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Nutrient accumulation and export in teak
(Tectona grandis L.f.) plantations of Central
America

Jesus Fernandez-Moya 2, Rafael Murillo *, Edward Portuguez **,
Juan Luis Fallas *®, Vinicio Rios *®, Folkert Kottman @®, Jean Marc
Verjans 7, Rafael Mata ®, Alfredo Alvarado

This study aims at assessing the nutrient sustainability of highly productive
teak plantations in Central America by analyzing the nutrient accumulation dy-
namics at different ages and the allocation patterns throughout a rotation pe-
riod. Three teak plantations (28 stands of different ages) were selected in
Costa Rica and Panama, and nutrient and biomass accumulation and allocation
in different tree components (bole, bark, branches and foliage) were measured
in the best performing trees between 1 and 19 years of age. A stand of 150
teak trees ha™' at age 19 would accumulate (kg ha™') 405 N, 661 Ca, 182 K, 111
Mg, 33 P, 53 S, 9 Fe, 0.47 Mn, 0.22 Cu, 0.92 Zn, 1 B; whereas the expected
nutrient export by timber harvest (bole and bark) is (kg ha') 220 N, 281 Ca, 88
K, 63 Mg, 23 P, 39S, 6 Fe, 0.13 Mn, 0.10 Cu, 0.21 Zn, 0.40 B. Our results sug-
gest that teak nutrition should pay special attention to N and K, the nutrients
most accumulated by teak along with Ca. In addition, P and B could also be lim-
iting the productivity of planted teak stands due to their general soil deficien-
cies. Proposed models estimate the amount of nutrients removed from the site
during timber harvests, information that can be used by plantation managers
to avoid soil nutrient depletion, approaching sustainability in forest plantation
management.

Keywords: Forest Nutrition, Planted Forests, Costa Rica, Panama, Sustainabi-
lity, Forest Soils

Introduction

Due to growing needs for timber and wood
products, forest plantations have increased
around the world and have gained economi-
cal relevance. At the same time there has
been an increase in concerns regarding the
sustainability of planted forests, especially
those managed under a regime of short rota-
tions (Nambiar 1995). In particular, the rela-
tionship between forest nutrition and sustai-
nable timber production has become an im-
portant issue for the management of less stu-

died species in countries such as Costa Rica
and China (Ma et al. 2007, Arias et al. 2011,
Qiong et al. 2011).

Teak (Tectona grandis L.f.) plantations ha-
ve been widely established in Central Ame-
rica, initially in Costa Rica and Panama (De
Camino et al. 2002) and more recently in
Guatemala, El Salvador and Nicaragua. Teak
has become an important species in the
worldwide quality tropical hardwood sector
(Pandey & Brown 2000), with a total planted
area of 4.3 -10° ha (not including natural ar-
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eas), of which 132 780 ha are in Central
America (3%) and 86 500 in Panama and
Costa Rica (Kollert & Cherubini 2012). In
contrast to the rotations of 40-80 years used
in Asia and Africa, in Central America the
species is intensively managed in rotations
of 20-25 years, usually in carefully selected
productive sites, with an expected commer-
cial industrial volume of 10 m*® ha' year’'
(Pandey & Brown 2000, De Camino et al.
2002). In this kind of short-rotation, inten-
sively-managed forest plantations, nutrient
management is a key issue for attaining sus-
tainability and maintaining yields for future
rotations (Poels 1994, Evans & Turnbull
2004). Appropriate knowledge regarding
teak nutrition is required to improve planta-
tion management and to attain high produc-
tivity and sustainability.

Nutrient accumulation increases with the
stand’s age, mainly due to biomass accumu-
lation; however, nutrient uptake during early
years is considered crucial to sustain the
high growth rates and the rapid expansion of
both crown and roots required to maintain an
appropriate nutritional status throughout the
entire rotation length (Miller 1981, Laclau et
al. 2003). In general, foliage is the tree tissue
with the highest nutrient concentration and it
is considered to contain 20-40% of total
stand nutrients, while tree stems are assumed
to have relatively low concentrations of nu-
trients (Miller 1984, 1995). However, the
high amount of biomass accumulated in the
tree stem makes it an important sink of nutri-
ents. As a consequence, the loss of nutrients
through wood removal at harvesting is a ma-
jor cause of impoverishment of forest sites
(Folster & Khanna 1997, Worrel & Hamp-
son 1997). While N, P and Mg are mainly
accumulated in the tree stem, bark and roots
are considered to be Ca sinks (Nwoboshi
1984). Nutrient uptake depends mainly on
the species’ demand and its ability to access
nutrients, as well as the potential of the site
(especially the soil) to supply nutrients. In
calcareous soils in India, the most absorbed
nutrients by teak were Ca > K > N> Mg > P
=S (Negi et al. 1995), while they were K >
N > Ca >> Mg > P in less fertile soils in
Africa (Nwoboshi 1984) and N > Ca > K >
Mg > P > Na > S > Cl in a different study
site in India (Kumar et al. 2009).

In order to understand the relationship bet-
ween soil and forest nutrition, it has been
long recognized that it is first necessary to
evaluate the quantities of nutrients taken up
by the growing forest and removed from the
site during timber extraction (Rennie 1955).
However, Folster & Khanna (1997) pointed
out a traditional and general lack of concern
of this problem in planted forests. Soil-plant
relation research in agriculture has traditio-
nally analyzed when, where, and at what ra-
tes nutrients are accumulated by plants in or-
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Fig. 1 - Locations of the study teak (Tectona grandis L.f.) plantations: Guanacaste (Costa
Rica); northern region (Costa Rica) and Panama Canal Watershed (Panama).

der to accomplish an efficient and environ-
mentally acceptable nutrient management
(Sadler & Karlen 1995, Bertsch 1998). Such
kind of study on nutrient absorption curves
or nutrient accumulation dynamics with age
are traditionally used in agriculture and are
considered as promising tools to analyze fo-
rest nutrition in intensively managed planted
forests in the tropics (Ranger et al. 1995, Al-
varado 2012a). In order to provide informa-
tion for the near-maximum accumulation
rates of any given crop, nutrient absorption
studies are carried out in sites where near-
maximum yield of the crop is achieved (Sad-
ler & Karlen 1995, Bertsch 1998). By ana-
lyzing nutrient accumulation in the most
productive soils without nutrient deficiencies
(and in dominant or co-dominant trees in a
site), the maximum species requirements are
assessed. Therefore, if the minimum inputs
calculated for these high-fertility sites are

applied in sites of lower fertility where tree
nutrient uptake would be lower, the sustai-
nability of the plantation is still achieved
(Bertsch 1998, Alvarado 2012a).

Nutrient accumulation dynamics of a
species can be used to estimate: (i) the nutri-
ent removal by thinning or harvesting; (ii)
the maximum nutrient absorption of the
species over one rotation period; (iii) the
amount of nutrients left at a site after har-
vesting, which will recycle and be reused
during the next rotation; and (iv) the mini-
mum nutrient inputs (fertilizers) the system
requires to be sustainably managed (Ranger
et al. 1995, Bertsch 1998, Alvarado 2012a).

To assess the nutrient sustainability of teak
plantations, we conducted a study to measu-
re the amount of nutrients accumulated by
trees and exported during wood harvest, by
analyzing the nutrient accumulation dyna-
mics at different ages and the allocation pat-

Tab. 1 - Summary of topsoil (0-20 cm) properties at the different study sites. Means and co-
efficients of variation (in parentheses) are reported. Soil information was only available for
23 of the 28 sampled stands. (ECEC): effective cation exchange capacity. (AS): acidity satu-
ration; (*): values outside the adequate reference soil levels (Bertsch 1998).

terns in highly productive teak plantations in
Central America (Costa Rica and Panama)
throughout a rotation period.

Material and methods

Study sites

Three teak (Tectona grandis L.f.) planta-
tions were studied in Central America: two
in Costa Rica (Guanacaste and northern re-
gion) and one in Panama (Panama Canal wa-
tershed - Fig. 1). The three areas are classi-
fied as tropical wet forest according to
Holdridge’s life zones (Holdridge 1947),
with similar mean annual rainfall (2500-
3100 mm), although in Guanacaste the dry
season lasts longer than at the other two
sites. The soils in the study areas are also
similar, although the northern region of
Costa Rica is less fertile and has higher soil
acidity than the other sites (Tab. 1).

The stands studied were chosen to be re-
presentative of properly managed teak plan-
tations in Central America. In general, their
management consists on continuous silvicul-
tural activities: weed control, pruning, thin-
ning regimen (approximately from 800-1000
trees ha'' at establishment to 150-200 trees
ha' at final felling) and fertilization during
the establishment. The use of clones is com-
mon in recent years. An expected commer-
cial volume of 100-150 m® ha' is expected
for this kind of plantation after approxima-
tely 20 years rotation.

Field sampling and design

A false time-series (chronosequences) me-
thod was used to analyze nutrient accumula-
tion dynamics of teak trees from age 1 to 19
years. Johnson & Miyanishi (2008) define
such method as an inference of a time se-
quence of development made from a series
of plots or stands differing in age. Despite of
the critiques to this method (Johnson & Mi-
yanishi 2008), it is considered a valid metho-
dology as far as all studied stands grow un-
der similar environmental conditions (soil
and climate) and are subject to similar mana-

Northern region, Guanacaste, Canal Zone, Total gement practices. Hence, stands of different
Property Costa Rica Costa Rica Panama (n1=23) ages (between 1 and 19 years old) were stu-
(n=11) (n=9) (n=3) died, assuming that they represent the ave-
pH 5.11 6) 5.9 (6) 6.7 (12) 5.63 (12) rage time-pattern of the plantations analyzed.
Acidity (cmol(+) L) 0.7* 5) 0.31 (30) 0.15 (33) 0.48 (81) A total of 28 stands were analyzed, seven
Ca (cmol(+) L) 445 (44 2136 (28) 2097 (38) 13.22  (74) in Panama, 12 in the northern region of
Mg (cmol(+) L) 1.46  (47) 6.89 (54) 5.25 (64) 4.08 (89) Costa Rica and nine in Guanacaste (Costa
K (cmol(+) L) 0.13* (109) 0.33  (87) 036 (82) 0.24 (101) Rica). In order to set up a maximum yield re-
ECEC (cmol(+) L) 6.74 (31) 289 (32) 26.72 (40) 18.02 (71) search experiment (Sadler & Karlen 1995,
AS (%) 11.96* (84) .22 (58) 0.65 (55) 6.28% (139) Bertsch 1998, Alvarado 2012a), dominant
P (mgL") 3* (114) 3*  (146) 2% 0) 3% (124) and codominant trees were selected: (a) with
Zn (mg L") 2% (84) 3 (58) 3 (107) 2% (77) no visible symptoms of diseases or nutritio-
Cu (mgL™) 8 (19) 11 (85) 4 (83) 9 (71) nal deficiencies; and (b) that were represen-
Fe (mg L") 165 23) 37 @1 65 (154) 102 (75) tative of the best-performing trees of the
Mn (mg L") 43 (171) 38 (82) 19 (101) 38 (142) plantations, assuming optimal nutrition and a
Organic matter (%) 4.6 27) 3.8  (28) 4.6 (16) 43  (27) full expression of genetic potential. In stands
Sand (%) 24.9 23) 234 (56) 29 31) 248  (39) of age < 10 years, two trees were sampled
Silt (%) 18.4 (13) 369 (42) 36.8 (43) 28 51 per stand, whereas only one tree was sam-
Clay (%) 56.7 (1) 397 (22) 343 (500 471 (2D
iForest (2015) 8: 33-44 34 © SISEF http://www.sisef.it/iforest/
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Tab. 2 - Summary of nutrient concentration age dynamics in 1 to 19 years old teak (Tectona grandis L.f.) plantations in Costa Rica and
Panama (Fernandez-Moya et al. 2013). Macronutrient concentration (N, Ca, K, Mg, P and S) is expressed in %, while micronutrient concen-
tration (Fe, Mn, Cu, Zn and B) is expressed in mg kg™'. Nutrient estimations and confidence intervals (¢=0.05) are reported. (*): When no
correlation was found between tree age and nutrient concentration in the compartment considered, concentration value is given only for 10

years old trees.

Nutrient Bole Bark
5 years 10 years 19 years 5 years 10 years 19 years
N 0.33 0.29 0.24 0.69 0.61 0.51
(0.29-0.41) (0.25-0.36) (0.20-0.30) (0.62-0.79) (0.54-0.71) (0.45-0.61)
Ca - 0.11 - - 1.91 -
(0.10-0.12)* (1.44-2.38)*
K 0.25 0.15 0.03 1.33 1.04 0.63
(0.19-0.33) (0.09-0.23) (0.01-0.11) (1.08-1.60) (0.74-1.40) (0.32-1.09)
Mg 0.09 0.07 0.05 - 0.23 -
(0.08-0.13) (0.06-0.10) (0.04-0.07) (0.22-0.25)*
P - 0.06 - - 0.08 -
(0.03-0.10)* (0.06-0.10)*
S - 0.04 - 0.07 0.06 0.05
(0.03-0.06)* (0.06-0.08) (0.05-0.07) (0.04-0.06)
Fe - 72.46 - 268.81 216.17 27.88
(27.37-117.56)* (152.15-348.39)  (0.01-325.69) (0.01-280.24)
Mn - 1.25 - 26.73 20.41 15.43
(0.64-1.86)* (18.99-188.98)  (14.51-144.34)  (10.97-109.11)
Cu - 2.09 - - 3.46 -
(1.56-2.62)* (2.86-4.06)*
Zn - 10.34 - - 29.85 -
(1.68-18.99)* (20.84-38.85)*
B - 2.71 - - 30.66 -
(2.17-3.26)* (28.34-32.98)*
Nutrient Foliage Branches
5 years 10 years 19 years 5 years 10 years 19 years
N 2.13 1.97 1.76 0.52 0.45 0.37
(1.97-2.33) (1.83-2.15) (1.64-1.91) (0.45-0.65) (0.39-0.56) (0.32-0.46)
Ca - 1.34 - - 0.91 -
(1.13-1.54)* (0.81-1.02)*
K - 0.88 - - 0.43 -
(0.73-1.02)* (0.34-0.52)*
Mg 0.26 0.29 0.34 0.15 0.12 0.09
(0.18-0.31) (0.22-0.34) (0.27-0.39) (0.13-0.17) (0.11-0.13) (0.08-0.10)
P - 0.16 - - 0.08 -
(0.12-0.20)* (0.03-0.12)*
S - 0.12 - - 0.07 -
(0.11-0.13)* (0.05-0.08)*
Fe - 129.61 - - 162.76 -
(84.63-174.59)* (145.68-179.83)*
Mn - 42.55 - - 13.93 -
(39.03-46.07)* (11.50-16.37)*
Cu - 11.08 - 5.23 3.56 2.54
(10.22-11.93)* (4.41-6.80) (3.11-4.29) (2.25-2.97)
Zn - 32.00 - 21.34 15.44 8.61
(24.74-39.26)* (15.22-29.93) (10.10-23.6) (4.82-15.38)
B - 19.62 - - 13.93 -

(18.32-20.91)*

(11.50-16.37)*

pled in older stands. Trees were felled and
biomass accumulated at different tree com-
ponents (bole, bole’s bark, foliage and pri-
mary and secondary branches) was weighed
in the field. A random subsample (1kg per
component per tree) was then collected tak-
ing care of its representativeness of the
whole sample of each component and tree
(for more details see Fernandez-Moya et al.

2013). Dry biomass (hereafter biomass) was
then calculated based on field measurements
and sample water content estimated in labo-
ratory. All the fieldwork was performed du-
ring July- September, at the tree’s optimal
nutritional status during the period of maxi-
mum growth activity, to avoid effects of sea-
sonality.

Tissues samples were analyzed at the Cen-

tro de Investigaciones Agronomicas of the
University of Costa Rica (hereafter CIA-
UCR) to determine nutrient concentrations
(N, P, Ca, Mg, K, S, Fe, Mn, Cu, Zn and B,
hereafter referred to as nutrients) after sam-
ples were dried and water content was as-
sessed. Dry combustion was used to measure
the N concentration, and wet digestion and
atomic spectrometry were used to extract and
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Tab. 3 - Relationship between biomass accumulation (kg) and tree age (years) in 1 to 19
years old teak (Tectona grandis L.f.) plantations in Costa Rica and Panama. The models re-
ported are in the form [y = (b, - age)'], where the response variable () is the biomass accu-
mulation in the different tree compartments. EF (%): Model efficiency, pseudo R? estimate
for Generalized Linear Mixed Models (see text for more details). (*): Biomass estimates
obtained by the models at different ages (confidence intervals are reported in parentheses,
a=0.05).

Biomass accumulation

Model
Tissues . — 5 year:/ e 10 yearos/ e 19 yearos/ e
1 0 O 0 0 00
b sE) @) € Total  *®Y Totat K& Total
Foliage  30.515 0.2845 1.2 69 10 11.1 17 6.2 29 3.7
8-11) (15-20) (25-34)
Bark 10.461 0.0258 0.8 49 8 9.1 19 6.8 42 5.2
(7-8) (18-20) (39-45)
Bole 21.629 0.1062 0.6 91 53 60.7 168 60.7 489 60.7
(45-62) (142-196) (413-570)
Bole 23.399 0.1032 0.6 91 60 69.1 191 69.1 558 69.1
and bark (52-69) (165-220) (480-641)
Branches 0.8106 0.0423 0.5 82 16 18.8 66 23.7 237 294
(13-20) (53-80) (191-288)
Total 29.196 0.1275 0.6 91 87 - 277 - 807 -
(75-100) (238-317) (695-925)
determine other nutrients (Bertsch 1998). Primary and secondary branches were

Tab. 2 summarizes nutrient concentration
age dynamics (for more details see Fernan-
dez-Moya et al. 2013).

Nutrient accumulation and allocation in tis-
sues biomass were the target variables of this
work, and were calculated by multiplying
nutrient concentration (as reported in Tab. 2)
by biomass (Fernandez-Moya et al. 2013).

weighted averaged (reported henceforth as
“branches” - eqn. 1):
— B pbr N; [

i—ace(br) ™

pbr]+Bsb Ni[xbr]
B, +B

pbr sbr

N,

where Niacwn 18 the nutrient accumulation in
branches of the i-th nutrient, By, and By, are
the biomass of primary and secondary bran-
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Fig. 2 - Biomass accumulation (kg tree™ or g tree) in different tree compartments related to
tree age (years) in teak plantations (7Tectona grandis L.f.). Points represent sampled trees at
three different locations: Guanacaste, Costa Rica (black circles); Northern Region, Costa
Rica (white circles); Panama (black triangles). Lines represent the fitted models reported in
Tab. 3.

ches, respectively, Nippq and Nigy are the
concentration of the i-th nutrient in primary
and secondary branches, respectively. Bole
and bark nutrient accumulation were also
weighted averaged (reported henceforth as
“bole and bark” - eqn. 2):

N :BblNi[hl]+BhkNi[bk]
i—acc(bb) B},]+Bbk

where Niaceb) 18 the nutrient accumulation in
bole and bark of the i-th nutrient, By and By
are the biomass of bole and bark, respec-
tively, Nipy and Ny are the concentration of
the i-th nutrient in the bole and in the bark,
respectively. Similarly, “total” nutrient accu-
mulation represents a weighted average from
all the sampled tissues.

No detailed information about the thinning
regime of the studied stands nor the dyna-
mics of tree density with age were available.
In order to upscale individual tree measure-
ments to estimate stand’s values, tree sto-
cking at different stands age were considered
as 1000, 300 and 150 trees ha™ at 1-5, 10
and 19 years, respectively. These values are
considered as average values normally used
in plantations in Central America. Although
plant density may influence tree nutrient up-
take because of competition for soil nutri-
ents, we consider plant density for a given
age as relatively homogeneous between the
three study sites, as the three companies fol-
low similar management patterns.

In order to estimate soil nutrient availabi-
lity, topsoil samples were collected (0-20
cm), where more than half of the teak roots
are situated (Srivastava et al. 1986, Behling
2009). Five soil sub-samples were taken
from each site (without litter) and pooled
into one composed soil sample for each site.
Soil information was only available for 23 of
the 28 sampled stands (Tab. 1). Soil samples
were collected simultaneously to the biomass
collection described above. Soil samples
were analyzed at CIA-UCR to determine:
pH, Ca, Mg, K, acidity and Al, P, Fe, Cu,
Zn, Mn. pH was determined in water 10:25;
acidity, Al, Ca and Mg in KClI solution 1M
1:10; P, K, Zn, Fe, Mn and Cu in modified
Olsen solution pH 8.5 (NaHCO; 0.5 N,
EDTA 0.01M, Superfloc 127) 1:10. Organic
matter was determined by the combustion
method described by Horneck & Miller
(1998). Soil texture was determined using
the modified Bouyoucos method, as de-
scribed by Forsythe (1975).

Teak roots accounts for 5-30% of total tree
nutrient accumulation (Ola-Adams 1993,
Siddiqui et al. 2007, Behling 2009) so total
planted teak forests accumulation can be es-
timated as 105-130% of the above mentio-
ned for the aboveground biomass. Below-
ground biomass was not taken into account
in this study because it is left at the site after
final harvesting, mineralized and used by the
next rotation (recycled).
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Tab. 4 - Results of the regression analysis between nutrient accumulation in the different tree compartments and tree age (years) in 1 to 19
years old teak (Tectona grandis L.f.) plantations in Costa Rica and Panama. The models reported are in the form [y = (bo + b1 - age)'],
where the response variable (y) is the nutrient accumulation in the different tree tissues. When no model including age as a parameter was
statistically significant, only an intercept (bo) representing the mean of the variable was included in the model. EF (%): Model efficiency,
pseudo R? estimate for Generalized Linear Mixed Models (see text for more details).

Macronutrient (kg) Micronutrient (g)
Tissues  Element by b b1 jsta. error) A EF (%) Element b b, b1 (s, error] A EF (%)
Foliage N - 0.0218  0.0022 1.4 55 Fe - 0.2088 0.0149 0.9 66
Ca - 0.0205  0.0003 1.1 66 Mn - 0.0522  0.0100 1.6 39
K - 0.0018  0.0002 2.0 41 Cu - 0.0062  0.0011 1.4 47
Mg - 0.0049  0.0004 1.0 74 Zn - 0.0452  0.0029 1.3 60
P - 0.0009  0.0001 1.3 63 B - 0.0240  0.0040 1.3 60
S - 0.0006  0.0001 1.3 58 - - - - - -
Bark N - 0.0186  0.0002 0.8 43 Fe - 0.4200  0.084 1.2 23
Ca - 0.0545  0.0041 0.5 47 Mn - 0.0352 0.0019 1.1 33
K - 0.0109  0.0011 1.2 35 Cu - 0.0081 0.0010 0.7 39
Mg - 0.0054  0.0002 0.9 43 Zn - 0.0564  0.0073 0.9 39
P 0.0116 - - - - B - 0.0632 0.0026 0.6 50
S - 0.0017  0.0001 0.9 43 - - - - - -
Bole N - 0.0574  0.0028 0.7 89 Fe - 0.4318 0.0751 0.6 51
Ca - 0.0354  0.0014 0.6 90 Mn 0.0960 - - - -
K - 0.0079  0.0013 1.6 45 Cu - 0.0434  0.0045 0.5 71
Mg - 0.0236  0.0012 0.7 82 Zn 0.9382 - - - -
P 0.1133 - - - - B - 0.0526  0.0060 0.7 75
S - 0.0209  0.0038 0.6 67 - - - - - -
Bole N - 0.0688  0.0027 0.7 89 Fe - 0.500 0.0575 0.6 60
and bark Ca - 0.0767  0.0018 0.6 82 Mn - 0.0447  0.0009 1.1 45
K - 0.0265  0.0052 1.3 52 Cu - 0.043 0.005 0.6 53
Mg - 0.0288  0.0016 0.7 84 Zn 13.757 - - - -
P 0.1249 - - - - B - 0.0949  0.0062 0.6 77
S - 0.0234  0.0037 0.6 72 - - - - - -
Branches N - 0.0412  0.0023 0.7 71 Fe - 0.3773 0.0108 0.6 63
Ca - 0.0761  0.0052 0.5 83 Mn - 0.0836  0.0083 0.6 62
K - 0.0401  0.0032 0.7 73 Cu - 0.0274  0.0023 0.8 66
Mg - 0.0210  0.0012 0.6 80 Zn - 0.0910  0.0104 0.7 58
P 0.0391 - - - - B - 0.0753 0.0044 0.6 80
S - 0.0142  0.0016 0.6 73 - - - - - -
Total N - 0.1165  0.0044 0.8 87 Fe - 0.9331 0.0742 0.7 72
Ca - 0.1281  0.0024 0.6 91 Mn - 0.2045 0.0144 1.2 54
K - 0.0676  0.0091 1.3 93 Cu - 0.0711 0.0085 0.8 68
Mg - 0.0425  0.0013 0.7 89 Zn - 0.2692  0.0608 0.9 53
P 0.02180 - - - - B - 0.1657  0.0060 0.6 85
S - 0.0254  0.0033 0.7 82 - - - - - -

Statistical analysis

Generalized linear mixed models (hence-
forth: GLMMs) were used to study the rela-
tionships between nutrient (N, P, Ca, Mg, K,
S, Fe, Mn, Cu, Zn and B) accumulation in
cach tissue (bole, bark, bole and bark,
branches, foliage and total) and tree age. The
use of GLMMs was necessary as most of the
study variables did not follow the normal
distribution assumed for traditional models.
The probability distribution of each of the 72
response variables analyzed was studied
prior to construct the GLMMs. The expo-
nentially distributed variables were modeled
using a Gamma distribution approach with
o=1.

To evaluate the most suitable model for
cach study variable, a total of 83 different
models were constructed, selecting the one
with lowest deviance. Three groups of mo-

dels were constructed: (1) a null model con-
sidering only an intercept [y; = bo]; (2) a
model considering an intercept in addition to
age as an explanatory variable [y} = age +
bo]; and (3) a model without an intercept [y
= age]. For groups (2) and (3), 41 different
power link functions [g(w)=p'] were tested
for each one, with A varying between A=2 to
A=-2 and a Ag,=0.1. When no model inclu-
ding age as a parameter was statistically si-
gnificant, or when the data did not follow
any of the studied distribution functions, the
resulting model included only an intercept
representing the mean of the variable, and no
age effect was taken into account.

The sampled stands in each study area were
spatially correlated. The spatial correlation
was taken into account by including a ran-
dom effect for the study area, modeling the
working correlation matrix with a first-order

autoregressive structure. The goodness-of-fit
of the models was assessed by measuring the
percentage difference between the deviance
of the model and the deviance of a model
with no covariates (hereafter referred to as
efficiency: EF), which is a pseudo-R? mea-
sure reported for GLMMs. All statistical
analyses were performed using SAS 9.0
(SAS Institute Inc 2002). All statistical tests
throughout the text are considered signifi-
cant with 0=0.05.

Results

Aboveground biomass allocation

The fitted models showed an estimated to-
tal aboveground biomass of 87, 277 and 807
kg at 5, 10 and 19 years old, respectively
(Tab. 3, Fig. 2). Bole was the tissue where
most biomass accumulated, accounting for
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Tab. 5 - Nutrient accumulation in 1 to 19 years old teak (Tectona grandis L.f.) plantations in Costa Rica and Panama. Total nutrient accu-
mulation is estimated from the statistical models summarized in Tab. 4 and represents the sum of the nutrients accumulated in bole, bark,
branches and foliage. Individual tree estimations (Tab. 4) were used to calculate the stand values, assuming the following densities: 1000,
300 and 150 trees ha™ at 1-5, 10 and 19 years respectively. (*): Nutrient estimates obtained by the models at different ages (confidence inter -
vals are in parentheses, a=0.05). (**): No statistically sound model could be fitted between total P accumulation and age ( Tab. 4); therefore,
estimated P accumulation is based in the average from the sampled trees; all collected data was taken into account, no difference could be
made based on tree age.

. S5yr 10 yr 19 yr
Nutrient - o - 1 - T - 1 - o - m
nutrient tree nutrient ha nutrient tree nutrient ha nutrient tree nutrient ha

N (kg) 0.51 508.89 1.21 363.10 2.70 404.99
(0.46-0.56) (1.10-1.32) (2.45-2.95)

Ca (kg) 0.48 47592 1.51 453.28 4.40 660.59
(0.45-0.51) (1.42-1.60) (4.14-4.68)

K (kg) 0.43 434.14 0.74 221.98 1.21 181.85
(0.34-0.52) (0.58-0.89) (0.96-1.45)

Mg (kg) 0.11 109.42 0.29 88.36 0.74 110.52
(0.10-0.12) (0.27-0.32) (0.67-0.80)

P** (kg) 0.22 217.97 0.22 65.39 0.22 32.70

S (kg) 0.05 52.45 0.14 42.35 0.35 52.98
(0.03-0.07) (0.09-0.20) (0.23-0.49)

Fe (g) 9.03 9027.53 24.30 7290.09 60.79 9118.48
(7.09-11.10) (19.08-29.89) (47.72-74.76)

Mn (g) 1.02 1018.72 1.82 544.54 3.10 464.83
(0.90-1.13) (1.60-2.02) (2.74-3.45)

Cu (g) 0.27 274.50 0.65 195.87 1.46 218.46
(0.20-0.36) (0.47-0.85) (1.04-1.89)

Zn (g) 1.39 1391.18 3.01 901.53 6.13 919.77
(0.73-2.09) (1.57-4.52) (3.2-9.21)

B (g) 0.73 730.84 2.32 696.08 6.76 1014.42
(0.65-0.82) (2.05-2.60) (5.98-7.58)

Tab. 6 - Nutrient export by timber extraction in 1 to 19 years old teak (7ectona grandis L.f.) plantations in Costa Rica and Panama, and
comparison between nutrient export and total accumulation (Tab. 5) at 19 yrs old plantations. Nutrient export is estimated from the statistical
models summarized in Tab. 4 and represents the sum of the nutrients accumulated in bole and bark. Individual tree estimations ( Tab. 4) are
used to calculate the stand values, assuming the following densities: 1000, 300 and 150 trees ha™ at 1-5, 10 and 19 years, respectively. (*):
Nutrient accumulation estimates obtained by the models at the different ages (confidence intervals are in parentheses, 0=0.05). (**): Total ac-
cumulation represents the sum of the nutrients accumulated in bole, bark, branches and foliage of a mature stand (19 yrs) near to harvesting
(Tab. 5). (***): No statistically sound model could be fitted between bole and bark P and Zn accumulation and age ( Tab. 4); therefore esti-
mated bole and bark P and Zn accumulation were based on the average from the sampled trees; all collected data was taken into account, no
difference could be made based on tree age.

Nutrient export (bole and bark) Nutrient export

Total accumulation at 19

Nutrient Syr 10 yr 19 yr yrs old plantations compan.:d to total
. . . . . - . - ient ha')** accumulatlon_ at 19 yrs
nutrient tree”’” nutrient tree’” nutrient tree’ " nutrient ha™! (nutrient old plantations (%)

N (kg) 0.22 0.59 1.47 219.93 404.99 54
(0.19-0.24) (0.52-0.65) (1.31-1.63)

Ca (kg) 0.20 0.64 1.87 280.98 660.59 43
(0.19-0.22) (0.59-0.69) (1.73-2.02)

K (kg) 0.21 0.36 0.59 88.48 181.85 49
(0.15-0.27) (0.25-0.46) (0.41-0.76)

Mg (kg) 0.06 0.17 0.42 63.39 110.52 57
(0.05-0.07) (0.14-0.20) (0.36-0.49)

P*** (kg) 0.15 0.15 0.15 23.02 32.70 70

S (kg) 0.03 0.09 0.26 38.85 52.98 73
(0.02-0.04) (0.05-0.14) (0.14-0.41)

Fe (g) 4.61 14.62 42.61 6391.91 9118.48 70
(3.01-6.46) (9.55-20.52)  (27.84-59.8)

Mn (g) 0.26 0.48 0.86 129.3 464.83 28
(0.25-0.27) (0.46-0.50) (0.83-0.89)

Cu (g) 0.08 0.24 0.71 107.1 218.46 49
(0.05-0.11) (0.16-0.34) (0.46-1.01)

Zn*** (g) 1.41 1.41 1.41 211.9 919.77 23

B (g 0.29 0.92 2.67 400.67 1014.42 39
(0.23-0.35) (0.73-1.12) (2.13-3.27)
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60% of the total tree biomass at age 5, 10
and 19 (Tab. 3, Fig. 2). Branches also ac-
counted for large amounts of biomass com-
pared to total tree biomass but it increased
with tree age: 19%, 24% and 30% at 5, 10
and 19 years, respectively (Tab. 3, Fig. 2).
However, foliage and bark percentage of to-
tal tree biomass decreased with age though

Tree age (years)

the net biomass increased (Tab. 3, Fig. 2): (i)
bark biomass was 8, 19 and 42 kg tree™ ac-
counting for 9%, 7% and 5% of the total tree
biomass at 5, 10 and 19 years, respectively;
(ii) foliage biomass was 10, 17 and 29 kg
tree™ accounting for 11%, 6% and 4% of the
total tree biomass at 5, 10 and 19 years, re-
spectively.

Nutrient accumulation and allocation
The fitted models (Tab. 4, Fig. 3 and Fig.
4) allow to estimate the nutrient accumula-
tion at different tree tissues of teak trees
based on their age. N mainly accumulated in
foliage during the first years, although bole
was the most important sink after 6-7 years.
Indeed, bole N accumulation increased
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sharply with age, while foliage N accumula-
tion increased slowly with age. Ca accumu-
lated in branches following a trend close to
that of bole and bark. Bark Ca accumulation
was higher than in foliage or bole from 10
years old on, while foliage was higher before
that. K accumulated in branches in trees
older than 6-7 years, whereas in younger

trees it mainly accumulated at tree bole. Bole
K accumulation was very similar to that of
bark and they were both slightly higher than
in foliage. Mg accumulated in tree bole
throughout the entire rotation, accumulation
in branches was also high; bark and foliage
Mg accumulation were similar and lower
than in other tissues. P and S also accumu-

lated at tree bole and branches while bark
and foliage accumulation was low. Fe accu-
mulated at tree bole and branches while fo-
liage accumulation was lowest following a
pattern similar to that of bark. Mn also accu-
mulated in tree branches though foliage ac-
cumulation was high and even higher than in
branches at trees younger than 8-9 years. Cu

iForest (2015) 8: 33-44
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mainly accumulated in tree bole, while bark
accumulation was lowest and foliage accu-
mulation was higher at trees younger than 5
years old. Zn accumulated in tree bole and
branches while bark and foliage accumula-
tion was low. B mainly accumulated in tree
branches, although bark accumulation was
high compared to foliage accumulation,
which was the lowest.

In the first years, total nutrient accumula-
tion showed a tendency as P > K >N > Ca >
Mg =S > Fe > Mn > Zn > B > Cu; the fifth
year it was N> Ca>K >P >Mg> S > Fe >
Zn > Mn > B > Cu; the tenth year it was Ca
>N>K>Mg>P>S>Fe>Zn>B>Mn
> Cu; and the nineteenth year it accumulated
Ca>N>K>Mg>S>P>Fe>B>Z7Zn>
Mn > Cu. The estimation of the accumula-
tion of some nutrients (mainly P) may not be
well represented as it is based on an average
of sampled trees from all ages, as no statisti-
cal model could be fitted with age as ex-
planatory variable (Tab. 4). The estimated
total tree nutrient accumulation at approxi-
mately one rotation period (19 years old) is
2.7 kg N, 4.4 kg Ca, 1.2 kg K, 700 g Mg,
200 gP,400¢gS,61 gFe,3gMn, 1 gCu,6
g Zn and 7 g of B tree”’ (Tab. 5).

Nutrient export

Timber extraction as thinning or final har-
vesting implies export of nutrients allocated
at bole and bark. Nutrient export varied from
thinning to final harvesting as tree bole and
bark nutrient allocation varied with age, as
well as tree stocking (Tab. 6). Final harve-
sting constitutes a major nutrient output
from the system, considering that 19 year old
tree bole and bark nutrient accumulation
was: 1.9 kg N, 1.5 kg Ca, 600 g K, 300 g
Mg, 400 g P, 200 g S, 43 g Fe, 0.9 g Mn, 0.7
gCu, 1.4 gZn and 2.7 g B tree”! (Tab. 6).

Discussion

Aboveground biomass allocation

In this study, tree and stand biomass esti-
mates were similar or higher than those re-
ported in other studies (Kaul et al. 1979,
Pérez Cordero & Kanninen 2003, Kumar
2009, Kumar et al. 2009). Such result was
expected since only the best performing trees
in each sampled stand were selected. How-
ever, stand biomass is low when compared
to that reported by a spacing trial in south-
western Nigeria (Ola-Adams 1993). Most of
the tree biomass was accumulated in the tree
bole, accounting for 60% by itself and 69%
of total tree biomass when considering bole
and bark biomass altogether. Similar results
were observed by other authors (Kaul et al.
1979, Pérez Cordero & Kanninen 2003).

Tree biomass increased sharply with tree
age (Tab. 3, Fig. 2), whereas stand biomass
showed a fast growth during an initial esta-
blishment stage (from 6 to 87 Mg ha' at

Nutrient dynamics in teak plantations of Central America

years 1 and 5, respectively) and a smaller in-
crement afterwards (from 87 to 121 Mg ha™
at years 5 and 19, respectively). Little stand
biomass variation with tree age or spacing
has been shown for teak and other species
(Ola-Adams 1993, Pérez Cordero & Kanni-
nen 2003, Peri et al. 2008). Tree foliage
biomass increased with tree age reaching 29
kg tree’ when trees were 19 years old,
whereas its contribution to total tree biomass
decreased from 11% to 6% and 4% at 5, 10
and 19 years old, respectively, a decreasing
trend showed also in other studies (Pérez
Cordero & Kanninen 2003, Kumar 2009).
Stand foliage biomass also decreased from
9.7 Mg ha'' in the fifth year to 4.4 Mg ha™ at
age 19, which could be related to declining
stand growth capacity (“age-related decline
in productivity” - Gower et al. 1996, Ryan et
al. 1997, Binkley et al. 2002). This also co-
incides with the declining trend shown bet-
ween leaf biomass and tree spacing (Ola-
Adams 1993), as tree spacing increases with
age in the sampled plantations due to the
thinning regimen.

Nutrient accumulation and allocation

N accumulates mainly at foliage during the
first years, because N foliage concentration
is high and foliage is an important compo-
nent of tree biomass at the beginning of the
rotation. However, as foliage becomes a less
important tree component and N foliage con-
centration decrease (Tab. 2 - Fernandez-Mo-
ya et al. 2013), the bole becomes the most
important N sink in plantations older than 6-
7 years old, as it is an important biomass
sink. A similar pattern is followed by Ca as
it is mostly accumulated in the foliage of
young trees (Ola-Adams 1993), where the
bark biomass is low, and then is mainly ac-
cumulated in the tree bark later (and bole-
and-bark consequently), which is the general
pattern observed for teak and other species
(Nwoboshi 1984, Peri et al. 2008, Arias et
al. 2011, Qiong et al. 2011). Other elements
(K, Mg, P, S, Fe, Cu, Zn and B) showed a
tendency to accumulate mainly at tree bole
(or bole and bark) and branches at all ages,
probably because the tissue concentration of
such elements are lower (Tab. 2 - Fernandez-
Moya et al. 2013), and so is the influence of
the nutrient concentration on nutrient accu-
mulation in the biomass. In general, this is
consistent with the results of previous stu-
dies such as Nwoboshi (1984), who reported
that N, P and Mg mainly accumulate in the
tree stem, while bark is considered as a Ca
sink. Similarly, other authors reported the
bole wood as the main sink for all nutrients
considered (Ola-Adams 1993, Kumar et al.
2009).

The relative importance of the different el-
ements in tree nutrient accumulation also
varies with tree age. Young teak trees accu-
mulate P > K >N > Ca>Mg=S>Fe>Mn

> 7Zn > B > Cu, whereas at the end of the ro-
tation they have absorbed Ca > N > K > Mg
>S>P>Fe>B>Zn>Mn > Cu. However,
the high P accumulation at young trees are
probably overestimated by the proposed mo-
del (Tab. 4) as we could not fit an appropria-
te model and the average for all ages had to
be used. For the same reason, P accumula-
tion at later ages in the rotation is probably
underestimated (Tab. 4, Fig. 3 and Fig. 4). In
general, this is consistent with the results of
other studies where the nutrients most ab-
sorbed by teak were K > N > Ca >> Mg > P
(Nwoboshi 1984), N = K > Ca > Mg > P
(Ola-Adams 1993), Ca>K>N>Mg>P =
S (Negi et al. 1995), Ca>K >N >Mg>P >
S (Behling 2009) or N > Ca > K > Mg > P >
Na > S > Cl (Kumar et al. 2009). Hence, the
general pattern across different studies is that
teak mostly accumulates Ca, N and K. How-
ever, the most absorbed nutrient varies
among the aformentioned investigations, li-
kely depending on soil availability at each
particular study site.

The proposed models (Tab. 4) allow ma-
nagers to calculate the amount and allocation
of nutrients accumulated by a well perfor-
ming tree at different ages. As an example, a
stand of 150 trees ha' at age 19 would accu-
mulate 405 kg N ha”', 661 kg Ca ha™', 182 kg
Kha', 111 kg Mg ha', 33 kg P ha', 53 kg S
ha', 9 kg Fe ha', 465 ¢ Mn ha', 218 g Cu
ha', 920 g Zn ha', 1 kg B ha™.

The nutrients accumulated (kg ha™) in 5
year old teak stands (Tab. 5) represent be-
tween 70% to more than 100% of nutrients
accumulated in 19 year old plantations (Tab.
5). Such evidence provides support to the
Miller’s theory (1981, 1984, 1995) that, if
nutrition has been appropriate, nutrient up-
take decreases when canopy closure occurs
and nutrition is mainly based on transloca-
tion between tissues of the same tree and nu-
trient recycling. Alvarado (2012b) estimates
than more than 70% of N required by a for-
est plantation could be provided by the min-
eralization of residues and wet and dry N de-
position. Based on reviewed data, atmo-
spheric N input could be estimated as high
as 230 kg ha' over 20 years of the rotation
period for a planted forest (Folster & Khan-
na 1997, Alvarado 2012b), which is appro-
ximately 57% of N accumulation at the final
stages of the rotation period (Tab. 5). How-
ever, stand N accumulation at earlier stages
is higher (509 kg ha™ at year 5 - Tab. 5) and
atmospheric deposition during 5 years could
be estimated as only 57.5 kg ha™' (11% of the
estimated plantation accumulation), pointing
out a possible N deficit at early plantation
stages that should be supplied by fertilizers
if not supplied by soil N. Atmospheric inputs
may vary remarkably from site to site, and a
general value from literature cannot be used
to close a nutrient balance. However, this
points out the probable nutrient deficit in
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teak plantations compared with nutrient ac-
cumulation and exports, and hence the need
to do more detailed studies to design a nutri-
tional plan including forest fertilization. Fer-
tilization can be considered as another nutri-
ent input to the system but, at this moment, it
is usually very low.

The low values of soil available K and ex-
tremely low in the case of P (Tab. 1) contrast
with the relatively high K and P accumula-
tion in tree biomass (Tab. 5). This could be
explained just by the methodology used to
estimate the topsoil availability of K and es-
pecially P. Alternatively, it could be caused
by one of the following hypothesis: (a) best
performing trees may benefit from a particu-
lar site condition with a soil nutrient availa-
bility higher than the average, which allows
them to have better growth, and/or maybe a
deeper root system which allows them to ex-
plore a larger soil volume; (b) teak roots may
produce phosphatases which improve the
mineralization rates of organic-P resulting in
levels of available P higher than those de-
tected by soil analysis (Corryanti et al.
2007); (c) those elements could be limiting
teak productivity; (d) nutrient input as atmo-
spheric deposition could be playing a key
role in plantation nutrition as for these ele-
ments.

Well performing teak trees generally accu-
mulate high quantities of N, Ca and K. As
Ca soil availability is high if site selection
was appropriate, special attention should be
paid to other elements such as N, usually
considered as limiting the productivity of
terrestrial ecosystems; and K, which could
become limiting due to its interaction with
soil Ca and the usual high values of the lat-
ter. In addition, P and B (Lehto et al. 2010)
have also been reported as a limiting factors
in forest soils and should be carefully con-
sidered. To a lesser extent, other elements
such as Mg showed moderately high require-
ments, and possible limitations in specific
environments may occur due to its interac-
tion with Ca.

Nutrient export

The proposed models (Tab. 4) allow mana-
gers to assess the nutrient export by trees re-
moval (including thinning) at different plan-
tation ages by simply multiplying the num-
ber of removed trees by the nutrient removal
per tree. Detailed thinning information was
not available for the present study; therefore
only estimations about nutrient export by fi-
nal harvesting at the end of the rotation are
reported (Tab. 6).

Nutrient export by timber extraction at the
end of the rotation represents approximately
half of the estimated tree nutrient accumula-
tion of mature stands, varying between 23%
and 73%, depending on the different ele-
ments (Tab. 6). The other half of the nutrient
absorbed by the tree could remain at the site

to be recycled and used in the following ro-
tation, if an appropriate residues manage-
ment is done (Folster & Khanna 1997). Tim-
ber extraction by final felling constitutes a
major nutrient output from the system, as
harvesting (bole and bark) 150 trees ha™ at
age 19 would export 220 kg N ha', 281 kg
Ca ha', 88 kg K ha', 63 kg Mg ha, 23 kg P
ha', 39 kg S ha’, 6 kg Fe ha', 129 g Mn
ha', 107 g Cu ha, 212 g Zn ha', 401 g B
ha'. Final felling nutrient extraction could
be of special relevance in cases such as P
and K, because of their low soil availability
(Tab. 1), which could become a limiting fac-
tor after several rotations. Estimated N out-
put at final felling (Tab. 6) is also high; how-
ever, no information about soil N content is
available. Reported data for nutrient export
is calculated as nutrient accumulated in bole
and bark tissues; therefore, it is only a rough
estimate, as a percentage of non-commercial
stem is left at the site after final felling.

Nutrient export repeated over several rota-
tions could be the cause of soil nutrients de-
pletion (Miller 1984, Folster & Khanna
1997, Evans & Turnbull 2004), determining
a decrease in forest productivity after several
rotations (Rennie 1955, Evans 2009). The
possibility to replace the nutrient output ex-
ported with harvesting with fertilization has
been traditionally ignored by forest mana-
gers (Folster & Khanna 1997), although FSC
(2004) and several other authors (Rennie
1955, Worrel & Hampson 1997) recommend
the application of fertilizer to sustain short-
cycle plantation productivity.

Plantation Stability Indexes have been re-
ported as a good measure to assess soil nutri-
ent mining by forestry plantations (Fdlster &
Khanna 1997, Arias et al. 2011). Though
such indexes can be considered as good indi-
cators, more research efforts are needed, in
particular for their application in the sustai-
nability assessment in certification schemes
or for their inclusion in payment for environ-
mental services programs.

To minimize nutrient exports, many au-
thors have proposed to debark tree stems at
the plantation site (Rennie 1955, Folster &
Khanna 1997, Ma et al. 2007). However,
such practice may be hardly adopted by for-
est companies since it is non-profitable and
time-consuming. As approximately half of
the nutrients translocate from leaves to other
tree tissues before senescence (Aerts 1996),
bole and bark may have a higher nutrient
concentration in the dry season, when teak is
defoliated and timber extraction is usually
carried out. Therefore, it could be recom-
mended to program the final felling in a time
of the year when nutrient exports are mini-
mal. Moreover, if nutrients in the bole and
bark had higher concentrations in the dry
season compared with the rainy season, this
would suppose an underestimation of the nu-
trient export reported in the present work.

Hence, future research are needed to take
such possible influence into account.

Conclusions

The models proposed in this work allow
managers to calculate the amount of nutri-
ents accumulated in bole and bark tree
biomass depending on tree age, and can be
used to estimate the nutrient extraction under
different thinning management scenarios.
This is the first study on this subject for Cen-
tral America and the first step towards a
complete nutrient balance for teak plantation
systems aimed at a sustainable management
of forest plantation.

Teak nutrition should pay special attention
to N and K, together with Ca the 3 most ab-
sorbed nutrients by teak. In addition, P and
B could also be limiting the productivity in
planted teak forest. Nutrient export by tim-
ber extraction is high as compared to soil
reservoirs, especially for P and K. The pro-
posed models can serve as a guide for mana-
gers to calculate for each specific plantation
the minimum nutrient inputs to be added
over the rotation period to avoid soil nutrient
depletion.
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