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Abstract
In Brazil, most Eucalyptus plantations are located in regions experiencing periods of water 
shortage where fertilizers are intensively used to achieve high productivity. Fertilization 
can affect water use. However, the effects of fertilization on tree growth patterns during 
extreme droughts periods remain unknown. A throughfall exclusion experiment was set 
up in São Paulo State-Brazil to study the effects of potassium (K) and sodium (Na) ferti-
lization and their interaction with water supply in the growth of Eucalyptus grandis trees 
over an abnormal season of 6 months of extreme drought in comparison with that in nor-
mal seasons, as well as the differences in responsiveness to intra-annual meteorological 
variability. Arranged in a split-plot design, the factors were water supply (37% throughfall 
exclusion vs. no throughfall exclusion) and fertilization regime (K, Na, and control). Basal 
area growth was monitored by band dendrometers measurements at 14-day intervals over 
2 years. Meteorological and soil water content data were also collected. K and Na ferti-
lization increased the tree basal area by four and three-fold, respectively, during normal 
seasons. During a severe drought season, these positive effects were suppressed. However, 
K- and Na-fertilized trees achieved a similar cumulative basal area increment to that of 
the control trees. The 37% throughfall exclusion significantly decreased tree growth in all 
treatments only in the severe drought period, and these effects were stronger in K-fertilized 
trees. K-fertilized trees were highly responsive to intra-annual meteorological variabil-
ity. Our results suggest that extreme drought has similar effects on E. grandis tree growth 
regardless of the K/Na fertilization regime.
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Introduction

Forests are subject to climate change effects, such as long drought periods, changes in rain-
fall pattern frequency and amount, and temperature increase (IPCC 2013). Drought peri-
ods affect the growth of trees in natural forests, which can lead to tree death (Williamson 
et al. 2000; Cox et al. 2004; Allen et al. 2010), and some studies have shown that the same 
effects could occur in Eucalyptus planted forests (Cabral et al. 2011).

In Brazil, most Eucalyptus forest plantations are located in Southeast regions subject 
to long dry periods of 3–5 months during which the monthly rainfall is less than 50 mm 
(Gonçalves et al. 2013), such as São Paulo State, which covers 17% (0.95 million ha) of 
the total area of Eucalyptus plantations in Brazil (5.7 million ha) (IBÁ 2017). São Paulo 
and other states of the southeast have historically been characterized by drought events 
with serious effects on water availability (Coelho et al. 2016b). Since 2000, the frequency 
of the dry periods (monthly rainfall below 50 mm) has increased from that in 1965–2000, 
and their duration has increased in the last decade (Nobre et al. 2016). In fact, the long dry 
period that occurred in southeastern Brazil from the end of 2013 until the end of 2014 is 
considered to be the most severe drought since 1961 (Coelho et al. 2016a, b) or even since 
1930 (Dearden 2015), and led to the worst water crisis in São Paulo since 1961 (Nobre 
et al. 2016).

Eucalyptus grandis W. Hill ex Maiden is the most planted and one of the most produc-
tive species in Brazil (Campinhos 1999; Gonçalves et al. 2013). The fertilization in the soil 
fertility improvement is known to be essential for the successful establishment of euca-
lyptus plantations (Gonçalves and de Barros 1999; Zeng et  al. 2013). Depending on the 
characteristics of the plantation site, nitrogen, phosphorus, and potassium fertilization are 
needed to achieve high productivity rates in E. grandis plantations (Gonçalves et al. 2004). 
Recently, sodium has been considered a potential fertilizer in K-deficient soils because E. 
grandis tree growth showed a positive response to NaCl applications in a partial replace-
ment of KCl (Almeida et al. 2010).

Fertilization can affect the water balance of the trees (Gonçalves and Benedetti 2000; 
Battie-Laclau et al. 2014; Ward et al. 2015). In Eucalyptus globulus, nitrogen supply can 
increase the water stress and mortality of trees at water-limited sites (White et al. 2009). 
In Pinus taeda, fertilizers increase resiliency to minor water stress in the short term (Ward 
et  al. 2015) and a reduction in water availability does not affect the growth of fertilized 
trees (Samuelson et al. 2014). However, the long-term effects of fertilization with respect 
to drought sensitivity remain a concern (Ward et al. 2015), and long-term studies on the 
effects of fertilizers in interaction with rainfall variability are needed to better understand 
how climate change affects forest productivity (Beier et al. 2012; Samuelson et al. 2014).

Previous studies have revealed that K and Na fertilization improves water use efficiency 
and increases wood production in E. grandis trees two to three-fold (de Almeida 2009; 
Almeida et al. 2010; Battie-Laclau et al. 2016). However, K and Na fertilization can also 
increase stomatal conductance, accompanied by a reduction in soil water storage (Battie-
Laclau et al. 2014). This finding, along with a high leaf area index (LAI) and time series 
patterns of a soil-to-leaf water potential gradient, suggested that K and Na increase the risk 
of hydraulic dysfunction following extreme water deficiency (Battie-Laclau et  al. 2014). 
Therefore, there is concern that, in an extreme and prolonged drought, K and Na could 
aggravate the effects of water stress and cause tree mortality (Battie-Laclau et al. 2014). In 
this context, studies during severe droughts are necessary to understand the actual effects 
of K and Na fertilization in the development of E. grandis trees.
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Studies conducted on the early growth stages of Eucalyptus trees improved the under-
standing of the effects of K and Na on drought adaptation mechanisms at the physiologi-
cal level (Battie-Laclau et al. 2014, 2016). However, an understanding of the growth pat-
terns of E. grandis trees over the complete rotation period is also important to determine 
the effect of fertilization and water availability, because growth is dependent on short-term 
changes in environmental conditions, such as temperature and rainfall (Deslauriers et al. 
2007). In this regard, high-frequency dendrometer band measurements are used to assess 
secondary growth changes over long periods and investigate their relationships with cli-
mate (Knott 2004; Vitas 2011; Bošeľa et al. 2013; Campoe et al. 2016). Previous studies 
using dendrometer bands have demonstrated a strong effect of intra-annual meteorological 
variability on basal area growth (Sette et al. 2010, 2012; Campoe et al. 2016). However, the 
growth patterns of E. grandis trees fertilized with K and Na under throughfall exclusion in 
response to intra-annual meteorological variability are still unknown.

Given the widespread practice of incorporating high amounts of K during the fertiliza-
tion of Eucalyptus plantations in water-deficit regions (Gonçalves and de Barros 1999) and 
the potential use of Na as a substitute for K (Almeida et al. 2010), an experiment of fertili-
zation levels and throughfall exclusion was initiated in 2010 in Itatinga, Brazil, to evaluate 
the interactions of K and Na supply with water availability. Here, we monitored changes in 
tree secondary growth at fortnightly intervals from 3 to 5 years after planting, over rainy 
and dry seasons, including the period of drought in 2014. Our objectives were: (1) to evalu-
ate the basal area growth patterns of E. grandis trees fertilized with K and Na in interaction 
with 37% throughfall exclusion over the abnormal dry season of 2014, characterized by a 
severe drought (44% less rainfall than historical average, and monthly rainfall < 50 mm), 
compared with those during normal seasonal periods (seasons with rainfall volume within 
the range of the historical average). (2) To evaluate their differences in responsiveness to 
intra-annual meteorological variability.

We hypothesize that, over normal rainy and dry seasonal periods, K and Na fertilization 
would promote high growth rates, increasing the basal area growth up to three to four-fold. 
Over an abnormal dry season, the positive effects of K and Na fertilization on basal area 
increment would be suppressed and a lower cumulative basal area than that in K and Na 
deficient trees would be observed. Based on the literature that reported declines of tree 
growth under water availability reductions (Battie-Laclau et  al. 2014; Samuelson et  al. 
2014), we expected that 37% throughfall exclusion would decrease tree growth independ-
ent of fertilization regime and climatic conditions. Finally, we hypothesized that K and Na 
fertilization would significantly increase the responsiveness of trees to intra-annual mete-
orological variability.

Materials and methods

Study area

The experiment was conducted at the Itatinga Experimental Station of the University of 
São Paulo in Brazil (23°02′S, 48°38′W). The mean annual rainfall and temperature are 
1360 mm and 19.9 °C, respectively. The experiment was set up on an elevated terrain with 
3% slope at an altitude of 850 m. The soils are deep ferralsols with 14–23% clay content 
(for more details about the soil characteristics, see Battie-Laclau et  al. 2014 and Laclau 
et al. 2010).
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Experimental design

A split plot design was initiated on June 20, 2010, with a highly productive E. grandis 
clone used in commercial plantations by the Suzano Company (Brazil). At the time of 
planting, all plants were fertilized with 75 kg ha−1 of P2O5, 80 kg ha−1 of N (NH4(SO4)2), 
and 20 kg ha−1 of FTE BR-12 (micronutrient source) applied in holes next to the plants. 
Furthermore, 2000 kg ha−1 of dolomitic limestone was broadcast on the soil surface. These 
nutrients were not limiting factors for tree growth in our study site (Laclau et al. 2009).

Six treatments (2 water supply regimes × 3 fertilization regimes) were installed in three 
blocks. The whole-plot factor was the water supply regime, namely, 37% throughfall exclu-
sion in the plot (− W) and no throughfall exclusion in the plot (+ W). The split-plot fac-
tor (nested within each plot) was the fertilization regime, namely, potassium supply (K) 
with 335  kg  ha−1 (or 4.5  kmol  ha−1) of KCl, sodium supply (Na) with 263  kg  ha−1 (or 
4.5  kmol  ha−1) of NaCl, and control (C) without K or Na supply. KCl and NaCl were 
broadcast on the soil surface in a single dose 3 months after planting.

The area of each subplot was 864  m2 with 144 trees and a spacing of 2  m × 3  m. 
Throughfall exclusion devices on − W plots were installed in September 2010 and retained 
thereafter. Transparent plastic panels were used, mounted on wooden frames at a height 
varying between 0.5 and 1.6 m (Battie-Laclau et al. 2016) and covering 37% of the area in 
− W plots.

Tree growth monitoring

Secondary growth was monitored via periodic measurements of circumference at breast 
height (CBH) increment using dendrometer bands installed in three trees in each subplot 
(nine trees per treatment), located in the third row. Measurements were recorded from 
October 2013 (40  months after planting) to October 2015 (65  months after planting) at 
14-day intervals in the early hours of the morning. The first measurements were recorded 
1 month after band dendrometer installation to avoid underestimations of CBH owing to 
initial slack in tree boles (Fuller et al. 1988; Keeland and Sharitz 1993). In addition, CBH 
was measured directly with a tape measure at the beginning of each season in order to 
verify and correct possible underestimations of band dendrometers.

Meteorological and soil water content data

Rainfall, mean air temperature (Tmean), minimum air temperature (Tmin), maximum air 
temperature (Tmax), and vapor pressure deficit (VPD) data were collected at 30-min inter-
vals from an automatic weather station in the Itatinga Experimental Station located 50 m 
away from the experiment. Raw meteorological data were converted to a daily timescale.

Soil water content (SWC) in m3 m−3, was measured weekly in the subplots of the first 
block. In each subplot, three soil moisture sensors (Trase Soilmoisture, Santa Barbara, CA, 
USA) were installed at 0.15 m, 0.5 m, 1 m, 1.5 m, 3 m, 4.5 m, and 6 m depths, 1 month 
before the plantation was established. TDR sensors were calibrated via gravimetry of soil 
water content and density measurements.

Daily meteorological and weekly soil moisture data were organized into fortnightly peri-
ods to match the dendrometer readings. Moreover, daily rainfall data were summarized to 
obtain cumulative rainfall for 6 month-interval periods: rainy seasons (October to March) 
and dry seasons (April to September) in the first and second year of assessment.
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Rainfall deficiency was calculated based on differences between historical monthly aver-
age rainfall data available from 2006 to 2013 and monthly rainfall data from October 2013 
to October 2015, registered at the weather station in the Itatinga Experimental Station.

Data analysis

For all sampled trees from each treatment, the basal area increment (cm2 tree−1) was calcu-
lated from bole CBH increment data generated by the band dendrometer readings.

Analysis of variance (ANOVA) with a split-plot model and Tukey’s test were used to 
test the effects of water supply regime, fertilization regime, and the interaction of these 
factors (fixed effects) on cumulative basal area increment within each rainy and dry season 
along the 2 years of assessment. Blocks and water regime × block were considered random 
effects.

Stepwise multiple linear regression analysis for each treatment (387 data points) was 
used to identify the meteorological variables with the greatest effect on tree basal area 
increments and establish models to predict basal area growth rates as a function of mete-
orological variables. Additional tests were performed including preceding meteorological 
data in 1, 2 and 3 days at a given growth interval, in order to prove the absence of any lag 
in growth response.

In addition, Pearson correlation was used to assess the relationships between meteoro-
logical variables, soil water content (SWC), and tree basal area increment in each treatment.

Results

Meteorological seasonality and rainfall anomalies

Over the 2 years, marked seasonality was observed in cumulative rainfall, Tmean, Tmin, 
and Tmax, which were lower during the dry seasons (April to September) than during the 
rainy seasons (October to March) (Fig. 1b). In contrast, the variability of VPD between the 
dry and rainy seasons was less marked, although the lowest values of VPD occurred at the 
end of the rainy seasons and the beginning of the dry seasons (March to June) (Fig. 1a).

Historical data from 2006/2007 to 2012/2013 shown an average annual rainfall of 
1690 mm in Itatinga-SP. Normally, in rainy seasons (October to March) cumulative rainfall 
is 1146 mm, while in dry seasons (April to September) it is 544 mm.

However, during the first year of study (October 2013 to September 2014), cumulative 
rainfall was 946 mm and a considerable monthly rainfall deficiency was observed ranging 
from 61 to 186 mm during November, December 2013, and January, February, April, June, 
and July 2014 (Fig.  2b). Cumulative rainfall in the rainy season of 2013/2014 (October 
2013 to March 2014) was 621 mm, while in the dry season of 2014 (April to September 
2014) it was 325 mm, in which the driest months were recorded in June, July and August 
2014 (Fig. 2a).

In contrast, during the second year (October 2014 to September 2015), cumulative 
rainfall was 1686 mm and monthly rainfall deficiency occurred only in October 2014 and 
January, April, and June 2015. The remaining months showed a rainfall surplus (Fig. 2b). 
Cumulative rainfall in the rainy season of 2014/2015 (October 2014 to March 2015) was 
1106 mm, whereas, in the dry season of 2015 (April to September 2015), it was 580 mm.
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In the rainy season of 2013/2014 and dry season of 2014, there was 44% less rainfall 
than the 2014/2015 rainy season and dry season of 2015, respectively, as well as 46% and 
40% less rainfall than historical average.

Soil water content (SWC)

The lowest soil water content (SWC) values occurred from June to October 2014, inde-
pendent of treatment owing to the extreme rainfall deficiency in these months. The SWC 
in superficial layers (0.15–1.5 m) was highly responsive to rainfall (Fig. 3a). However, in 
deep layers (3–6  m) SWC was less responsive to rainfall events and varied less, except 
in the first months of 2015 when the SWC increased considerably owing to high rainfall 
(Fig. 3b).

In both superficial and deep soil layers, SWC was maximum in the C + W subplots and 
minimum in the K − W subplots. + W plots always had higher SWC than did the − W plots 
within the same fertilization regime. Throughfall exclusion reduced SWC by 12%–27% in 
the superficial soil layers, and the largest reductions were observed in K plots (22%–27%) 
(Fig. 4a). However, in soil deep layers, the reduction of SWC was less than 16%, and the 
largest reductions occurred also in K plots (15%–16%), whereas the lowest reduction 
occurred in Na and C plots (0%–5%), except in the 2015 rainy season (Fig. 4b). Reductions 

Fig. 1   Daily variations of vapor pressure deficit (VPD) (a) and daily variations of rainfall, mean air tem-
perature (Tmean), minimum air temperature (Tmin) and maximum air temperature (Tmax) (b) from Sep-
tember 2013 until October 2015, at Itatinga Experimental Station, Itatinga, São Paulo, Brazil. The shaded 
areas represent the dry season (April–September)
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of SWC were larger in rainy seasons and proportional to high amounts of rainfall over 
these periods.

The mean comparisons showed that throughfall exclusion affected SWC reduction more 
strongly than the K and Na fertilization regime in superficial soil layers. In contrast, in deep 
soil layers, the effects of K and Na fertilization were stronger than those 37% throughfall 
exclusion (Fig. 4a, b). Thus, these patterns reflected the high water consumption of the K- 
and Na-fertilized trees relative to that of the control trees in the deep soil layers.

Time series patterns of SWC revealed effective SWC reduction by the throughfall exclu-
sion device installed in − W plots.

Tree basal area growth

During the first year, the cumulative basal area followed the same increment pattern in 
all treatments. However, in the second year, after October 2014, cumulative basal area in 
K + W, K − W, and Na − W treatments increased considerably, whereas cumulative basal 

Fig. 2   Monthly rainfall time series (a) and monthly rainfall anomaly time series (b) from October 2013 to 
October 2015 for the Itatinga Experimental Station. Monthly rainfall series were compared to historical 
average of 2006–2012/2013 and anomalies were relative to the 2006–2012/2013 monthly mean. The shaded 
areas represent the dry season (April–September)
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area in the Na + W, C + W, and C − W maintained similar increment patterns to those in the 
previous year (Fig. 5a).

Fortnightly basal area increments did not show clear patterns of variation between treat-
ments, i.e. K- and Na-fertilized trees did not always show the highest basal increments, and, 
trees under 37% throughfall exclusion did not always show the lowest increments (Fig. 5b). 
During rainy periods, K-fertilized trees showed significantly higher basal area increments 
than Na- fertilized trees (p < 0.0001), and the increments of both were significantly higher 
than those in the control trees (p < 0.0001). Increments were often significantly higher for 
+ W trees than that for − W trees (p < 0.0001). However, after February 2015, − W trees 
showed higher or equal basal increments to those of + W trees (Fig. 5b).

In periods with lowest monthly rainfall values, which occurred in February, April, June, 
July, August, and October 2014 (Fig. 2a), trees did not grow (except those in the C + W 
treatments) and the increments were negative (between − 0.79 and 0 cm2 tree−1). However, 
after any rainy events, trees under K + W, K − W, Na + W, and Na− W treatments achieved 
high growth rates. C + W trees grew at low rates (approximately 0.3  cm2 tree−1) during 
the same periods (Fig. 5b). In contrast, during the 2015 dry season, patterns in basal area 

Fig. 3   Series of soil water content (SWC) in 0.15–1.5 m soil layer (a) and in 3–6 m soil layer (b). Since 
February 18, 2015, there was no data due to TDR sensor malfunction. The shaded areas represent the dry 
season (April–September)
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fortnightly increments were similar in all treatments and they were only decreased in July 
and August (Fig. 5b).

Variations in basal area fortnightly increments were higher in K and Na treatments, var-
ying from − 0.84 to 1.96 cm2 tree−1, − 0.54 to 2.00 cm2 tree−1, − 0.33 to 1.77 cm2 tree−1, 
and − 0.33 to 1.59 cm2 tree−1, for K + W, K − W, Na + W, and Na − W, respectively. The 
range of variations for C+ W and C − W was from − 0.24 to 1.06  cm2 tree−1 and from 
− 0.18 to 0.87 cm2 tree−1, respectively.

Analysis of cumulative basal area in rainy and dry seasons revealed different tree growth 
responses (Table 1 and Fig. 6). During the 2013/2014 rainy season, despite considerable 
water deficiency (Fig.  2b), the positive effects of K and Na supply on tree growth were 
maintained (cumulative basal area increment increased by 51% and 33% from that of con-
trol) even in − W plots. In addition, in this period, there were no significant differences 
between K and Na supply with respect to basal area growth. However, during the 2014 
dry season, with extreme water deficiency, the basal area increment was not significantly 
influenced by the fertilization regime. Over this particularly dry period, cumulative basal 
area increment significantly reduced (by 46%) in − W plots owing to the additional effect 
of 37% throughfall exclusion. In contrast, on good rainfall condition of 2014/2015 rainy 
season and the 2015 dry season, basal area growth was significantly influenced by the fer-
tilization regime but not by the water supply regime. K and Na supply increased basal area 
by 298% and 107%, respectively, over the 2014/2015 rainy season with respect to control, 
whereas during the 2015 dry season, it increased by 393% and 163%, respectively.
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A significant interaction between the water regime and fertilization regime occurred 
only during the 2015 dry season, which reflected a negative effect of throughfall exclusion 
on tree growth for K-fertilized trees and a positive effect for Na-fertilized trees and control 
trees (Table 1 and Fig. 6).

Influence of intra‑annual meteorological variability in tree basal area growth

Basal area fortnightly increments were significantly influenced by rainfall, VPD, and SWC 
in all treatments, whereas the relationship with Tmin was significant only in K-fertilized 
and Na-fertilized trees. Similarly, the relationship with Tmax was only significant in K-fer-
tilized trees (Fig. 7). There was no correlation with Tmean.

Fig. 5   Time series of cumulative basal area (a) and basal areal fortnightly increment (b) in cm−2 tree−1. 
Blue bars indicate daily rainfall (mm). Vertical bars indicate standard errors between trees (n = 9). From 
October 2013 to September 2015, white area represents the rainy seasons and the shaded area represents 
dry seasons. Extreme drought period corresponds to 2014 dry season
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Responsiveness of basal area fortnightly increment to meteorological variables was 
stronger in trees with K supply (K + W and K − W) than in trees with Na supply (Na + W 
and Na − W) and control (C + W and C − W). Moreover, the relationships were always 
stronger in the − W than in the + W regime (Fig. 7).

Meteorological data can be useful to predict the basal area growth of K-fertilized 
trees (R2

adj = 0.51 p < 0.001 in K + W, and R2
adj = 0.54 p < 0.001 in K − W), whereas the 

growth of Na-fertilized trees cannot be efficiently predicted using only the meteorologi-
cal data (R2

adj = 0.16 p < 0.001 in Na + W, and R2
adj = 0.35 p < 0.001 in Na − W) (Table 2). 
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Control trees were unresponsive to intra-annual meteorological variability during the 
study period.

Additional tests of regression models including 1, 2 and 3 days lag in growth response 
to meteorological variability are showed in Table  3. The greater the lag, the lower the 
goodness-of-fit of the growth equations. This indicates the absence of any discernible lag 
in growth response to intra-annual meteorological variability.

Discussion

Interactive effects of fertilization and water supply regimes in dry and rainy 
seasons

The long dry period that occurred in southeastern Brazil, from the end of 2013 until the 
end of 2014 is considered to be the most severe drought since 1961 (Coelho et al. 2016a, 
b), generating the worst water deficiency in São Paulo to date (Nobre et  al. 2016). Par-
ticularly in Itatinga, over this period, cumulative rainfall was lower by 44% than that his-
torical average, with the driest months of the 2014 dry season (monthly rainfall < 50 mm) 

Table 2   Coefficients of the basal area growth equations and statistical indices by treatment

Tmean, mean air temperature; Tmin, minimum air temperature; Tmax, maximum air temperature; VPD, 
vapor pressure deficit; R2

adj, adjusted determination coefficient; p value, significance; RMSE, root mean 
square error (cm2 tree−1); n = 387. ns Not significant at 0.05 level, * Significant at 0.05 level, ** Significant 
at 0.01 level, *** Significant at 0.001 level

Treatment Intercept Independent variables R2
adj p value RMSE

Rainfall T° mean T° min T° max VPD

C + W 0.3570** 0.0013** − 0.1766** 0.07 < 0.001 0.32
Na + W 0.0217ns 0.0015** 0.0450** − 0.6147** 0.16 < 0.001 0.50
K + W 0.5954ns 0.0034** − 0.5128** 0.4432** 0.1498* − 0.9981** 0.51 < 0.001 0.58
C − W 0.5382** 0.0010** − 0.2747** 0.2105** 0.0728* 0.19 < 0.001 0.32
Na − W 0.6125* 0.0021** 0.1550** − 0.0927** − 0.4634** 0.35 < 0.001 0.47
K − W 1.2045** 0.0040** 0.2081** − 0.1431** − 0.5009** 0.54 < 0.001 0.46

Table 3   Statistical indices of growth equations with 1, 2 and 3 days lag, by treatment

R2
adj, adjusted determination coefficient; p value, significance; RMSE, root mean square error (cm2 tree−1)

Treatment 1-day lag 2-days lag 3-days lag

R2
adj p value RMSE R2

adj p value RMSE R2
adj p value RMSE

C + W 0.05 < 0.001 0.32 0.04 < 0.001 0.33 0.05 < 0.001 0.32
Na + W 0.15 < 0.001 0.51 0.14 < 0.001 0.51 0.13 < 0.001 0.52
K + W 0.47 < 0.001 0.59 0.44 < 0.001 0.61 0.44 < 0.001 0.61
C − W 0.16 < 0.001 0.33 0.15 < 0.001 0.34 0.16 < 0.001 0.34
Na − W 0.34 < 0.001 0.47 0.32 < 0.001 0.48 0.32 < 0.001 0.47
K − W 0.54 < 0.001 0.46 0.50 < 0.001 0.48 0.45 < 0.001 0.50
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occurring at this time (Fig. 2a). Thus, the 2014 dry season, with just 325 mm of cumulative 
rainfall over 6 months, can be regarded as an extreme drought period. In contrast, from 
October 2014 to September 2015, high rainfall was observed even during the dry season, 
exceeding the historical average in some months.

The higher basal area increments promoted by K and Na supply were maintained only 
under traditional conditions of rainy and dry seasons (i.e., normal amounts and frequency 
of rainfall). In this period, the higher increments of K- and Na-fertilized trees can be princi-
pally explained by an increase in water use efficiency for stemwood production elicited by 
K and Na in non-limiting water conditions (Battie-Laclau et al. 2016).

However, during the extreme drought period, the positive effects of K and Na fertiliza-
tion on tree growth were suppressed. In fact, in periods with more than 15 days without 
rain, K- and Na-fertilized trees stopped their basal area growth, whereas control trees main-
tained very low growth rates (Fig. 5b).

Negative stem fortnightly basal area increments occurred in K- and Na-fertilized trees, 
during driest periods, probably reflecting variations in xylem diameter due to lower sap 
flow in trees over dry periods (Battie-Laclau 2013) because xylem water potential (pro-
portional to sap flow) is closely related to xylem diameter variations (Sevanto et al. 2008).

However, under any rainfall event, K- and Na-fertilized trees recovered quickly their 
growth, reaching a cumulative basal area similar to that of the control trees during the 
extreme drought period.

Subsequently, the high rainfall amounts during 2014/2015 rainy season and 2015 dry 
season created favorable conditions for the rapid growth of K-fertilized trees (Fig.  5b). 
As consequence, the cumulative basal area was considerably higher in K + W and K − W, 
which further increased the difference between treatments (Fig.  5a). In addition, in the 
wettest periods, throughfall exclusion was favorable for high growth rates in the Na − W 
treatment, achieving an equal basal area size to that in Na + W trees. The higher SWC in 
superficial layers in Na + W plots could have affected respiration and nutrient translocation 
by roots (Sette et al. 2010), decreasing tree growth rates. Similarly, excess water could have 
negatively affected the trees in C + W and C − W treatments, because in these treatments, 
the water demand by trees was even lower.

Nonetheless, the higher cumulative basal area increment of trees with K and Na sup-
ply from the third to the fifth year after planting confirmed the positive effect of K and 
Na (higher in K) as reported in the same experiment during the first half of the rotation 
(Battie-Laclau et al. 2014, 2016; Castro et al. 2017). Thus, the positive effect of these nutri-
ents on tree growth is maintained throughout the 5 years. Similarly, the intermediate effects 
of Na supply on the tree growth allow corroborating the previous results in younger E. 
grandis trees (Almeida et al. 2010; Battie-Laclau et al. 2014; Castro et al. 2017). The posi-
tive effects of other nutrients, such as nitrogen and phosphorus, in Eucalyptus plantations 
have been demonstrated (Stoneman et al. 1997; Laclau et al. 2009; White et al. 2009). As 
such, considering that all treatments in our experiment included nitrogen and phosphorus 
supply, the large differences on growth between K-fertilized and K-deficient trees indicated 
a strong additive effect of K supply, demonstrating the importance of this nutrient on the 
basic fertilization on E. grandis plantations in Itatinga region, Brazil.

On the other hand, although 37% throughfall exclusion significantly reduced soil water 
content in − W plots (Fig.  3), the effects on tree growth were not significant, especially 
on Na-fertilized and control trees, reaching a similar basal area after 2  years of assess-
ments. However, the differences between K + W and K − W were larger but not significant 
(Fig.  5a) probably due to the proportion of soil water content reduction via throughfall 
exclusion device, which was higher in K − W plots (22–27%) compared to Na − W and 
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C − W plots (12–23% and 20–23% respectively) (Fig.  4). Na-fertilized and control trees 
were more able to maintain their growth rates during dry periods as a result of lower water 
consumption than K-fertilized trees, which made it possible to store water in deep soil lay-
ers during rainy periods (Battie-Laclau et al. 2014). By contrast, the consequences of 37% 
throughfall exclusion were more intense on K-fertilized trees, decreasing basal area incre-
ments by 18%, because the high water consumption of these trees was necessary to main-
tain high growth rates promoted by the K supply (Battie-Laclau et al. 2016). However, the 
negative effects of 37% throughfall exclusion on tree growth in all treatments were signifi-
cant only over the extreme drought period (Fig. 6, Table 1).

These interaction results are in agreement with observations over the first 3 years for 
this experimental plantation regarding stemwood biomass accumulation, aboveground net 
primary production, and gross primary production (Battie-Laclau et al. 2014, 2016; Chris-
tina et al. 2015).

Thus, the negative effect of 37% throughfall exclusion on tree growth was lower than 
that of K or Na deficiency. In addition, over normal seasonal periods, the 37% throughfall 
exclusion may not be enough to cause strong water stress in the trees, independent of the 
treatments. The absence of throughfall exclusion effects over no drought periods had also 
occurred in Pinus taeda L. plantation in the southeastern United States, where surplus rain-
fall occurred in 2013, reaching 1413 mm cumulative rainfall (Samuelson et al. 2014), and 
even, throughfall exclusion were beneficial to increase standing volume by 4% (Ward et al. 
2015). Consistent with our results, throughfall exclusion in Pinus taeda was effective only 
over drought seasons, decreasing stemwood production by 13% (Samuelson et al. 2014).

The results of SWC on − W plots compared to + W plots, show that a 37% through-
fall exclusion device get reduce SWC in a proportion from 12 to 27% at 0.15–1.5 m deep 
(Figs. 3, 4). Similarly, other experiments with 30% throughfall exclusion showed a reduc-
tion in SWC about 25% at 0–1.2 m deep (Ward et al. 2015). At greater depth, the reduction 
in SWC is lower (Fig. 3). We suppose that the reduction of SWC via throughfall exclu-
sion device is not greater because part of the rainfall is intercepted by the tree crown and 
drained to the ground through the stem. However, the soil moisture sensors allowed to 
know the real water availability reduction at different depths of the soil.

Tree growth responsiveness to intra‑annual meteorological variability

The differences in responsiveness of tree growth to the intra-annual meteorological vari-
ability among treatments (Fig. 7) were expressed in their substantial differences in patterns 
of basal area growth (Fig.  5b). Rainfall was the most important meteorological variable 
affecting tree growth in all treatments. The strong sensitivity of K-fertilized trees to intra-
annual rainfall variability was reflected as growth cessation during the driest periods and 
high growth rates upon the occurrence of any rainfall event (Fig. 7). As consequence, after 
6 months of extreme drought period, K-fertilized trees had grown at similar growth rates as 
in Na- and control fertilized trees. In agreement with our study, correlations between daily 
patterns of radial growth and daily rainfall variability were in the same order of magnitude 
in Eucalyptus globulus Labill. trees (r = 0.61) and Eucalyptus nitens (H. Deane & Maiden) 
Maiden trees (r = 0.51) (Downes et al. 1999). Despite the low temporal resolution of band 
dendrometers compared to the high temporal resolution of electronic dendrometers, band 
dendrometers were efficient enough to measure the responsiveness of the trees to climate.

K-fertilized trees were responsive to the minimum (positive relationship) and maximum 
(negative relationship) temperature, and Na-supplied trees were only affected by minimum 
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temperature. In contrast, control trees were not responsive to the temperature. Minimum 
and maximum temperatures were also related to bole basal area growth in K-fertilized trees 
in older E. grandis trees of adjacent experiments nearby our study area (Sette et al. 2010; 
Campoe et  al. 2016) and it has been also observed in E. globulus on a daily time scale 
(Downes et al. 1999). Temperature is considered as an important meteorological variable 
involved in biochemical processes, respiration, and stomatal conductance (Lin 2012). In 
addition, maximum temperature negatively influences stem growth by increasing respira-
tion, reducing stomatal conductance to mitigate a higher transpiration demand, and reduc-
ing photosynthesis (Schippers et al. 2015).

Generally, bigger Eucalyptus trees are more responsive to meteorological variables 
than smaller trees in the same stands as a result of their higher light interception rates and 
light use efficiency (Binkley et al. 2010; Campoe et al. 2013, 2016). In our study, K + W 
trees were considerably bigger than K − W trees (Fig. 5a). However, K + W trees were less 
responsive to intra-annual meteorological variability compared to K − W trees (R2

adj = 0.51 
and 0.54 for K + W and K − W, respectively). In addition, tree size between Na + W and 
Na − W or between C + W and C − W treatments (Fig.  5a) were similar. However, the 
growth of trees in − W plots was considerably more responsive to intra-annual meteorolog-
ical variability (R2

adj = 0.35 and 0.19 for Na − W and C − W, respectively) compared to trees 
growing in + W plots (R2

adj = 0.16 and 0.07 for Na + W and C + W, respectively) (Table 2). 
In the southeastern regions of Brazil with risks of prolonged droughts, this finding may 
suggest that the growth response of E. grandis trees to environmental conditions increases 
considerably during low water availability periods, regardless of the tree size and growth 
rate.

Effects of K and Na fertilization over extreme drought periods

Until the first 3 years of E. grandis tree plantation in the same experiment, K and Na addi-
tion improved stomatal regulation and enhanced osmotic adjustment over the study period 
accompanied by a reduction of soil water storage (Battie-Laclau et  al. 2014). Moreover, 
high LAI and tendency of soil-to-leaf water potential gradient suggested that K and Na 
increase the risk of hydraulic dysfunction following extreme water deficiency (Battie-
Laclau et al. 2014). Therefore, there is a concern if, under extreme water deficiency, the 
addition of K and Na would considerably increase the risk of tree death by an embolism 
(Battie-Laclau et  al. 2014; Christina et  al. 2015) or in lesser severity, decrease the tree 
growth. In our study, in older trees (3–5 years-old), we found that over an extreme drought 
period (2014 dry season), K and Na fertilization did not lead to mortality, and the cumu-
lative basal area of K- and Na-fertilized trees over this period was similar to that of the 
control trees. The high responsiveness of K- and Na-fertilized trees to intra-annual rainfall 
variability showed that these trees can effectively respond by growing rapidly after rainy 
events and by completely stopping their cambial activity during long the driest periods. 
Some factors, reported in previous studies during the first 3 years after planting, can con-
tribute to these growth patterns, such as the high stomatal conductance, optimal stomatal 
regulation, and high water-use efficiency for stem biomass production, performed by K and 
Na (Battie-Laclau et al. 2014, 2016). This factors may have accelerated the growth recov-
ery as well as cambial inactivity. However, another important factor could be the alter-
ation in fine roots density and its distribution in the soil profile in K- and Na-fertilized 
trees. Recently, in the same experiment, a simulation of K and throughfall effects using 
a MAESPA model found that fines roots of K + W and K − W trees can explore greater 
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depths for water and reach the water table located at more than 16 and 18 meters deep in 
the soil, respectively (Christina et al. 2018). In fact, field studies proved that fine roots of 
fertilized E. grandis can seek water deeper than 10 m (Laclau et al. 2013; Germon et al. 
2017). Moreover, combined effects of the fertilization and water deficit suggest a modifica-
tion of fine roots configuration to increase the soil water access (Ewers et al. 1999; Samu-
elson et al. 2014).

Our study shows that an extreme drought season can affect the growth of trees inde-
pendent of K or Na fertilization. Contrary to our hypothesis, over an extreme drought 
period as occurred in 2014 dry season, the effects of K and Na fertilization were less severe 
than expected because trees without K or Na application had similar cumulative basal area 
increment. On the other hand, as expected, during normal rainy and dry seasons, K and Na 
fertilization can increase the basal area growth by three to four-fold.

Simulation of future climate conditions suggests an increase in air temperature as well 
as changes in the amount and distribution of rainfall in South America (IPCC 2013; Chou 
et al. 2014). Eucalyptus plantations in Brazil are increasingly planted into areas with water 
deficiency and a higher risk of prolonged droughts (Gonçalves et al. 2013), where inten-
sive fertilizer use is adopted to increase productivity (Gonçalves and de Barros 1999). In 
these contexts, understanding how fertilization is related to changes in growth responses to 
intra-annual meteorological variability and extreme drought conditions is important for the 
development of more appropriate management practices in these regions.

Conclusion

Our study found that K and Na fertilization increased the basal area growth by three to 
four-fold, and two to three-fold, respectively, over normal dry and rainy seasonal periods. 
As we expected, positive effects of K and Na fertilization were suppressed over a particu-
larly dry season, characterized by extreme drought. However, contrary to our hypothesis, 
after these 6 months of the extreme drought conditions, K- and Na-fertilized trees reached 
a similar cumulative basal area increment to that of the control trees.

A 37% throughfall exclusion may not be enough to cause strong water stress in E. gran-
dis trees and negatively affect the growth of trees over normal seasonal periods in southeast 
Brazil. The throughfall exclusion significantly decreased tree growth only under extreme 
drought. Because of stronger water reduction in − W plots and their high water consump-
tion, K-fertilized trees were more affected than Na-fertilized trees and control trees, whose 
growth was not decreased.

Differences in growth patterns between treatments were related to responsiveness to 
intra-annual meteorological variability. Basal area growth of K-fertilized trees showed 
a strong relationship with rainfall, VPD, and minimum air temperature. However, the 
response of Na-fertilized and control trees to meteorological variables was relatively weak. 
Excluding the 37% throughfall considerably amplified the growth response of Na-fertilized 
and control trees to seasonal changes.

In areas with very deep tropical soils and annual rainfall < 1500 mm in southeast Brazil, 
our results suggest that prolonged droughts may affect the E. grandis tree growth independ-
ent of the K/Na fertilization regime. K and Na fertilized trees, in our experiment, could 
cease growth during the driest days and quickly recover their growth rates in response to 
small rainfall events. However, studies at a physiological level during extreme drought 
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periods are necessary to better understand the effects of K and Na fertilization under future 
drought scenarios, particularly in a climate change context.

Supplementary material

Full data of the study: Basal area increment, rainfall, temperature (mean, minimum and 
maximum), vapor pressure deficit, and soil water content (0.15–1.5  m deep, and 3–6  m 
deep), collected in fortnightly periods, for each tree sampled by treatment of fertilization 
and water regime. http://dx.doi.org/10.17632​/98fk3​rvkrm​.1.
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