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Abstract
Calcium (Ca) is a critical plant nutrient typically applied at the time of planting in intensive Eucalyptus plantations in South America. At two sites 
in Colombia, we examined (1) calcium source by comparing growth after application of 100 kg ha−1 elemental Ca as lime or as pelletized highly 
reactive calcium fertilizer (HRCF) compared to a no application control, and (2) Ca rate by applying 0, 100, 200, and 400 kg ha−1 elemental Ca 
as HRCF with the addition of nitrogen, phosphorus, potassium, sulfur, and boron (NPKSB). We assessed height, diameter, and volume after 12 
and 24 months. There were no growth differences from Ca source at the 100 kg ha−1 rate. We found increased volume after 24 months at the 
“Popayan” site with 200 and 400 kg ha−1 Ca HRCF+NPKSB treatments (112 and 113 m3 ha−1, respectively) compared to control (92 m3 ha−1), a 
22% increase. In contrast, volume did not differ after 24 months at the “Darien” site, ranging from 114 m3 ha−1 in the 0 kg ha−1 Ca HRCF+NPKSB 
treatment to 98 m3 ha−1 in the control. Differences in response are likely due to soil characteristics, such as organic matter, emphasizing the 
importance of identifying site-specific nutrient deficiencies.

Study Implications: Operational applications may be over- or under-applying calcium carbonate in Eucalyptus plantations in South America. In 
the first two years of a seven-year rotation located in volcanic soils in Colombia, we found that one site with more organic matter at a greater 
depth did not need Ca additions, whereas the other site required greater than current operational applications to optimize productivity. Ca appli-
cation rate trials across a gradient of soil conditions could establish critical values and improve recommendations of appropriate Ca application 
rates and emphasize the importance of understanding site-specific soil conditions to produce effective fertilization regimes.
Keywords:   Eucalyptus, calcium, plantation management, intensive silviculture

Introduction
Calcium is a critical macronutrient required for plant growth 
and wood formation because it supports the strength of cell 
walls and other woody plant tissues. Plants with sufficient Ca 
available in the soil typically have shoot Ca concentrations 
between 1%–5% dry weight (Meharg and Marschner 2012). 
Ca deficiency may result in the disintegration of cell walls 
and the collapse of the affected tissues in the apical and upper 
parts of the stems or in new leaves. To address deficiencies, 
the soil environment can be modified through the addition of 
Ca to produce a more nutrient-rich soil solution, improving 
mineral absorption (Cheng et al. 2013, Fageria and Nascente 
2014). However, critical levels are still not well defined for 
forest plantations (Leite et al. 2010).

Operationally, lime has become a regular addition at plan-
ting to most short-rotation (seven to 10  years) Eucalyptus 
plantations in South America due to concerns regarding po-
tentially unsustainable nutrient removal during harvest, par-

ticularly for Ca and magnesium, and to prevent drops in pH 
(Stape et al. 2008, Leite et al. 2010). Recent work has shown 
no depletion in soil nutrient stocks, including Ca, after mul-
tiple rotations when Ca was added at elemental rates between 
286 and 1,464 kg ha−1 in Brazil. There is also evidence that 
soil Ca is increasing over time (up to 500%) in some areas 
where current intensive forest production methods have been 
applied (McMahon et  al. 2019). Application of Ca in the 
form of Ca carbonate (CaCO3, commonly referred to as lime) 
increases soil pH, which affects other soil nutrient availability 
and may address soil deficiencies (Fageria et al. 2002, Cheng 
et  al. 2013). High levels of soil organic matter will reduce 
the direct impact of lime application on pH because soil or-
ganic matter provides negatively charged sites that bind to 
H+ in the soil, resulting in a more acidic soil solution (Fageria 
and Baligar 2008). Chemical and physical properties such as 
soil pH, cation exchange capacity (CEC), nutrient holding 
and availability, and aggregation may be affected by lime ap-
plication (Rippy et al. 2007, Kassel 2009, Woodard and Bly 
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2010). For example, soil acidity was typically reduced within 
three years of lime application (Pagani and Mallarino 2012, 
Li et al. 2019).

Aglime (ground or powdered limestone) is one of the most 
commonly used lime sources for neutralizing acidic soils 
throughout the world (Barber 1984, Fageria and Baligar 
2008). The combination of particle size and chemical reactiv-
ity (as measured by CaCO3 equivalence) influence the timing 
and efficiency of treatment for adjusting soil pH to the desired 
level (Higgins et al. 2012). Aglime and pelletized aglime can 
increase soil pH and crop yield (Kelling and Schulte 1988, 
Murdock 1997, Warncke and Pierce 1997). Highly react-
ive pelletized lime products produced from finely ground, 
high-purity CaCO3 or calcium magnesium carbonate (dolo-
mitic lime) provide Ca and react with soil pH more quickly 
than traditional aglime products. Whereas some studies have 
shown that broadcast pelletized lime is not more efficient 
than broadcast aglime at similar application rates (Godsey 
et al. 2007, Higgins et al. 2012), the granular nature of pellet-
ized material enables easy transport, allows mixing with other 
fertilizers, and can be applied more conveniently.

Despite the importance of this critical macronutrient and 
its widespread use in plantation forestry, little information 
exists in the literature regarding Ca rate response or how dif-
ferent Ca sources influence response. The primary objectives 
of this study were to determine whether (1) the Ca source in-
fluenced growth response at the current operational rate and 
(2) the Ca application rate affected tree growth in Eucalyptus 
plantations at two sites in Colombia.

Methods
Experimental Design
Two studies were established in June 2018 on Smurfit Kappa 
Colombia property, one called “Darien” and the other one 
called “Popayan,” both located on volcanic soils in the 
Colombian Andes and representing approximately 70% of 
the soils on the company land base. The soils at both sites 
are well-drained Andisols with a loamy texture (Table 1). The 
Darien site soil taxonomy is loamy, mixed, thermic Acrudoxic 
Hapludand, whereas soil taxonomy at the Popayan site is 
loamy, mixed, thermic Typic Melanudand. Both sites are lo-
cated on the eastern slope of the western mountain range 
approximately 200 km apart. Sites had similar productiv-
ity in mean annual increment in the previous seven-year ro-
tation based on direct production records of the harvested 
stand (Table 2). Although slight differences in productivity 
in the previous rotation could be attributed to operational 
management, care was taken in the current rotation to con-
trol all operational factors to isolate the effect of fertiliza-
tion. There was no mechanical soil preparation at either site 
(i.e., no tilling, disking, bedding, or subsoiling). Both sites 
received broadcast preplanting chemical weed control with 
glyphosate (3.5 L ha−1). In addition, shrubs, broadleaves, and 
sprouts were cleaned by manual operation 15 days prior to 
planting to maintain a clean experimental site (Figure 1A). 
All site preparation methods fall within industry standards so 
that results can be interpreted in the context of typical forest 
operations.

Three replications of six treatments (Table 3) were applied 
at each site in a randomized complete block design. Of the 
six treatments, one was a “true” control with no fertilizer 

additions, one received no Ca but all other nutrients, and the 
remaining four treatments received Ca and all other nutri-
ents, but Ca varied in either source or rate. There was one 
powdered Ca treatment (dolomitic lime, 22% Ca, 13% Mg) 
applied at 100 kg ha−1 elemental Ca as the operational stand-
ard treatment and three pelletized Ca treatments applied at 
100, 200, and 400  kg elemental Ca ha−1 as a highly react-
ive Ca fertilizer (HRCF). These micronized granules ranged 
between 2 and 6  mm in diameter with a weighted median 
particle size of d50 = 4.5 µm, 37% Ca, 0.6% Mg, tradename 
Omya Calciprill®). Additional elements that were applied to 
all treatments except the true control were nitrogen, phos-
phorus, potassium, sulfur, and boron (NPKSB). NPKSB were 
applied as ammonium sulfate (21% N, 24% S), diammonium 
phosphate (18% N, 20% P), potassium chloride (50% K 
47% Cl,) and Campofert boron (10% B, 2.5% K) at plan-
ting, buried 20 cm down and away from the seedling (Figure 
1B). All Ca applications were made manually around the base 
of the tree on the soil surface at planting to mimic operational 
application procedures (Figure 1C). All NPKSB fertilizers and 
elemental rates were similar to those used operationally. The 
fertilizers were applied by hand on May 28th and June 1st in 
2018 at the Darien and Popayan sites, respectively, following 
commercial application procedures. Ca fertilizer is not typic-
ally buried with the NPKSB fertilizer but placed on the sur-
face with the intention that it will slowly leach into the soil.

Eucalyptus grandis was planted at both sites at a dens-
ity of 1,111 trees ha−1 on a 3 × 3 m spacing with the same 
genotype (clone 28-3). Species and clone were selected to be 
most appropriate for that elevation. Each study site was ap-
proximately 2.33 ha. Each treated plot contained 144 trees 
in a 12 × 12 grid. Measurement plots were centered in the 

Table 1.  Initial soil characteristics for the two sites in Colombia where 
Eucalyptus grandis was established prior to calcium application. For each 
row, different letters separate means at the p < 0.05 level per depth per 
soil characteristic to compare sites.

Site

Parameter Darien Popayan

Soil taxonomy Loamy, mixed, 
thermic, Acrudoxic 
Hapludand

Loamy, mixed, 
thermic, Typic 
Melanudands

Parent material Volcanic ash Volcanic ash

Surface texture Loam Loam

Drainage Well drained Well drained

pH (0–15 cm) 4.3b 4.6a

pH (15–30 cm) 4.4b 5.0a

N-NO3(ppm, 0–15 cm) 35.0a 24.4b

N-NO3(ppm, 15–30 cm) 31.1a 10.8b

Phosphorus (ppm, 0–15 cm) 9.8a 9.7a

Phosphorus (ppm, 15–30 cm) 9.4a 9.4a

Potassium (ppm, 0–15 cm) 103.1b 128.3a

Potassium (ppm, 15–30 cm) 110.9a 110.9a

Calcium (ppm, 0–15 cm) 51.3b 57.7a

Calcium (ppm, 15–30 cm) 48.8b 55.4a

Cation exchange capacity 
(meq/100 gr, 0–15 cm)

39.4a 35.3b

Cation exchange capacity 
(meq/100 gr, 15–30 cm)

39.1a 34.3b
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Eucalyptus grandis Response to Calcium Fertilization in Colombia 3

treated plot and had 64 trees in an 8 × 8 grid. The plantation 
was successfully established, and the canopy was closed by 
12 months (Figure 1D). For reference, trees in the background 
of Figure 1A are three years old.

Measurements
For all measurement trees, stem root collar diameter at 0.1 m 
height was measured at planting and at three and six months 
until diameter at breast height (DBH, 1.37 m) could be meas-
ured every six  months after. Tree height was measured at 
three, six, 12, 18, and 24 months.

Soil samples were collected at both sites prior to fertilizer 
application and at six months after installation. Soil was sam-
pled at 0–15 and 15–30 cm depths at five points across each 
measurement plot. Samples were composited by depth in 
each plot, air dried, and sieved through a 2 mm mesh prior 
to analysis. Soil chemical extraction was performed using 
Mehlich-3 procedures at Dr. Calderon Labs-Colombia, in 
Bogota, Colombia.

After 12 months, five mature leaves were collected from 
two branches in the upper crown of four dominant trees and 
composited by plot. Foliage was dried at 70°C to a constant 
weight, ground to pass through a 1 mm screen and analyzed 
for N, P, K, Ca, Mg, and B concentration. Laboratory analyses 
followed the methods specified in Sadzawka et al. 2004 and 
were performed at Waters Lab, Camilla, GA. N concentra-
tion was determined colorimetrically after Kjeldahl wet diges-
tion. Samples were digested at 500°C and diluted in hydrogen 
chloride for the other elements. P and B concentrations were 
determined colorimetrically, and K, Ca, and Mg concentra-
tions were determined by atomic absorption spectrophotom-
etry.

Data Analysis
Tree volume was calculated from DBH and height measure-
ments using a proprietary volume equation from Smurfit 
Kappa Colombia for E. grandis (Zapata 2011). The volume 

from all trees in each plot were summed and scaled to a ha 
area basis. Volume response was calculated by subtracting the 
volume of each treatment from the control (no fertilization) 
treatment. A mixed model approach was applied to analyze 
DBH, height, volume, and soil sampling data (Ca, N, P, K, pH, 
organic matter, and cation exchange capacity). Soil samples 
were analyzed within site per depth and across sites. In this 
model, treatment was considered a fixed effect and blocks were 
treated as random effects. If there was a significant treatment 
effect at an alpha level of 0.05, means were separated using a 
Tukey’s HSD test. Data were examined at 12 and 24 months 
after planting by site. In a separate analysis, we included site 
as a factor in the model to examine site effects. We used a re-
gression model analysis to examine the Ca rate response. Data 
were analyzed using RStudio (R Core Team 2021) and JMP 
(JMP, Version 14.0, SAS Institute Inc., Cary, NC, 1989–2019).

Results
Darien
All trees in the experiment survived to 24  months. At 
12  months, there was a significant treatment effect on 
height (p = 0.016), where the 100, 200, and 400 kg ha−1 Ca 
HRCF+NPKSB were greater than the control. There was a 
significant treatment effect for diameter (p < 0.01) and vol-
ume (p < 0.01, Table 4, Figure 2), where all treatments receiv-
ing NPKSB were greater than the control. At 24 months after 
planting, only the 100 kg ha−1 Ca HRCF+NPKSB was signifi-
cantly greater in height than the control (p = 0.04). Diameter 
(p = 0.10) and volume response (p = 0.07, Figure 3) showed 
no significant differences.

Popayan
All trees at this site survived to 24  months. After 
12  months, there was a significant treatment effect on 
height (p = 0.04), where the 400 kg ha−1 Ca HRCF+NPKSB 
was greater than the control. The 200 and 400  kg ha−1 

Table 2.  Site characteristics and previous rotation (seven year) stand information for two sites in Colombia where Eucalyptus grandis was established 
and treatments with varying amounts of calcium were applied.

Site

 Darien Popayan

County Valle Cauca

Nearest town Darien Popayan

Latitude 4.00 2.52

Longitude −76.44 −76.57

Elevation (masl) 1614 1794

Slope 8.3% 12.1%

Precipitation (mm yr−1) 1428 2153

Mean annual temperature (°C) 19.7 17.7

Installation date 05/21/2018 05/23/2018

Fertilizer application date 05/28/2018 06/01/2018

Previous land use E. grandis plantation E. grandis plantation

Year entered into company land base 1975 1984

Number of previous rotations and species 4 (3 in Eucalyptus, 1 in pine) 4 (All in Eucalyptus)

Previous mean annual increment (m3 ha−1 yr−1) 34 41

Previous site index, base age 7 years (m) 30.4 33.2

Previous volume under bark (m3 ha−1) 297 361
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4 Grover et al.

Ca HRCF+NPKSB treatments had significantly greater 
diameter than the control (p = 0.01). The 400 kg ha−1 Ca 
HRCF+NPKSB had significantly more volume than the 
control (p = 0.04; Figure 4).

After 24 months, height was still significantly greater in the 
400  kg ha−1 Ca HRCF+NPKSB treatment than the control 
(p = 0.05). There was a significant treatment effect on diameter 
(p = 0.02), where the 200 and 400 kg ha−1 Ca HRCF+NPKSB 

Table 3.  Treatment descriptions and nutrient application doses for Eucalyptus grandis in elemental rates. HRCF is highly reactive calcium fertilizer, a 
ground and pelletized calcium product. Magnesium (Mg) rate was higher with dolomitic lime due to source. Nitrogen (N), phosphorus (P), potassium 
(K), sulfur (S), and boron (B) were added to all treatments except the control.

Treatment Name Ca Source Ca Mg N P K S B

 kg ha−1

Control  0 0 0 0 0  0

0 kg ha−1 Ca + NPKSB 0 0 0 38a, 42b 33 12 43a, 48b 2

100 kg ha−1 elemental Ca as lime + NPKSB Dolomitic lime 100 59 38a, 42b 33 12 43a, 48b 2

100 kg ha−1 elemental Ca as HRCF + NPKSB HRCF 100 16 38a, 42b 33 12 43a, 48b 2

200 kg ha−1 elemental Ca as HRCF + NPKSB HRCF 200 32 38a, 42b 33 12 43a, 48b 2

400 kg ha−1 elemental Ca as HRCF + NPKSB HRCF 400 65 38a, 42b 33 12 43a, 48b 2

a Darien
b Popayan

Figure 1.  Site photos of (A) planting at Darien, (B) NPKSB fertilizer placement, (C) highly reactive calcium fertilizer placed at soil surface, and (D) 
Eucalyptus growth 12 months after planting.
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treatments were greater than control (Table 4). The 200 and 
400 kg ha−1 Ca HRCF+NPKSB treatments were similar and 
produced 20 m3 ha−1 more volume (p = 0.04) than the control 
(Figures 4 and 5).

Rate Response and Site Effect
There were no significant rate responses for volume at either site 
when examining linear and quadratic relationships (Figure 6).  
Site was a significant factor at 12  months (p  <  0.01) where 
Darien produced more volume than Popayan on average across 
all treatments (21.0 m3 ha−1 versus 7.5 m3 ha−1, respectively). 
However, after 24 months, site was no longer a significant factor 

in explaining volume growth (p = 0.71). When examined across 
both sites, the treatment main effect for volume was significant 
at 12 months where all treatments receiving NPKSB had greater 
volume than control (p < 0.01), but treatment was not signifi-
cant at 24 months (p = 0.07, Figure 7). There was no interaction 
between site and treatment at 12 or 24 months.

Effect of Ca Sources and NPKSB Fertilizers on 
Foliage Nutrient Concentrations and Soil Chemical 
Properties
There were no significant effects on foliar N, P, K, Ca, Mg, 
or S concentrations at Darien (Table 5) or Popayan (Table 
6). At six months after treatment, there were no significant 
treatment effects at either depth on any soil nutrient or soil 
parameter at the Darien site (Table 7). At Popayan, significant 
treatment effects on CEC and organic matter were observed 
at the 15–30  cm depth (Table 8). CEC and organic matter 

Table 4.  Separation of height, diameter, and volume for each site at 12 months and 24 months after installation. HRCF is highly reactive calcium 
fertilizer, a ground and pelletized calcium product. NPKSB is nitrogen, phosphorus, potassium, sulfur, and boron. Means within a column followed by 
different letters indicated differences at p < 0.05 level of significance.

12 month 24 month

 Height (m) Diameter (cm) Volume (m3 ha−1) Height (m) Diameter (cm) Volume (m3 ha−1)

 Darien

Control 7.7b 6.3b 18.9b 17.5b 11.6a 98.4a

100 kg ha−1 Ca as lime + NPKSB 8.5ab 7.4a 24.8a 17.8ab 12.2a 109a

100 kg ha−1 Ca as HRCF + NPKSB 8.6a 7.5a 25.5a 18.3a 12.3a 111.7a

200 kg ha−1 Ca as HRCF + NPKSB 8.7a 7.5a 25.8a 18.1ab 11.8a 105.1a

400 kg ha−1 Ca as HRCF + NPKSB 8.7a 7.5a 25.6a 18.1ab 12.0a 105.5a

0 kg ha−1 Ca + NPKSB 8.5ab 7.5a 25.2a 18.2ab 12.4a 114a

p value 0.016 0.003 0.007 0.041 0.103 0.07

Popayan

Control 5b 3.6b 9.8b 16b 11.8b 92.4b

100 kg ha−1 Ca as lime + NPKSB 6.2ab 4.9ab 13ab 16.5ab 12.4ab 105.1ab

100 kg ha−1 Ca as HRCF + NPKSB 6.3ab 5.0ab 13.4ab 16.9ab 12.3ab 105.4ab

200 kg ha−1 Ca as HRCF + NPKSB 6.6ab 5.3a 14.2ab 17.0ab 12.7a 112.1a

400 kg ha−1 Ca as HRCF + NPKSB 7.0a 5.5a 15.2a 17.4a 12.6a 112.9a

0 kg ha−1 Ca + NPKSB 6.2ab 4.9ab 12.3ab 17ab 12.5ab 109.1ab

p value 0.040 0.014 0.044 0.053 0.016 0.041

Figure 2.  Volume (m3 ha−1) since treatment using calcium fertilizer (either 
lime or pelletized highly reactive calcium carbonate fertilizer [HRCF]) and 
nitrogen, phosphorus, potassium, sulfur, and boron (NPKSB) treatments 
at Darien site.

Figure 3.  Darien site volume (m3 ha−1) response to treatments compared 
to the control (no fertilization). HRCF, highly reactive calcium carbonate 
fertilizer.
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6 Grover et al.

were significantly greater in the control than in the 100 kg 
ha−1 Ca lime+NPKSB treatment.

There was no difference in organic matter, soil Ca, or CEC 
at 0–15 cm between sites but there was more organic mat-
ter, soil Ca, and CEC at the 15–30 cm depth at Darien than 
at Popayan (p < 0.01, p = 0.01, and p = 0.03, respectively). 
Darien had more soil P at the 0–15  cm depth (p  <  0.01) 
and more total soil nitrogen at both soil depths (p < 0.01). 
Popayan, however, had greater soil K concentrations and 
higher pH than Darien at both the 0–15 and 15–30 cm depth 
(p < 0.01), similar to pre-treatment differences between sites.

Discussion
At the Darien site after 24 months, none of the treatments 
provided significant additional volume growth. These results 
indicate that operational Ca applications on some sites may 
not be necessary and may not provide a positive short-term 
return on investment. However, there is still concern that re-
ductions or elimination of Ca additions may not be sustain-
able over repeated rotations, as reductions of soil Ca and pH 
have been shown previously over three rotations (21 years) of 
Eucalyptus production in Brazil where Ca inputs were lower 
than exports (Leite et al. 2010). In contrast, at Popayan, vol-

ume increased with application of 200 and 400 kg ha−1 Ca in 
agreement with previous studies (Schönau and Herbert 1982, 
1983, Herbert 1983). The 200 and 400 kg ha−1 Ca applica-
tions proved equally effective, so from a management per-
spective, the operational application amount (100 kg ha−1 Ca) 
may not be sufficient at this site but 400 kg ha−1 Ca would 
be more than necessary. Results indicate that the addition of 
NPKSB is critical for Eucalyptus growth, but the study was 
not designed to determine which of these elements were most 
limiting. Similarly, whereas our study was not designed to 
examine the effect of an isolated Ca application, previous 
work indicated that CaCO3 sources alone may not have a 
beneficial effect on the growth of Eucalyptus grandis (Mello 
et al. 1970, Schönau 1977).

There was no difference in growth response due to Ca 
sources at either site, but this result may be due to different 
drivers at each location. At Popayan, we postulate, as noted 
previously, that the 100 kg ha−1 treatment was not enough to 
induce a response regardless of Ca source, given the growth 
response at higher rates, whereas at Darien, the site must have 
provided enough Ca that it was not the limiting resource. 
Similarly, we postulate that the lack of a rate response at 
Darien was likely due to higher soil quality and native nu-
trient availability, whereas at Popayan, perhaps higher Ca 
rates would have induced a greater response. Interestingly, the 
higher application rates at Popayan increased productivity to 
similar levels as those found at Darien after 24 months, show-
ing the importance of understanding site-limiting resources to 
ameliorate limiting factors and the need for determination of 
critical values for nutrients.

Different responses at the two sites are most likely due to 
soil quality. Though the soil analysis at both sites (Darien and 
Popayan) differed little due to fertilizer additions, the soils 
differed in some chemical analyses between sites. Organic 
matter concentration was higher at the greater profile depth 
at the Darien site (14.6% at 15–30 cm depth) than at the 
Popayan site (8.9% at 15–30 cm depth). CEC was initially 
greater at Darien, potentially allowing for greater reten-
tion of soil Ca at 15–30 cm after treatments. We observed 
from describing soils to 1 m that at the Darien site the or-
ganic matter sometimes extended more than 92 cm in depth, 
whereas at Popayan, the organic matter tended to be shal-
lower (5 to 25 cm depth). Compared with Darien, slightly 
steeper slopes at Popayan may have suffered greater past 
erosion, although compared with other sites in Colombia, 
both these sites had relatively gentle slopes. Organic mat-
ter is considered a critical soil property because of its in-
fluence on many characteristics of productive soil and has 
been shown to be linked with Eucalyptus yield (Menezes 
2005). Organic matter can lead to increased nutrient and 
water holding capacity and decreased bulk density. Organic 
matter reduces bulk density, which will ultimately affect 
soil infiltration and root proliferation. In general, soils with 
higher organic matter content tend to be more productive 
(Shoji 1993). The difference in organic matter, CEC, and soil 
Ca levels at depth may help explain the response to nutrient 
additions. These results support other work (Albaugh et al. 
2015) that suggests that treatment effects can be strongly 
influenced by soil characteristics, where soils with lower in-
herent nutrient availability are more likely to respond to fer-
tilizer additions. Interestingly, although we did not see a dif-
ference in pH due to treatment effect, we did see greater pH 
at Popayan prior to and after treatments, suggesting there 

Figure 5.  Popayan site volume (m3 ha−1) response to treatment 
compared to the control (no fertilization). HRCF, highly reactive calcium 
carbonate fertilizer.

Figure 4.  Volume (m3 ha−1) since treatment using calcium fertilizers 
(either lime or pelletized highly reactive calcium carbonate fertilizer 
[HRCF]) and NPKSB treatments at Popayan site.
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may be some relationship to the greater treatment response 
seen, although we would have expected the site with the 
lower pH to potentially be more responsive. Volcanic soils 
have high P-fixation abilities, and changes in pH may relate 
to P availability. Soil P is typically quite limiting in these 
soils, and plant availability is particularly difficult to assess. 
Zapata (2017) found that approximately 60% of inorganic 
P is occluded and only 0.7% and 1.6% were rapidly avail-
able at Popayan and Darien, respectively.

We had originally expected to see greater differences in 
foliar nutrient concentrations due to treatment, but foliar 
concentrations were similar overall, even in treatments with 
greater growth response. Nutrient concentrations have been 
previously shown to have limitations in predicting productiv-
ity (Albaugh et al. 2015). Differences in site productivity may 
be attributed to higher leaf area or greater growth efficiency 

in treatments with greater growth but without higher nutrient 
concentrations.

Although the nature of this study was narrow in scope, the 
information provided should be useful for plantation man-
agers looking for fast crown closure and capturing site re-
sources for plantation development. Nutrients like Ca are 
often applied in a prophylactic manner in South American 
Eucalyptus plantations, and this study highlights the need for 
a better understanding of site-specific nutrient limitations ra-
ther than a one-size-fits-all approach. Some sites may need 
more than is currently being applied, and others could be 
equally productive with less. Additionally, the current ability 
to predict response based on soil chemical extractions and 
analysis is essentially unknown for forest plantations across 
a broad gradient of soils in South America. A better under-
standing of soil supply and fertilizer response will allow for 
optimizing resource allocation on a site-specific basis and en-
hance the sustainability of forest operations.

Conclusion
Site and soil characteristics likely had an impact on differ-
ences in response to Ca fertilization. The differences in soil 
organic matter likely contributed to different responses to Ca 
additions. In general, sites like Darien may not be as resource 
limited and therefore are less likely to respond to Ca applica-
tions, whereas sites like Popayan may be more likely to show 
responses to Ca additions at higher rates than currently ap-
plied. These trends emphasize the importance of using site-
specific information to guide management and fertilization 
regimes and the need for greater understanding of the drivers 
of response.
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mean values (triangles) with standard error bars are shown. No regressions were significant.

Figure 7.  Control treatment volume and the treatment with the greatest 
volume (m3 ha−1) shown at Darien (D) and Popayan (P) sites. HRCF, highly 
reactive calcium carbonate fertilizer; NPKSB, nitrogen, phosphorus, 
potassium, sulfur, and boron.
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Table 6.  Summary of posttreatment foliar element concentrations (% or ppm) across treatments at the Popayan site. Different letters indicate 
differences among treatments for a given foliar nutrient. Means within a column followed by different letters indicated differences at p < 0.05 level of 
significance.

N (%) P (%) K (%) Ca (%) Mg (%) S (%) Mn (ppm) Zn (ppm) Cu (ppm)

P value 0.53 0.21 0.50 0.31 0.06 0.50 0.44 0.24 0.68

Standard error 0.031 0.002 0.022 0.034 0.002 0.002 65.028 0.952 0.113

Treatment                  

Control 2.19a 0.10a 1.17a 1.15a 0.22a 0.167a 844.29a 20.19a 6.81a

100 kg ha−1 as lime+NPKSB 2.20a 0.09a 1.11a 1.01a 0.22a 0.17a 484.79a 15.63a 6.99a

100 kg ha−1 as HRCF+NPKSB 1.99a 0.09a 1.13a 1.06a 0.22a 0.17a 413.59a 14.07a 6.43a

200 kg ha−1 as HRCF+NPKSB 2.17a 0.01a 1.09a 1.00a 0.22a 0.18a 479.99a 14.01a 6.39a

400 kg ha−1 as HRCF+NPKSB 2.16a 0.01a 1.01a 1.20a 0.22a 0.18a 610.39a 15.23a 7.02a

0 kg ha−1 Ca+NPKSB 2.16a 0.01a 1.09a 1.15a 0.23a 0.17a 677.38a 17.09a 6.86a

Table 7.  Soil analysis six months after treatment for the Darien site, separated into 0–15 and 15–30 cm soil depth. Letters separating values within a 
column are significantly different. CEC is cation exchange capacity. HRCF is highly reactive calcium fertilizer, a ground and pelletized calcium product. 
NPKSB is nitrogen, phosphorus, potassium, sulfur, and boron. Means within a column followed by different letters indicated differences at p < 0.05 
level of significance.

Treatment Ca (ppm) N (%) P (ppm) K (ppm) pH Organic matter (%) CEC (cmolc 100 kg-1)

 0–15 cm

Control 145.33 1.20 5.33 10.40 4.36 15.38 24.98

100 kg ha−1 elemental Ca as lime + NPKSB 82.00 1.25 4.33 11.70 4.23 15.96 25.63

100 kg ha−1 elemental Ca as HRCF + NPKSB 108.67 1.10 4.00 19.50 4.33 15.13 24.82

200 kg ha−1 elemental Ca as HRCF + NPKSB 106.00 1.19 4.00 13.00 4.32 13.66 23.27

400 kg ha−1 elemental Ca as HRCF + NPKSB 108.00 1.13 3.00 11.70 4.37 13.09 22.73

0 kg ha−1 elemental Ca + NPKSB 89.33 1.22 4.67 10.40 4.32 15.58 25.18

p value 0.68 0.98 0.86 0.83 0.48 0.41 0.41

15–30 cm

Control 88.00 0.94 2.00 3.90 4.52 17.56 27.22

100 kg ha−1 elemental Ca as lime + NPKSB 53.33 1.04 2.00 7.80 4.56 14.94 24.60

100 kg ha−1 elemental Ca as HRCF + NPKSB 58.67 0.90 2.00 10.40 4.60 12.96 22.47

200 kg ha−1 elemental Ca as HRCF + NPKSB 63.33 1.01 2.00 3.90 4.59 13.07 22.84

400 kg ha−1 elemental Ca as HRCF + NPKSB 66.67 0.78 2.33 6.50 4.61 14.49 24.15

0 kg ha−1 elemental Ca + NPKSB 56.67 0.95 2.33 6.50 4.68 14.68 24.22

p value 0.70 0.73 0.57 0.36 0.77 0.96 0.96

Table 5.  Summary of posttreatment foliar element concentrations (% or ppm) across treatments at the Darien site. HRCF is highly reactive calcium 
fertilizer, a ground and pelletized calcium product. NPKSB is nitrogen, phosphorus, potassium, sulfur, and boron. Different letters indicate differences 
among treatments for a given foliar nutrient. Means within a column followed by different letters indicated differences at p < 0.05 level of significance.

N (%) P (%) K (%) Ca (%) Mg (%) S (%) Mn (ppm) Zn (ppm) Cu (ppm)

P value 0.31 0.69 0.97 0.20 0.20 0.94 0.52 0.88 0.07

Standard error 0.039 0.002 0.012 0.045 0.004 0.001 22.166 0.272 0.189

Treatment                  

Control 2.60a 0.11a 0.95a 1.08a 0.17a 0.18a 699.09a 17.65a 7.43a

100 kg ha−1 Ca as lime + NPKSB 2.45a 0.10a 0.96a 1.12a 0.17a 0.17a 756.55a 17.24a 6.49b

100 kg ha−1 Ca as HRCF + NPKSB 2.31a 0.09a 0.96a 1.26a 0.18a 0.18a 685.44a 16.25a 6.15b

200 kg ha−1 Ca as HRCF + NPKSB 2.43a 0.10a 1.02a 1.13a 0.18a 0.18a 610.09a 17.74a 6.83b

400 kg ha−1 Ca as HRCF + NPKSB 2.40a 0.10a 0.99a 1.38a 0.20a 0.18a 685.40a 18.24a 6.43b

0 kg ha−1 Ca + NPKSB 2.47a 0.11a 0.95a 1.19a 0.18a 0.18a 755.17a 17.51a 7.04b
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