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Abstract. Teak (Tectona grandis L.f.) is an important species in the worldwide quality tropical hardwood sector, which
has gained signiﬁcance in Central America since the ﬁrst large plantations were established in the 1980s. The present work
is a descriptive study that aims to: (1) analyse and characterise the general soil patterns which may be inﬂuencing teak
plantations in Central America; (2) assess differences between countries and sub-regions; (3) create a global framework to
help contextualise the soil fertility analyses conducted at sub-regional or farm level, and (4) determine the main problems
associated with soil fertility in the region. Soil fertility was measured at 684 sites in Costa Rica, Guatemala and Panama.
Although teak is considered to be a species with high soil nutrient requirements, and high fertility is usually assumed in teak
plantations, the results show that this species has been planted in a wide variety of soils, including many with serious
fertility problems (e.g. Ultisols and perhaps Oxisols) or with added difﬁculties due to their physical properties (e.g.
Vertisols). The present analysis reveals a general K deﬁciency in the Central American teak plantations, where P deﬁciency
and acidity toxicity are also relatively common problems. These soil fertility problems probably stem from poor site
selection by forest managers in the 80s and 90s. Hence, although soil fertility is carefully evaluated when most teak
plantations are established today, managers have to deal with soil fertility deﬁciencies in many sites where teak was
established some years ago.
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Introduction
Teak (Tectona grandis L.f.) is an important species in the
worldwide quality tropical hardwood sector, with a total
planted area of 4.3 106 ha (Pandey and Brown 2000; De
Camino et al. 2002; Kumar 2011; Kollert and Cherubini
2012). Teak has been extensively planted in Central America
(132770 ha), mainly in Panama, Costa Rica and Guatemala
(55000; 31500 and 28000 ha; respectively) and it has also
been introduced in El Salvador, Nicaragua, Honduras and
Belise (9760; 7960; 450 and 100 ha, respectively) (Kollert
and Cherubini 2012). Despite the relatively minor importance
of Central American plantations in the worldwide teak sector,
teak plantations have had quite far-reaching socioeconomic and
environmental effects in Central America due to the small size
of the countries. Panama is the third in terms of area dedicated
to teak plantation relative to the size of the country, while
Costa Rica is the ﬁfth and El Salvador, the ninth (Kollert and
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Cherubini 2012). Arias (2004) highlighted the fact that forest
plantations (especially teak plantations) established by large or
medium-sized companies not only provide environmental
services, but also play an important role in the sustainable
development of countries like Costa Rica, creating
employment in rural areas where few other job opportunities
exist. In addition, many small landowners have also planted
teak across the region, and usually manage their plantations as
a complementary crop alongside other land uses within their
farms.
Nieuwenhuyse et al. (2000) estimate that around 70% of the
landscape should be covered by teak plantations in order to
maximise the regional income of their study area in the
Caribbean lowlands of Costa Rica. These authors report that
the production of a valuable timber species, such as teak, is more
proﬁtable than fast-growing low-quality wood species, such as
Gmelina arborea, or other land uses, such as basic grain and
www.publish.csiro.au/journals/sr
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beef cattle ranching. Due to the high proﬁtability of teak
plantations (Nieuwenhuyse et al. 2000; Pandey and Brown
2000; De Camino et al. 2002), Central America is among the
regions that have seen the greatest increase in area dedicated to
teak plantations. In 2010, the area occupied by teak plantations
in Guatemala was 16 times greater than in 1995; in Panama the
area was 14 times larger, 13 times larger in Nicaragua, 5 times
larger in El Salvador and twice as large in Costa Rica (Kollert
and Cherubini 2012). These trends in Central America are
even more marked if Latin America is considered as a whole,
since large increases have been reported in Ecuador and Brasil
(Kollert and Cherubini 2012), two countries where a sharp
increase in the area occupied by teak plantations is expected
over the next few years.
The present work is a descriptive study which aims to:
(1) analyse and characterise the general soil patterns which
may be inﬂuencing teak plantations in Central America;
(2) assess differences between countries and sub-regions;
(3) create a global framework to help contextualise the soil
fertility analysis conducted at sub-regional or farm level, and
(4) determine the main problems associated with soil fertility
and use the ﬁndings to deﬁne further lines of research in the
near future. No attempt is made in this study to analyse the
relationship between soil fertility and growth, as this line of
investigation is currently being addressed elsewhere. However,
the rationale for the present study is the need to gain a clearer
understanding of teak growth performance at a regional scale.

zones, according to the Holdridge (1967) classiﬁcation. A wide
variety of USDA soil orders were also found throughout the
study area, including Inceptisols, Entisols, Vertisols, Andisols,
Alﬁsols, and Ultisols.
Most planted teak forests in Central America have been
established on land previously used for beef cattle ranching,
although some sites had been used for agricultural crops such as
corn or bananas. The previous overgrazing of the land has
generally led to soil compaction and erosion in many planted
teak forests in the region. This degradation has sometimes
been wrongly attributed to teak establishment and in many
cases has caused high land preparation costs and a decrease
in the potential site productivity.
Management of planted teak forests varies depending on
whether they are woodlots belonging to small landowners or
large-scale company-owned plantations. However, there are
general patterns that are common to most planted teak forests
in Central America. The rotation period is usually around
20–25 years, with an expected commercial volume of
100–150 m3 ha–1 at the ﬁnal harvesting. Management of these
plantations consists of continuous silvicultural activities: land
preparation, fertilisation and liming during establishment (at
variable dosages and formulae depending on the company),
weed control, pruning and thinning (from ~ 816–1111 trees ha–1
to 150–200 trees ha–1 at ﬁnal felling); although some of these
activities are not always performed, depending on the
management intensity adopted by the owner or manager.

Materials and methods

Data collection, transformation and statistical analysis
A compilation of different local scale soil studies in which
some of the authors had participated was assembled. Soil
fertility information from 684 sites was collected: 299 in
Costa Rica, 257 in Guatemala and 128 in Panama. Topsoil
(0–20 cm) and subsoil (20–40 cm) information was available
for these sites and was averaged to estimate soil fertility at
0–40 cm. The following soil attributes were used for the present
analysis: pH, available P, available cations (Ca, Mg, K and
acidity) and their derived attributes: effective cation exchange
capacity (ECEC), Ca saturation (Ca Sat), Mg saturation
(Mg Sat), K saturation (K Sat), acidity saturation (A Sat), Ca
Mg–1, Ca K–1, Mg K–1 and (Ca+Mg) K–1 ratios. Most soil
analyses were performed at the ‘Centro de Investigaciones
Agronómicas’, University of Costa Rica (‘CIA-UCR’), where
pH was determined in water 10 : 25, available Ca, Mg and
acidity were measured using KCl solution 1 M in the ratio
1 : 10 and available K and P were analysed with a modiﬁed
Olsen solution pH 8.5 (NaHCO3 0.5 N, EDTA 0.01 M,
Superﬂoc 127) in 1 : 10 ratio. This methodology is commonly
known in Central America as ‘modiﬁed Olsen-KCl’ and is
established as a routine activity in the internationally certiﬁed
CIA-UCR laboratory. Some of the soil samples from Panama
were analysed in the Tropical Agricultural Research and Higher
Education Center (CATIE) using the same methodology. For
the samples from Guatemala and some of the ones from
Panama, pH was determined in water 10 : 25, and the other
elements were analysed using the Mehlich 3 extractant (Mehlich
1984). To make the results obtained by Mehlich 3 compatible
with those obtained by modiﬁed Olsen-KCl, the following

Study area
A set of teak (Tectona grandis L.f.) plantations was selected
across Central America: Guatemala, Costa Rica and Panama
(Fig. 1); from 178N in the Petén region of Guatemala to 88N in
the southern region of Costa Rica and the Panama Canal
Watershed. Although the climate varies across the large study
area, most of the study sites are in tropical or subtropical moist
forest (mean annual rainfall of 2000–4000 mm with 4–6
dry months) and tropical or subtropical wet forest (mean
annual rainfall of 4000–8000 mm with 0–3 dry months) life

Fig. 1. General location of the countries of the study (Guatemala, Costa
Rica and Panama) in Central America.
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transformations were used, based on the models proposed by
Cabalceta (1995) and Bertsch et al. (2005):
CaðOlsenKClÞ ¼ ð1=1:05Þ  CaðMehlich3Þ ½R2 ¼ 0:95

ð1Þ

KðOlsenKClÞ ¼ ð1=1:41Þ  KðMehlich3Þ ½R2 ¼ 0:94

ð2Þ

PðOlsenKClÞ ¼ 2:829 þ 0:647  PðMehlich3Þ ½R2 ¼ 0:69

ð3Þ

A Principal Component Analysis (PCA) was performed to
assess similarities between sampled sites according to their soil
fertility. Prior to performing the PCA, data were centred and
standardised using the mean and the standard deviation of each
variable. The 684 soil sites were used as rows and the 15 soil
fertility variables as columns. A multivariate cluster analysis
was carried out to group the soil samples according to their
similarities. Complete linkage (or farthest neighbour) hierarchic
clustering was performed using Euclidean distance to measure
the similarities in soil fertility between the sites and 10 groups
were created. R software was used for all the statistical analyses
(R Development Core Team 2008). The relationships between
the different variables were also graphically explored by plotting
each variable against the others.
The critical values reported in the literature were used for
soil analysis interpretation: (1) A Sat = 3% and Ca Sat = 68%
(Alvarado and Fallas 2004); (2) K Sat = 3.09% (J. FernándezMoya A. Alvarado, J. M. Verjans, A. San Miguel-Ayanz,
M. Marchamalo-Sacristán, unpubl. data); and (3) the general
values used in Costa Rica for the rest of the variables (Bertsch
1998) (Table 1). In addition, some critical values were used
based on the experience of the authors in analysing soil fertility
in teak plantations throughout the region: Ca = 10 cmol(+) L–1,
Mg = 3 cmol(+) L–1 and P = 5 mg L–1 (Table 1).
Results and discussion
The PCA results revealed a predictable antagonism between Cadriven soil attributes with respect to acidity and A Sat, Mg, Mg
Sat, K, K Sat and P (Fig. 2). Forest managers in the region often
form generalised ideas about certain countries or regions having
better soils than others. However, the multivariate analysis
did not show any noticeable differences either between the
countries analysed (Fig. 2) or between regions within each
country. Conversely, the multivariate analysis revealed high
variability within each region in the form of a soil-fertility
gradient. However, soils in Panama are more likely to show
acidity problems (low pH and Ca Sat, and high acidity and
A Sat) whereas they generally have slightly higher P content
(Table 1, Fig. 3). Soils from Costa Rica and Guatemala are
rather similar, the soils from Guatemala showing somewhat
lower Mg content than those from Costa Rica, which might
result in Mg deﬁciency and differences in the cation balances
(Table 1, Fig. 3). Similar K values were found in the three
countries, the absolute values generally being adequate although
K sat values were low as the soils are very rich in Ca and Mg,
inducing a generalised K deﬁciency (Table 1, Fig. 3).
Although teak is considered a calciphile species, it has been
planted at sites throughout Central America with a wide range
of soil pH values (3.6–8.4, Table 1). The ﬁndings of a worldwide
analysis by Ombina (2008) also reﬂect this situation (soil pH
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values 3.8–7.9). As expected, the results of the present study
show that pH can be used as a general indicator of the Ca-acidity
relationship in the analysed soils, as acidity saturation falls to
values below 3% (critical level for the species, according to
Alvarado and Fallas 2004) in soils with pH values higher than
5.5, sharply increasing in soils with lower pH (Fig. 3). This
tendency is in accordance with the classical theory regarding soil
acidity in tropical regions (e.g. Kamprath 1984). Accordingly,
soils with pH lower than 5.5 are more likely to have low Ca Sat
and show high Mg Sat, while soils with pH higher than 5.5
generally have Ca Sat values higher than 68% (critical level
for the species, Alvarado and Fallas 2004). Although cation
saturation index varies according to ECEC values and the
general soil cation balance, when Ca content is higher than
20–25 cmol(+) L–1, the cases of A Sat problems seem to be less
common (Fig. 3). However, high Ca values can also be a
problem, as available P content decrease when Ca exceeds
levels of around 50–60 cmol(+) L–1 (Fig. 3), probably because
P would be precipitated as Ca phosphates. Similarly, P content
is higher where there is no noticeable soil acidity problem
(<0.5 cmol(+) L–1) and P availability becomes a problem
when acidity is high (>2.5 cmol(+) L–1) (Fig. 3), probably
because P would be precipitated as Al and/or Fe phosphates.
The 684 soil samples were divided into 10 groups according
to their similarities with regards to soil fertility using cluster
analysis (Table 2). Most groups showed a K deﬁciency (K Sat
<3.09%) except G-6, G-9 and G-10, the latter being the only
group with no soil fertility problems although it only comprised
10 samples (Table 2). G-6 only had slight problems of acidity,
whereas G-9 had problems of acidity as well as available Ca and
Mg (Table 2). Despite K deﬁciency, G-2 had generally adequate
cation values although their P content might be in the critical
range, as with the G-8 samples, although this group also showed
a slightly lower Mg content. The other groups (G-1, G-3, G-4,
G-5 and G-7) presented different combinations of nutrient
deﬁciencies and toxicities, which in simple terms can be
described as low soil fertility (Table 2).
Teak is considered to be a species with high soil nutrient
requirements; deep, well drained soils with high chemical fertility
(especially Ca) and low acidity are usually considered necessary
for the successful growth of this species (Montero 1999; Alvarado
and Fallas 2004; Mollinedo et al. 2005; Kumar 2011; Alvarado
2012). However, teak plantations are found on a wide variety of
soils, including many with serious problems of fertility (e.g.
Ultisols and Oxisols) or with added difﬁculties due to their
physical properties (e.g. Vertisols) (Zech and Drechsel 1991;
Drechsel and Zech 1994; Ombina 2008; Kumar 2011;
Alvarado 2012). The soils analysed in the present study also
showed high variability, including Inceptisols, Entisols, Vertisols,
Andisols, Alﬁsols, Ultisols and perhaps Oxisols. The wide variety
of soil fertility levels in teak plantations of Central America has
also been observed in Africa. Ombina (2008) reported teak
plantations on low fertility soils in Southern Sudan, Zech and
Drechsel (1991) found generally deﬁcient soils in Liberia, while
Adekunle et al. (2011) described relatively high fertility soils in
Nigeria. Similarly, Drechsel and Zech (1994) found a variety of
rich and poor soils in Togo, Benin, Côte d’Ivoire, Liberia and
Nigeria. Asian teak plantations have also been established on a
wide variety of soils (Kumar 2011).
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Table 1. Summary of the soil fertility variables analysed in teak (Tectona grandis L.f.) plantations in Central America: Costa Rica, Guatemala
and Panama
Mean, Conﬁdence Interval at 95% (‘CI’) and range (minimum-maximum) are reported for each variable considering a country average. Critical values for some
of the variables are reported either from literature (Bertsch 1998; Alvarado and Fallas 2004; J. Fernández-Moya, A. Alvarado, J. M. Verjans, A. San MiguelAyanz, M. Marchamalo-Sacristán, unpubl.) or based on the experience of the authors. Problematic values according to those critical values are remarked in red
bold type when it does not match either the literature or the empirical critical values and orange bold type when it is adequate taking one of them into
consideration. ECEC, Effective Cation Exchange Capacity [ECEC = Acidity+Ca+Mg+K]; Ca Sat, Ca saturation [Ca Sat = Ca/ECEC]; Mg Sat, Mg saturation
[Mg Sat = Mg/ECEC]; K Sat, K saturation [K Sat = K/ECEC]; A Sat, Acidity saturation [A Sat = Acidity/ECEC]
Regional
(n = 684)

Costa Rica
(n = 299)

Guatemala
(n = 257)

Panama
(n = 128)

Mean
CI
Range

6.0
(5.9, 6.0)
3.6–8.4

5.9
(5.9, 6.0)
4.4–7.8

6.6
(6.5, 6.7)
4.2–8.4

4.8
(4.7, 4.9)
3.6–7.6

5.5

–

Mean
CI
Range

20.4
(19.2, 21.7)
0.7–143.9

25.3
(24.1, 26.6)
1.2–59.9

19.7
(17.1, 22.4)
0.7–143.9

10.5
(9.2, 11.7)
1.2–43.6

4.0

10.0

Mean
CI
Range

5.7
(5.3, 6.1)
0.2–33.5

7.8
(7.3, 8.3)
0.5–23.4

2.1
(1.8, 2.4)
0.2–16.5

8.1
(7.1, 9.0)
1.0–33.5

1.0

3.0

Mean
CI
Range

0.3
(0.3, 0.3)
0–3

0.3
(0.3, 0.4)
0–3

0.3
(0.2, 0.3)
0–1.9

0.4
(0.3, 0.4)
0–1.6

0.2

–

Mean
CI
Range

0.6
(0.5, 0.7)
0–18.8

0.3
(0.3, 0.4)
0.1–6.4

0.2
(0.1, 0.3)
0–10.1

2.0
(1.4, 2.6)
0.1–18.8

0.5

–

ECEC (cmol(+) L–1)

Mean
CI
Range

27.0
(25.7, 28.4)
1.6–149.5

33.8
(32.2, 35.3)
4.7–80.2

22.3
(19.6, 25.0)
1.6–149.5

20.9
(18.9, 22.9)
3.8–69.5

–
–

–
–

Ca Sat (%)

Mean
CI
Range

73.3
(72.0, 74.6)
14.9–98.8

74.0
(73.0, 75.1)
17.3–97.5

84.3
(82.6, 85.9)
14.9–98.8

49.6
(47.2, 52.0)
21.4–84.3

68.0

–

Mean
CI
Range

21.5
(20.6, 22.5)
0.7–70.2

22.9
(22.0, 23.7)
1.6–45.2

11.9
(10.7, 13.2)
0.7–70.2

37.8
(35.8, 39.8)
12.8–67.8

–

–

Mean
CI
Range

1.6
(1.4, 1.7)
0–16.5

1.1
(1.0, 1.3)
0.1–9.0

1.9
(1.6, 2.1)
0–16.5

2.0
(1.8, 2.2)
0.1–5.3

3.09

–

Mean
CI
Range

3.6
(2.9, 4.3)
0–72.9

2.0
(1.3, 2.7)
0.1–60.5

1.9
(1.0, 2.8)
0–72.9

10.6
(8.3, 13.0)
0.2–64.5

3.0

–

Mean
CI
Range

7.4
(6.5, 8.3)
0.3–137.7

4.2
(3.7, 4.8)
0.8–62.7

14.0
(12.1, 16.0)
0.4–137.7

1.5
(1.4, 1.6)
0.3–6.5

–

–

Mean
CI
Range

147.3
(131.6, 163.0)
3.2–1926.2

213.2
(187.4, 238.9)
7–1518.5

119.1
(93.5, 144.8)
3.2–1926.2

50.1
(38.6, 61.7)
9.2–361.4

–

–

Mean
CI
Range

44.2
(39.0, 49.3)
0.7–493.2

71.7
(62.2, 81.1)
1.8–492.8

14.2
(10.8, 17.7)
0.7–340.5

40.0
(29.1, 50.8)
5.5–493.2

–

–

Mean
CI
Range

191.5
(171.7, 211.3)
4–2119.1

284.8
(250.2, 319.4)
9.6–1981.5

133.4
(105.5, 161.3)
4–2119.1

90.1
(68.8, 111.5)
16.2–752.8

–

–

Mean
CI
Range

7.9
(7.1, 8.7)
0–78.6

7.6
(5.9, 9.2)
0–78.0

8.1
(7.2, 8.9)
2.8–78.6

8.5
(7.5, 9.5)
0.1–20.1

10.0

5.0

pH

Ca (cmol(+) L–1)

Mg (cmol(+) L–1)

K (cmol(+) L–1)

Acidity (cmol(+) L–1)

Mg Sat (%)

K Sat (%)

A Sat (%)

Ca Mg–1

Ca K–1

Mg K–1

(Ca+Mg) K–1

P (mg L–1)

Critical values
Literature
Experience
of the authors

Soil fertility under teak in Central America

Soil Research

427

0.4
0.2
0
–0.2
–0.4
–0.6

PC 2 (25.8%)

–0.8
–1.0
–1.0

–0.8

–0.6

–0.4

–0.2

0

0.2

0.4

0.6

6
4
2
0
–2
–4
–6
–8
–10
–10

Costa Rica
Guatemala
Panama

–8

–6

–4

–2

0

2

4

6

8

PC 1 (28.3%)
Fig. 2. Results of the PCA of the 684 soil samples according to the 15 soil fertility variables analysed in teak
(Tectona grandis L.f.) plantations in Central America: Costa Rica, Guatemala and Panama.

Despite the commonly high nutrient requirements of the
species and the general belief that soils under teak plantations
tend to be fertile, our data reveals that most sites in Central
America exhibit soil deﬁciencies of some kind, especially
related to K, acidity and P (Tables 1 and 2, Fig. 3). Site
selection based on soil fertility was not a widespread practice
when the ﬁrst large teak plantations of the region were
established in the 1980s. Although several protocols were
later developed (Keogh 1987; Müller et al. 1998; Núñez
2001), many teak plantations of the 1980s and 1990s were
established on poor sites due to corruption, technical negligence
and/or administrative problems. Poor site selection is considered
one of the causes of the failure of several ﬁnancial investments
based on plantations in Central America. These failures have left
Central American plantations with a poor reputation in certain
countries (e.g. the Netherlands), where many people lost their
savings after investing in plantations, which were sold as
ﬁnancial products with expected high rates of return and that
did not live up to expectations. Numerous sites in the northern
lowlands of Costa Rica, which were acquired for teak plantations
had soil fertility and/or physical problems (e.g. shallow soils
with bad drainage and plinthite), leading to dieback syndrome
in the following years (Arguedas et al. 2009), even though the
soils were considered adequate at the time and high teak
growth was anticipated. Similarly, many of the initial teak
plantations in Guatemala were established on sites with poor

soils, although since the implementation of the site selection
protocol (Segura et al. 2013) the soil quality at recently acquired
sites has improved. Despite the fact that soil fertility is carefully
evaluated in most teak plantations established today, it seems
that managers still have to deal with soil fertility deﬁciencies
(particularly as regards K, acidity and P) at many sites acquired
several years ago.
Fernández-Moya et al. (2014) already highlighted the
importance of K and P in teak plantations in Central
America, as the accumulation in tree tissues and exporting of
both elements through timber harvesting is very high in relation
to the amounts available in the soil. In addition, FernándezMoya et al. (J. Fernández-Moya, A. Alvarado, J. M. Verjans,
A. San Miguel-Ayanz, M. Marchamalo-Sacristán, unpubl. data)
state that P and K deﬁciencies are directly related to a decrease
in teak performance in Panama. However, the underlying
cause may not be K deﬁciency but rather a problem of
cationic unbalance due to the high values of Ca and/or Mg
(Tables 1 and 2). Two further problems exist with regard to K
management in the studied systems: (i) susceptibility to leaching
due to the high levels of precipitation throughout the study
area; and (ii) ﬁxation, especially if the soil mineralogy is
dominantly vermiculite, abundant in many soils in the region
considered as highly fertile. In addition, Mg deﬁciencies
have been observed by forest managers in the ﬁeld, although
this is not reﬂected by the results of the present study.
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Guatemala
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Fig. 3. Relationship between some of the soil fertility variables analysed in teak (Tectona grandis L.f.) plantations in Central
America: Costa Rica, Guatemala and Panama.
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Range
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Ca Mg–1

Mean
CI
Range

Mean
CI
Range

Mean
CI
Range

Mean
CI
Range

Mean
CI
Range

Mean
CI
Range

Ca Sat (%)

ECEC (cmol(+) L–1)

Acidity (cmol(+) L–1)

K (cmol(+) L–1)

Mg (cmol(+) L–1)

Ca (cmol(+) L–1)

2.5
(2.0, 3.1)
0.3–27.9

8.8
(7.2, 10.4)
0.1–44.2

3.0
(2.7, 3.3)
0.6–9.7

34.2
(31.8, 36.7)
3.3–70.2

54.0
(51.3, 56.6)
23.6–91.9

17.7
(16, 19.4)
2.2–45.7

1.2
(1, 1.4)
0–7.1

0.5
(0.4, 0.5)
0–1.9

6.5
(5.7, 7.3)
0.3–19.8

9.5
(8.4, 10.6)
1.2–29.3

4.9
(4.7, 5.0)
3.6–7.4

pH

Mean
CI
Range

1
(n = 135)

Group

8.3
(7.4, 9.2)
0.7–93.5

1.1
(0.9, 1.3)
0–16.4

1.1
(1.1, 1.2)
0.1–4.7

17.6
(16.7, 18.5)
1.1–58.8

80.2
(79.2, 81.1)
40.5–98.5

26.0
(24.7, 27.4)
1.6–75.3

0.2
(0.2, 0.2)
0–3.5

0.2
(0.2, 0.2)
0–1.4

4.6
(4.3, 5.0)
0.2–18.3

21.0
(19.8, 22.2)
1.4–73.3

6.2
(6.2, 6.3)
4.4–8.4

2
(n = 452)

1.9
(1.7, 2.1)
0.5–2.6

1.0
(0.3, 1.8)
0.1–8.7

0.3
(0.2, 0.3)
0.1–0.6

34.8
(32, 37.6)
26–62.1

63.9
(60.9, 66.9)
32.7–71.5

51.8
(47.6, 56.1)
35.4–80.2

0.6
(0.1, 1.0)
0.1–5.0

0.1
(0.1, 0.2)
0.1–0.4

17.9
(16.1, 19.8)
12.4–33.5

33.2
(29.8, 36.6)
17.6–55.9

6.1
(6, 6.3)
5.4–6.9

3
(n = 26)

1.0
(0.8, 1.2)
0.6–1.4

44.9
(36.1, 53.6)
24.4–67.4

0.4
(0.2, 0.6)
0.1–1.0

27.9
(22, 33.7)
16.8–45.2

26.8
(22.2, 31.4)
14.9–40.1

31.9
(25.9, 37.8)
15.0–41.1

13.4
(11.3, 15.6)
10.0–18.8

0.1
(0.1, 0.2)
0.1–0.2

9.3
(6.2, 12.4)
2.5–18.6

9.0
(6.2, 11.8)
2.2–16.2

5.1
(5.0, 5.2)
4.8–5.4

4
(n = 9)

2.1
(0.7, 3.5)
0.8–4.1

65.5
(60.4, 70.7)
60.5–72.9

1.0
(0.5, 1.5)
0.6–1.6

13.0
(6.7, 19.2)
5.0–20.7

20.5
(18.3, 22.8)
17.3–22.4

6.9
(4.6, 9.1)
3.6–8.7

4.4
(3.1, 5.7)
2.6–5.6

0.1
(0, 0.1)
0–0.1

1.0
(0.4, 1.5)
0.2–1.5

1.4
(0.9, 1.9)
0.7–1.9

4.7
(4.3, 5.1)
4.2–5.1

5
(n = 4)

3.9
(2.6, 5.1)
1.3–9.2

2.4
(0, 5.1)
0.4–17

3.3
(2.6, 4.0)
0.8–5.0

23.0
(17.9, 28.1)
9.3–35.3

71.3
(64.9, 77.7)
47.0–85.6

34.9
(29.4, 40.5)
17.1–52.2

0.6
(0.1, 1.0)
0.1–2.9

1.2
(0.9, 1.5)
0.1–1.9

7.9
(6.0, 9.8)
1.9–14.2

25.3
(20.3, 30.3)
8.0–42.5

6.2
(5.9, 6.5)
5.2–6.9

6
(n = 12)

9.8
(4.6, 14.9)
1.7–54.6

0.4
(0.2, 0.6)
0–1.8

0.1
(0.1, 0.1)
0–0.2

18.8
(14.7, 22.9)
1.8–36.8

80.7
(76.5, 84.9)
61.4–98.0

33.1
(28.2, 38.1)
10.5–56.0

0.2
(0.1, 0.2)
0–0.6

0
(0, 0)
0–0.1

7.2
(5.3, 9.1)
0.2–14.1

25.8
(22.4, 29.2)
9.7–47.0

6.1
(5.9, 6.4)
5.5–7.3

7
(n = 24)

57.1
(33.7, 80.4)
24.8–137.7

0
(0, 0)
0–0.1

0.6
(0.4, 0.8)
0.2–1.2

2.3
(1.6, 3.0)
0.7–3.8

97.1
(96.3, 97.9)
95.5–98.8

105.7
(93.0, 118.4)
83.6–149.5

0
(0, 0)
0–0.1

0.6
(0.3, 0.9)
0.2–1.9

2.4
(1.7, 3.1)
0.7–3.7

102.7
(90.3, 115)
80.0–143.9

8.0
(7.8, 8.1)
7.4–8.2

8
(n = 10)

4.9
(3.5, 6.4)
2.5–10.1

0.8
(0.6, 0.9)
0.3–1.3

6.2
(5.5, 6.9)
4.3–7.7

17.5
(14.0, 21.0)
8.6–26.3

75.6
(71.8, 79.3)
66.4–86.8

40.3
(35.0, 45.6)
28.1–53.9

0.3
(0.2, 0.4)
0.2–0.5

2.4
(2.2, 2.7)
2.0–3.0

7.0
(5.3, 8.7)
4.4–13.1

30.6
(25.8, 35.4)
21.3–45.8

6.2
(6.1, 6.4)
5.9–6.6

10
(n = 10)
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4.3
(3.5, 5.1)
3.9–4.7

15.1
(0, 31.3)
6.9–23.4

15.9
(14.7, 17.2)
15.3–16.5

13.0
(12.2, 13.8)
12.6–13.4

56.0
(41.9, 70.1)
48.8–63.2

2.5
(1.8, 3.3)
2.1–2.9

0.3
(0.1, 0.6)
0.2–0.5

0.4
(0.3, 0.6)
0.3–0.5

0.3
(0.2, 0.4)
0.3–0.4

1.4
(0.7, 2.2)
1.0–1.8

5.3
(5.1, 5.5)
5.2–5.4

9
(n = 2)

Table 2. Summary of the soil fertility variables analysed in teak (Tectona grandis L.f.) plantations in Central America: Costa Rica, Guatemala and Panama
Mean, Conﬁdence Interval at 95% (‘CI’) and range (minimum-maximum) are reported for each variable considering each of the 10 groups differentiated by multivariate cluster analysis based on the soil
fertility attributes. Critical values for some of the variables are used either from literature (Bertsch 1998; Alvarado and Fallas 2004; Fernández-Moya et al. 2014) or based on the experience of the authors.
Problematic values according to those critical values are remarked in red bold type when it does not match either the literature or the empirical critical values and orange bold type when it is adequate taking
one of them into consideration. ECEC, Effective Cation Exchange Capacity [ECEC = Acidity+Ca+Mg+K]; Ca Sat, Ca saturation [Ca Sat = Ca/ECEC]; Mg Sat, Mg saturation [Mg Sat = Mg/ECEC]; K Sat,
K saturation [K Sat = K/ECEC]; A Sat, Acidity saturation [A Sat = Acidity/ECEC]

Soil fertility under teak in Central America
429

51.7
(37.8, 65.6)
23.5–78.0
8.8
(8.2, 9.5)
8.5–9.2
9.5
(7.0, 12.0)
2.8–15.9
4.6
(2.6, 6.6)
0–14.1
56.1
(48.9, 63.2)
41.5–78.6

4–4.6
22.1–61.3

1.8
(0, 3.6)
0.6–4.6
0.7
(0.1, 1.3)
0.1–3.0
1.3
(0.6, 2.0)
0–7.7

7.9–123.2

10.7
(9.8, 11.7)
0.1–30.0

Range

Mean
CI
Range

19.4–798.4

41.1
(37.3, 45)
Mean
CI

5.6
(5.0, 6.1)
0–43.5

15.6
(13.5,
17.7)
11.9–22.3
4.3
(3.7, 4.9)

227.1
(148.3,
306.0)
79.2–480.6
1223
(1065,
1381)
653.8–2119.1
36.4
(22.2,
50.7)
18.8–109.7
41.7
(20.4, 63)

197.1
(94.0,
300.2)
33.0–504.3
479.2
(403.0,
555.5)
162.3–860.4

4.3–23.4
0.7–67.8
Range

174.3
(159.8, 188.8)

1.8–5.1
0.8–0.8
1.5–12.0

2.9
(2.2, 3.6)
0.8
(0.8, 0.8)
5.0
(2.8, 7.2)

235.8
(177.8,
293.8)
18.9–492.8
10.3
(3.5,
17.2)
2.0–47.1
15.6
(6.9, 24.2)

102.8
(41.9,
163.6)
17.5–301.9
171.4
(135.9,
206.9)
56.2–493.2
17.4
(15.2, 19.5)
Mean
CI

36.6
(32.4,
40.8)
1.2–230.1

3.5
(2.9, 4.1)
3.2–3.8
222.1
(145.0, 299.3)
77.2–468.6
987.2
(850, 1124)
627.2–1926.2
26.1
(18.3, 34.0)
12.4–62.6
26.1
(12.4, 39.9)
10.8–38.1
94.4
(50.7, 138.0)
15.5–202.4
307.9
(257.6, 358.1)
106.2–561.2
137.7
(126.7, 148.7)
12.7–715.1
23.8
(21.5, 26.0)
6.6–79.0
Mean
CI
Range

9
(n = 2)
8
(n = 10)
7
(n = 24)
6
(n = 12)
5
(n = 4)
4
(n = 9)
3
(n = 26)
2
(n = 452)
1
(n = 135)
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Although some high available P values are found, the results
show a general P deﬁciency in the soils under teak plantations
in the region. Most of the P rich sites probably result from a
residual effect of the fertilizer applied during the previous land
use. This is especially common in Guatemala, where teak
plantations have commonly been established on sites
previously used for agriculture (e.g. maize), whereas in Costa
Rica and Panama, they have generally been established on
former grasslands. Phosphorus is recognised as an important
limiting nutrient in forest plantations (Fox et al. 2011) and is
considered to be generally deﬁcient in tropical forests, which is
why tropical tree species are usually P-efﬁcient (Vitousek 1984;
Hedin et al. 2009). Although P fertilisation is usually considered
to be a requirement, especially in large-scale plantations, the
presence of mycorrhizas has been identiﬁed as necessary for
the production of phosphatases (Corryanti et al. 2007), which
improve the mineralisation rates of organic-P, resulting in
higher levels of available P. Alvarado et al. (2004) collected
mycorrhizas in teak plantations throughout Costa Rica and
proposed the inoculation of seedlings as a way to improve P
uptake and enhance productivity, particularly in acid soils.
Many authors have reported soil acidity-toxicity problems
in teak plantations (e.g. Zech and Drechsel 1991; Drechsel
and Zech 1994; Wehr 2010; Zhou et al. 2012) and liming is
recommended when A Sat is higher than 3% (Alvarado and
Fallas 2004). Although large investors now take into account
soil requirements and the poor adaptation of teak to acid soils
when acquiring land for establishing new plantations, many
small-landowners cannot afford to pay the prices demanded
for agricultural land and have to make do with the land
they already own, which in many cases presents low soil
fertility and acidity problems (e.g. red acidic Ultisols). The
establishment of teak plantations on this marginal land is a
mistake that has been frequently made. Moreover it has been
found that in some cases the establishment of native species
such as Terminalia amazonia and Swietenia macrophylla
could be more proﬁtable than teak plantations (Griess and
Knoke 2011).
Despite their importance to forest growth, the present
study cannot take into consideration either physical soil
properties or micronutrient availability due to the shortage
of data. Within a small region with a homogeneous climate,
several variables such as bulk density, water retention capacity
or the position on the slope can affect the amount of available
water in a given plot over the course of the year. Similarly,
large amounts of certain micronutrients can be found in teak
biomass (Fernández-Moya et al. 2014) and despite a lack of
concern with respect to this circumstance, it may imply (1) a
hidden soil fertility deﬁciency; and (2) a problem in future
rotations.

P (mg L–1)

(Ca+Mg) K

Mg K–1

Ca K–1

–1

Conclusions

Group

Table 2. (continued )

12.7
(10.7, 14.6)
9.9–20.3
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(n = 10)
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The present work provides a global framework to help
contextualise the soil fertility analyses conducted at subregional or farm level. The soils analysed in the present study
showed high variability, including Inceptisols, Entisols,
Vertisols, Andisols, Alﬁsols, Ultisols and perhaps Oxisols.
Although high soil fertility is often assumed in teak

Soil fertility under teak in Central America

plantations, our results show a general K deﬁciency in the
Central American teak plantations, where P deﬁciency and
acidity-toxicity are also relatively common problems. These
soil fertility problems are often the result of poor site
selection by forest managers in the 1980s and 1990s. Hence,
although soil fertility is carefully evaluated when most teak
plantations are established today, managers have to deal with
soil fertility deﬁciencies at many sites where teak was
established some years ago. Further research regarding teak
nutrition in Central America should also consider including
physical soil properties and micronutrients in order to carry
out a more detailed analysis.
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