clones B2 and C3 (A, B) in a monthly time step was stronger (R2 > 0.76, P < 0.0001) than the effect of
temperature (R2 = 0.32, P < 0.0001) (C, D). Increasing precipitation and stocking also lead to higher evapotranspiration, mainly for clone B2 (E, F).
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Fig. 6. (A) Stemflow, (B) canopy interception, (C) throughfall, (D) soil evaporation, (E) transpiration and (F) evapotranspiration observed in E. urophylla × E. grandis
(B2) and E. grandis × E. camaldulensis (C3) clones at stockings varying from 590 to 2,950 trees ha−1 from 1.7 to 3.7 years. Error bars when present represent standard
error.

Fig. 7. Stemflow (SF), transpiration (Et), canopy in-
terception (Ei), throughfall (TF), soil evaporation (Es)
and the resulting evapotranspiration were all affected
when comparing the extreme values of higher and
lower stockings (2950 in comparison to 590 of stems
ha−1), represented by the dashed line during the 2-
year period of evaluation for each clone.
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Fig. 8. Sum of water fluxes during the 1st and 2nd hydrological years and the full period year in forests of (A, C, E) E. urophylla × E. grandis (B2) and (B, D, F) E.
grandis × E. camaldulensis (C3) with varying stocking. Dashed line represents the rainfall during the respective period.
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reported similar results using Eucalyptus globulus and Pinus radiata,
where higher LAI among Pinus species resulted in greater canopy in-
terception, which was compensated by lower soil evaporation resulting
in a similar ecosystem water balance between the two species.

Canopy interception is directly related to leaf angle (Crockford and
Richardson, 2000) and branch architecture (Bialkowski and Buttle,
2015), which could partly explain an average difference of 11% be-
tween the two genotypes. In addition, clone B2 LAI was on average
twofold larger than observed in clone C3. Similar results were reported
in previous work, where thinning of 50% of the basal area reduced Ei
from 14–8% in Criptomeria Japonica (Shinohara et al., 2015). In E.glo-
bulus, the Ei reached 19% for trees at different ages (Benyon and Doody,
2015), and varied between 17% and 25% for E. regnans trees in their
natural habitat, ranging in age from 30 to 200 years (Haydon et al.,
1997). In a region near the current study site, the native vegetation
displayed canopy interception of 8% (Cabral et al., 2015), suggesting
that replacement of native forests with Eucalyptus plantations may im-
pact ecosystem water balance based on canopy interception losses
alone.

Stand transpiration was the largest component of total ET, with an
average of 65% of precipitation (ranging from 53–82% across stockings
and clones). Other studies have found that stocking differences either
from the initial planting stocking or from later thinning result in al-
terations in the components of the water balance across different eco-
systems. For example, a 50% thinning reduced transpiration from
44–21% in Chamaecyparis obtusa and Cryptomeria japonica (Tateishi
et al., 2015) and in semi-arid regions thinning reduced transpiration of
Pinus halepensis by 40% (González-Sanchis et al., 2015).

LAI is directly related to transpiration, being one of the reasons we
supposed ET was higher is higher stocking treatments, as found in this
study and others (Whitehead and Beadle, 2004, Sun et al., 2015). Si-
mulated thinning through a reduction of LAI by 20–80% of original
levels resulted in an increase in water yield ranging from 3–13% in a
simulation applied to the entire US territory (Sun et al., 2015). In
Chamaecyparis obtusa stocking reduction from 2400 to 1300 trees ha−1

increased throughfall by 21% (Nanko et al., 2015).
We did not measure soil water storage in this study but recognize its

importance in the constructing an ecosystem water balance. However,
the most important contribution of this study in terms of ecosystem
water balance is that fast-growing trees planted in tighter spacings
presented negative ecosystem water balance and probably used stored
soil water (Laclau et al., 2014, Nanko et al., 2015), mainly in the dry
season (Xie et al., 2015). High water consumption (ET 44% greater than
precipitation) resembled what was observed with E.camaldulensis at a
stocking of 2,500 trees ha−1 in India (Calder et al., 1997), where ET
was 62% greater than PPT, on average. Mendham et al. (2011) reported
that, because the depth of the root system of Eucalyptus globulus, there

was a reduction in groundwater that would probably not be replenished
in a following rotation, thus affecting the timber productivity in that
site. Fine roots from these clonal Eucalyptus trees can go as deep as
about 80% of the total tree height, and reached a depth of greater than
15 m in intact and coppice trees (Germon et al., 2019, Silva et al.,
2020). Yin et al. (2015) calculated that, among species inhabiting semi-
arid environments, up to 45% of the ET comes from deep water re-
servoirs. Lower precipitation also directly affects the ratio ET to pre-
cipitation (Xie et al., 2015), because ET in trees with elevated LAI re-
mains high even with reduced water availability. Christina et al. (2015)
identified that after canopy closure (~2-year-old) in Eucalyptus grandis
and under similar weather conditions to those we observed, approxi-
mately 20% of Et water comes from depths greater than 10 m. Ap-
proximately, 1–3% of ET comes from the water table after canopy
closure. This strategy has been identified in a number of tropical species
as an adaptation to water stress (Canadell et al., 1996, Markewitz et al.,
2010). The negative ecosystem water balance also reveals a potential
impact that could affect the equitable use of water at the catchment
scale (Lima et al., 2012), and tree survival (White et al., 2009).

The management of planted forests aims to maximize productivity
and profitability at the end of the rotation period. When the pro-
ductivity expected from tropical sites was lower because of less in-
tensive forestry practices (e.g., fertilization, intensive weed control) and
lower requirement for value-added materials (< 20 m3 ha−1 yr−1), the
optimum stocking for plantations was higher (> 1600 trees ha−1)
(Balloni and Simões (1980), Bredenkamp, 1987, Schönau and Coetzee,
1989). However, recent studies point to a stocking of 1000–1500 trees
per hectare as optimal for volume and profit generation for the in-
dustries of energy and cellulose (Bernardo et al., 2004, Stape and
Binkley, 2010, Gonçalves et al., 2013). Our study occurred during a
two-year period of high water deficit, and only stockings below about
1000 trees ha−1 had greater precipitation than ET. Higher stocking
plantations may face greater stress and risk in response to droughts, and
lower stocking plantations might sustain high rates of growth while
increasing water yields (White et al., 2009, Gonçalves et al., 2013,
Hakamada et al., 2017).

In an old forest of E.camaldulensis, Horner et al. (2009) observed
that mortality was near zero in stockings between 600 and 1000 trees
per hectare, whereas at higher stocking, tree survival was highly im-
pacted after 30 years. Similar results were found in highly productive
forests in Brazil, where stockings above 1000 trees per hectare pre-
sented high mortality rates at the peak of LAI, at approximately 3 years
of age (Hakamada et al., 2015). During the first 12-month study period,
the aridity index (PET/P) was twofold higher than the historic average
of 0.81 which is indicative of the high annual climatic variation that
may be impacting forest plantations (Booth, 2013). In areas where the
ratio is higher than one, i.e., under water deficit, the degree of change

Fig. 9. Absorbed PAR (A) and leaf area index (B) increased with stocking but clone B2 stabilized after 1000 trees ha−1. Values are averages of nine measurement
periods during the 2-year study, and bars are standard error bar among measurements.
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in soil cover impacts more than what is observed in humid areas. Our
information on water use in relation to stocking and clones should
provide useful information for a risk assessment framework.

The increase in ET with stocking was greater for the drought sen-
sitive clone B2 confirming our second hypothesis (For details see Table
S1). At the highest stocking we measured, the clone C3 had much lower
transpiration and ET than the B2 clone. This is consistent with data
from the other TECHS sites where B2 routinely succumbed to drought
at higher densities while the C3 clone survived. There are several
possible explanations for the lack of a proportional increase in tran-
spiration and ET with density for the drought tolerant clone. Otto et al.
(2017) showed that the C3 clone had a higher sensitivity to VPD than
clone B2, so as water stress increased with the high stocking treatment
(Hakamada et al., 2017), C3 was able to limit water loss; similar be-
havior was shown for E. camaldulensis compared to E. pellita in a dry
region in Brazil (Leles et al., 1998). It’s also possible that higher leaf
area at the 2950 trees ha−1 stocking caused significant shading within
the steep leaf angled canopy of C3 (Mattos et al., this issue), thereby
lowering stomatal conductance. Discerning the mechanisms for the
patterns we observed will require more research.

How general would these patterns be for other clones at this site, or
for these clones at other sites? We are confident that the water budget
trends in relation to stocking are robust, though differences among
clones will also be important. Nine other clones planted in this TECHS
location behaved similarly to the two intensively studied clones in this
paper, showing increased biomass accumulation with increasing
stocking. The clones B2 and C3 were included in all the tropical TECHS
sites, and they presented very similar growth compared with our site
(Binkley et al., this issue). Therefore, we expect the results from this
intensive study would likely represent a general response of wood
growth and ecosystem water balance to stocking. Risks of drought-in-
duced problems in tree survival and growth may increase above
stockings of about 1000 trees ha−1, and lower stocking plantations
could be a strategy to enhance the balance between sustaining wood
production and maintaining ecosystem services in forest landscapes.
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