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A B S T R A C T

Plantation forestry is the ultimate alternative in reforesting degraded tropical ecosystems and in provisioning
multiple ecosystem services beyond timber production. Therefore, we studied the management of Tectona grandis
L.f. (teak) plantations in Costa Rica and simulated alternative management strategies incorporating simulta-
neously the values of carbon storage, biodiversity and timber production. Alternative management strategies
included (1) extension of rotations, (2) reduced thinning and (3) conversion of even-aged to uneven-aged sys-
tems. Evaluation criteria were carbon storage in biomass, stand structural diversity as a proxy of biodiversity,
and economic return from timber harvests. For growth predictions under future climatic conditions, we cali-
brated the hybrid forest growth model 3PG. We found that carbon storage could be increased by increasing
rotation periods (e.g. +29.7% of carbon for a 50% increase in rotation length) and a no thinning management
(+9.5% of carbon). For rotation extension associated economic losses were high (e.g. at 5% discount rate, the
Land Expectation Value (LEV) decreased by 25.1% for a 50% extension of rotations). For thinning LEV increased
with a low-thinning regime, but decreased with a no-thinning management (+9.5% and −23.6%, respectively).
Payments for ecosystem services (PES) increased economic return by about 3–4%. Structural diversity increased
by conversion to uneven-aged forest stands (Gini coefficients for basal area increased from 0.21 to 0.52).
Economic returns from timber harvests were almost equal for even-aged and uneven-aged systems at 1% dis-
count rate (max. −2% of LEV). At 5% discount rate, we observed economic losses of 11.1–20.1% compared to
the even-aged scenario. At 10% discount rate, economic losses ranged between 43.6 and 104%. We concluded
that extension of rotations and reduction of thinning intensity can be used as management strategies to increase
the carbon storage of teak plantations. However, to compensate the associated economic losses through a PES
scheme, payments for carbon sequestration need to be increased and special incentives for longer rotation
periods and low thinning management need to be developed. The transformation into uneven-aged forest stands
requires active investment at discount rates higher than 1%. Whether this investment can be offset by benefits
from biodiversity and increased forest resilience is unknown and requires further investigations. Other measures
of biodiversity conservation, such as the use of native and mixed tree species and the retention of old trees and
deadwood are moreover necessary.

1. Introduction

With a loss of approximately 7million hectares of forest per year,
deforestation remains a substantial problem in the tropics (FAO, 2016).
Deforestation involves the loss of a wide range of ecosystem services,
including climate regulation, carbon storage and habitat provision for
wildlife species that act as pollinators, seed dispersers or contribute to
pest control (Lawton et al., 2001; Nasi et al., 2002). The loss of natural
forest is partially compensated by an increase in planted forest area. By

2010, planted forests constituted 6.6% of the global forest area, and this
percentage was expected to rise to 7.5% by 2020. Timber provision and
economic returns from timber harvests are commonly the main goals of
forest plantations (FAO, 2010). However, since it became apparent that
climate change and the rate of biodiversity loss have already exceeded
planetary limits, the need for managing forests for climate change mi-
tigation and biodiversity conservation has risen (FAO, 2010; Rockström
et al., 2009).

The world’s forests play a major role in the carbon balance and have
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great potential to mitigate climate change by sequestering carbon in
forest biomass. Forests sequester 4.05 ± 0.67 Pg year−1 of carbon,
which is about half as much as global CO2 emissions from fossil fuel
combustion (Le Quéré et al., 2009; Pan, 2011). Seventy per cent of this
(2.83 ± 0.93 Pg year−1 of carbon) is sequestered by tropical forests,
but at the same time tropical deforestation causes the release of
2.94 ± 0.47 Pg year−1 of carbon. Thus, the global net sequestration of
forests is only 1.11 ± 0.82 Pg year−1 of carbon (Pan, 2011). Conse-
quently, the global carbon balance could be improved significantly, if
tropical deforestation could be stopped and partly reversed by refor-
estation. Chazdon et al. (2016) suggest that tropical secondary forests
in Latin America have the potential to sequester a total of 8.48 Pg of
carbon during the next 40 years. Currently planted forests constitute 3%
(584 000 ha) of the total forest area in Central America with a growing
trend of 3.14% annually (FAO, 2010). Management strategies for in-
creasing carbon storage of tropical forest plantations include extending
the rotation length and reducing thinning intensity (Kaul et al., 2010;
Schroeder, 1992).

The current rate of species extinction is estimated to be about
100–1000 times higher than the average rate in earth’s history
(Millennium Ecosystem Assessment, 2005; Rockström et al., 2009).
Most biodiversity losses occur in tropical forests, where species di-
versity and the number of endemic species are also highest (Dirzo and
Raven, 2003; Millennium Ecosystem Assessment, 2005; Myers et al.,
2000). Although primary forests have much higher value for biodi-
versity conservation, the complementary function of planted forests has
been increasingly recognized (Barlow et al., 2007; Brockerhoff et al.,
2008; Hartley, 2002; Mang and Brodie, 2015; Pawson et al., 2008).
Teak, being an exotic species in Costa Rica, has shown to have limited
capability for recruiting woody regeneration of native species (Healey
and Gara, 2003). Yet, when comparing establishment of teak planta-
tions to other land use alternatives typically considered in Costa Rica,
then teak plantations appear quite promising with regard to biodi-
versity conservation as they provide forest cover and offer reliable
economic returns at the same time (de Camino Velozo et al. 2016;
Griess and Knoke, 2011; Hallet et al., 2011; Pérez, 2005).

Especially large-scale clear-cut harvesting has been criticized by en-
vironmental non-governmental organizations and the public for negatively
impacting forest biodiversity (Pawson et al., 2006). In the scientific
community however, the debate is more differentiated, since impacts of
clear-cutting depend largely on species, region and scope of the study
(Pawson et al., 2006). Mostly open-habitat species and early-successional
specialists profit from clear-cut harvests, whereas late-successional and
closed-forest species are negatively affected (Niemelä et al., 2007; Pawson
et al., 2006, 2011). Ecological theories further suggest that biodiversity
can be better maintained when forest management imitates natural
structures and processes. The increase in stand heterogeneity and the
small-scale disturbances that go along with uneven-aged forest manage-
ment are thus regarded as having a positive impact on the conservation of
forest biodiversity (Kuuluvainen et al., 2012). Uneven-aged forest man-
agement has further proven to be an attractive alternative to clear-cut
management, mainly for the following reasons: (a) the creation of spatial
heterogeneity at stand level leading to increased ecosystem resilience
(Guldin, 2011), (b) the ability to compete economically with even-aged
management systems (Hanewinkel, 2002; Kuuluvainen et al., 2012) and
(c) higher social acceptance (O’Hara, 2001; Pawson et al., 2006). Although
intensively studied and applied in temperate and boreal forests, the lit-
erature is almost void of studies focusing on uneven-aged plantation for-
ests in the tropics. This study therefore aims at exploring economic and
ecological consequences of this management option for teak plantation
forestry in Costa Rica.

The demand for wood products is increasing along with growing
human populations, increasing income and consumption, and the in-
creasing need for replacing non-renewables with renewable resources
(FAO, 2016). Currently, the demand for timber is largely met by
plantation-grown timber. In the tropics, planted forests accounted for

65% of roundwood timber production in 2012 (Payn et al., 2015). In
order to avoid further deforestation it is thus important that timber
provision by plantations remains at the present level or increases. To
achieve this, it is important that forest plantations are economically
attractive to landowners.

Accounting for 12% of the global annual tropical timber trade,
Tectona grandis (teak) is economically one of the world's most important
tropical tree species (FAO, 2015). The increasing demand for general
utility teak has created a market for fast-grown, small diameter logs
from Latin American plantations (Kollert and Cherubini, 2012). In 2015
Costa Rica thus exported 207,239m3 of teak roundwood, corre-
sponding to 21.7% of the country’s total timber harvest (OFN, 2015).
Due to its economic importance globally and locally, research on teak
has been manifold and the existing knowledge is considerable. This
makes teak a good model species.

The objective of the study was to simulate alternative forest man-
agement strategies for teak plantations in Costa Rica and to evaluate
and compare these strategies with regard to climate change mitigation,
biodiversity conservation and economic return from timber harvests.
Our reference management was an even-aged stand, which was clear-
felled after 20 years and regularly thinned from below. Alternative
management strategies for climate change mitigation included ex-
tended rotation periods and reduced thinning intensities. We evaluated
these strategies with regard to carbon storage in biomass, net present
value (NPV) and land expectation value (LEV). We further evaluated to
what extent economic losses could be compensated by payments for
ecosystem services (PES). For biodiversity conservation, we simulated
transformation into a continuously covered, uneven-aged forest system.
We evaluated the transformation with regard to structural diversity (of
basal area) and economic return. In order to have growth predictions
under future climatic conditions, we first calibrated the hybrid forest
growth model 3PG for teak in Costa Rica and then prepared growth
predictions for four different climate change scenarios.

2. Material and methods

2.1. Model parametrization and validation

2.1.1. Model description
The basic, generic 3PGmodel was developed by Landsberg andWaring

(1997). 3PG has proven to make good predictions for a large number of
species and regions (Landsberg et al., 2003). It requires relatively little
input data: monthly average temperature, precipitation, solar radiation,
site fertility, soil texture and forest stocking. The model was developed for
even-aged plantations and the output is monthly increment at stand level.
The core of the model is a photosynthesis sub-model for net primary
production (NPP). NPP is allocated to three biomass components (stem,
foliage, roots) and the allocation process is influenced by DBH (diameter at
breast height). The foliage biomass forms a feedback loop with the pho-
tosynthesis sub-model. The model further includes sub-models for water
balance, litter production, mortality and thinning.

2.1.2. Stand data
Time series of growth observations were obtained from even-aged

forest stands at three different production sites in Costa Rica: San Rafael
(10.73 N, 84.50 W; 52m altitude), Upala (10.96 N, 85.05 W; 41m al-
titude) and Javillos (10.38 N, 84.54 W; 136m altitude). There were
several forest stands at each production site, each of them between
0.71 ha and 20.6 ha large. DBH and height were recorded for all stands
using permanent plots that represent 2% of the plantation area.
Measurements were made approximately every year, but actual days of
measurement are known and age is expressed in years with two deci-
mals. Stem biomass and stand volume were calculated using allometric
equations from (Pérez and Kanninen, 2003a, 2003b). In San Rafael two
forest stands, established in different years, were monitored. One stand,
established in 2007, was monitored from age 2.92 to 8.00 years and the
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other one, established in 2008, from age 2.64 to 6.75. Initial stocking
was 625 trees ha−1 and thinning was scheduled at ages 5.58/4.33,
10.00 and 15.00 with 419, 314 and 236 remaining stems ha−1, re-
spectively. The soil texture was classified as clay. In Upala monitoring
covered stand ages from 1.08 to 4.17 years. In this case the initial
stocking was 833 trees ha−1. Thinning at Upala was scheduled at ages
5.00, 10.00 and 15.00 with 625, 469 and 300 remaining stems ha−1,
respectively. The soil texture was classified as clay-loam. Measurements
in Javillos took place at ages from 10 to 18 years. Initial stocking was
625 trees ha−1 and thinning was scheduled at ages 10.50 and 13.00
with 469 and 375 remaining stems ha−1, respectively. The soil texture
class was also clay-loam. As data availability was quite low, especially
for older stands, simulation results from empirical modelling were used
as an additional reference to support the calibration of the model (Pérez
and Kanninen, 2005). Among the scenarios examined by these authors,
we applied the scenario for highly fertile sites and the management goal
of DBH maximization. Corresponding thinning ages were: 4, 8, 12, 18
and 24 years with remaining stems of 556, 333, 200, 150 and 120 trees
ha−1 and initial stocking of 1111 trees ha−1.

2.1.3. Model input data
For initializing the simulation, some model specific input data had

to be assumed. Initial stem and foliage biomass was 10 g tree−1 each.
Initial root biomass was 5 g tree−1. Initial age was zero. Estimation of
site fertility rating (FR) was based on the site classification chart for
teak in The Caribbean (Keogh, 1979), and site fertility was estimated as
0.7 for San Rafael and 1 for Upala and Javillos. Thinning was carried
out from below and thus the biomass of trees removed in thinning was
estimated as 80% of average tree biomass.

In addition to site-specific input data, climate data were needed.
Monthly average temperature and precipitation data were downloaded
from the WorldClim database version 1.4. For the model calibration,
current climate data from 1960 to 1990 with a spatial resolution of 30
arc-seconds were used. Radiation data were downloaded from the US-
National Solar Radiation Data Base (US-NSRDB). The applied atmo-
spheric CO2 concentration was 385 ppm (NOAA).

2.1.4. Calibration and validation
Behling (2009) and Pontes (2011) calibrated 3PG for teak in Brazil,

but predictions computed using their parameter values did not fit the
observed teak data from Costa Rica. Therefore 3PG was calibrated for
teak in Costa Rica using the data from San Rafael, Upala and Javillos.
Based on literature review, an initial value or a range of values was

defined for each 3PG parameter. These values were either results of
physiological experiments, parameter values from the Brazilian cali-
brations or default values estimated for 3PG by Sands (2010). Manual
adjustments of the values of twenty parameters were made until a vi-
sually good agreement was achieved between the model output and the
observed stand data. The reference data from Pérez and Kanninen
(2005) were compared to a simulation where the model input was the
same as for the Upala stand (assuming the same FR), but the thinning
regime was replaced with the one used by Pérez and Kanninen (2005).
For all stands at all times of thinning, we compared the following
output variables: WS= stem biomass (t ha−1), mean DBH (cm), mean
height (m) and mean yield= stand volume (m3 ha−1). Calibration and
implementation were made in the R environment and results may differ
if the parameters are implemented in a different environment. The R
code can be supplied on request.

Data from the second stand monitored in San Rafael was set aside
for validation. The normalized root mean squared error (NRSME) was
used as a measure of deviation (in %) between observed and simulated
values.

2.1.5. Predictions under future climate conditions
Climate data for prediction of future growth were also downloaded

from the WorldClim database version 1.4 (see Fig. 1). We used monthly
means of predictions for the period 2041–2060, which were prepared
using the CCSM4 model. This model was supposed to produce the best
predictions for Costa Rica (Hidalgo and Alfaro, 2015). We tested four
different greenhouse gas (GHG) concentration trajectories: re-
presentative concentration pathways (rcp) 2.6, 4.5, 6.0 and 8.5. Further
we made a sensitivity analysis on how changes in precipitation and
temperature affect teak growth.

2.2. Management strategies

Alternative forest management strategies tested were (1) extension
of rotation, (2) reduced thinning and (3) transformation into uneven-
aged forests.

The business-as-usual scenario (BAU) was even-aged management
with clear-cut at age 20. Thinning was carried out from below at ages 4,
8, 12 and 16 with intensities of 25%, 33%, 33% and 25%, respectively
(Fig. 2). The initial tree density was 625 trees ha−1. Stand character-
istics were adopted from Upala and thus for highly fertile stand con-
ditions (see sections 2.1.2 and 2.1.3). The future climate scenario for
Upala with rcp 4.5 was used.

Fig. 1. Climate data (minimum temperature, maximum temperature and precipitation) for current and future climate conditions for the Upala stand. Four GHG
concentration trajectories (rcp 2.6, rcp 4.5, rcp 6.0, rcp 8.5) are included.
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Alternative management strategies for climate change mitigation
aimed to increase carbon storage in biomass. To this end we simulated
various rotation periods (15, 20, 25, and 30 years) and reduced thin-
ning intensities (Fig. 2). The latter comprised a low-thinning regime
with thinning intensities of 25%, 20% and 20% at ages 5, 10 and 15,
respectively, and a no-thinning regime.

Carbon storage was calculated for each time step by multiplying
total, accumulated biomass (stem, foliage, roots) predicted at that time
step with an average carbon concentration of 0.495 (Kraenzel et al.,
2003). Since most of the carbon in biomass is released shortly after
harvest, we calculated mean carbon stored during one rotation
(Schroeder, 1992).

For biodiversity conservation we simulated transformation from
even-aged management to an uneven-aged, continuous-cover forest
system. To enable simulating uneven-aged systems with a stand-level

forest growth model, we applied a group harvesting system. In this
system each harvest unit was treated as a miniature stand (Fig. 3). It can
be thought of as a minimum patch size age class forest system. The
patch size was chosen such that it ensured sufficient light incidence for
regeneration of a light-demanding species like teak. According to
Nyland (2003) this corresponds to a patch width about twice the height
of surrounding trees. We therefore used a patch size of 0.25 ha, corre-
sponding to a patch width of 50m. Harvest age was 20 years. We si-
mulated stands containing the following numbers of differently aged
tree groups: 1 age group (A1)= even-aged, 2 age groups (A2), 4 age
groups (A4), 5 age groups (A5), 10 age groups (A10) and 20 age groups
(A20). The time interval between patch harvests was determined by
dividing the harvest age with the number of different age groups.
Consequently, in A1, A2, A4, A5, A10 and A20 harvests took place
every 20, 10, 5, 4, 2 and 1 years, respectively. Since each of the 0.25 ha

Final harvest 
BAU
Low-thinning
No-thinning

4 5 8 10 12 15 16

Thinning ages

25 % 25 %

33 % 33 %

20 % 20 %
25 %

Thinning intensity

- 5 years rotation length

+ 5 years rotation length

+ 10 years 
rotation length

201

Fig. 2. Schematic overview of business-as-usual management (BAU) and alternative management strategies for climate change mitigation. The alternative man-
agement included three thinning alternatives and four different rotation lengths. BAU thinning is indicated by unbroken lines, low-thinning by dashed lines.
Extension of rotation was simulated for extensions of −5, + 5 and +10 years, which means total rotation lengths of 15, 20 (BAU), 25 and 30 years.

Fig. 3. Schematic overview of the uneven-aged
forest system (group harvesting). Large rec-
tangles represent a stands. A square inside a
rectangle represents a group of trees, which be-
longs to one management unit (miniature-stand,
0.25 ha). Shades of grey represent the age of tree
groups. Rectangles explained from left to right:
Top row: even-aged/BAU, 2 age groups, 4 age
groups; Bottom row: 5 age groups, 10 age groups
and 20 age groups. The best way to arrange
patches of differently aged tree groups (squares)
is at random (not shown here).
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patches constituted a very small even-aged stands, thinning was applied
in all scenarios.

The Gini Coefficient (GC) was used as an index for quantifying
structural diversity at stand level. It was calculated using basal areas.
The GC is assumed to best represent characteristics of uneven-aged
forests, since it has been shown to respond not only to changes in the
total range of diameters, but also to changes in diameter distributions
(Lexerød and Eid, 2006). The Gini Coefficient ranges between 0 and 1,
where 0 represents perfect equality and 1 perfect inequality. Compared
to BAU we thus expect an increase in the Gini coefficient for uneven-
aged forest stands, caused by higher structural heterogeneity.

2.3. Economic return from timber harvests

To evaluate economic return from timber harvests of even-aged
plantations we calculated the net present value (NPV) of a single ro-
tation and the land expectation value (LEV) of an infinite number of
identical rotations. For the economic analysis of carbon storage we also
calculated revenues from payments for ecosystem services (PES). In
Costa Rica forest owners can receive up to 756,258 CRC ha−1

(=1336 US$ ha−1) from the governmental institution Fonafifo for re-
forestation with teak (Ministerio de Ambiente y Energia, 2015). Pay-
ments are made during the first 5 years as follows: 50% in the first year,
20% in the second year, 15% in the third year, 10% in the fourth year
and 5% in the fifth year. The contract lasts for 16 years.

For economic evaluation of the uneven-aged forest systems, we
calculated the net present value of the transformation phase (NPVT),
the expectation value (EV) of the uneven-aged system resulting after
transformation at steady state and the transformation LEV (LEVT) (see
Fig. 4). LEVT was defined as the sum of NPVT and EV discounted to the
time of plantation establishment. Stand ages at transformation start
were chosen such that LEVT was maximized. For all economic calcu-
lations we considered revenues and costs from the final harvest and
from thinning, establishment costs, maintenance costs and adminis-
tration costs. Annual discount rates of 1%, 5% and 10% were con-
sidered. Price data was obtained from the Costa Rican national forestry
office (OFN, 2013). They reported a linear increase in prices with tree
diameter. Costs were estimated based on data from the afforestation
company Puro Verde Paraíso Forestal S.A., part of the FuturoVerde
Group. Economic formulations of NPV, LEV, and EV as well as price and
cost data, can be found in Appendix B.

3. Results

3.1. Growth modelling

The final 3PG parameter values, method of estimation and refer-
ences are shown in Appendix A. Relative deviations (NRMSE) between
observed and modelled data ranged between 3.0% and 40.0%, but were
on average about 11% (Table 1). An exception was observed for height

predictions for the Javillos stand, which showed a deviation of as much
as 78.9%. This strong deviation was due to inconsistencies in the ob-
served height data, which indicated that after age 11 trees were be-
coming shorter with increasing age. We thus assumed that these ob-
served height data were faulty and therefore expected high deviations.
It should be noted that yield calculations were based on height and DBH
and thus deviations in these variables also affected yield estimations.
Observed stem biomass and yield data was moreover calculated using
allometric equations (see section 2.1.2).

On average, climate change simulations predicted a temperature
increase of 1–2 °C and a reduction of precipitation of about
400mm year−1 (see Fig. 1). The precipitation loss mainly occurred
during the rainy season. Climate change scenarios were very similar for
all calibration sites. According to simulations with 3PG, climate change
negatively affected teak growth at all calibration sites. Compared to
current climate conditions, losses in yield ranged between 4 and 8% for
San Rafael, between 2 and 4% for Javillos and between 6 and 12% for
Upala (losses were smallest for rcp 2.6 and highest for rcp 8.5). A
sensitivity analysis showed that the simulated growth reduction under
future climate scenarios could be attributed to an increase in tem-
perature. A 10% increase in temperature led to approximately 19%
decrease in teak yield and a 10% decrease in temperature caused an
increase of about 9% in teak yield for the climate at San Rafael. For
Upala it was −24.3% and +13.0% respectively. Predicted changes in
precipitation showed negligible effects on teak growth predictions:
0.01% increase in yield for a 10% increase in precipitation and 0.1%
decrease in yield for a 10% decrease in precipitation for San Rafael and
+0.05% and −0.1% for Upala, respectively. Average temperatures
(current and future) were about 0.6 °C higher for Upala than for San
Rafael. Current annual precipitation was 2967mm for San Rafael and
1962mm for Upala. Under rcp 8.5 annual precipitation was 2518mm
and 1646mm, respectively.

3.2. Climate change mitigation and economic implications

For the BAU scenario, accumulated mean carbon storage in standing
biomass (stem, foliage, roots) was 76.9Mg ha−1 of C for a 20 year

planta on 
establishment

NPVT (NPV of the transforma on phase)

t. end 20 years

EV a er transforma on at steady state

LEVT (LEV of the transforma on)

40 years

meEV discount mes

t. start

NPVT discount mes

discoun ng EV to the planta on establishment

par al 
harves ng

par al 
harves ng

par al
harves ng

Fig. 4. Schematic overview of time frames and discounting times used in the economic evaluation of the transformation into uneven-aged forest management; t. start
= transformation start, t. end = transformation end, NPV = net present value, EV = expectation value, LEV = land expectation value.

Table 1
Deviations between modelled and observed data given in percent as normalized
root mean squared error (NSRME). Values are stated for calibration and vali-
dation data (SR 2008) and various stand-level variables (means). (SR=San
Rafael, P. & K. 2005=Pérez and Kanninen, 2005, WS= stem biomass).

Output variable NRMSE [%] for calibration and validation data

SR 2007 Javillos Upala P. & K. (2005) SR 2008

WS [t ha−1] 6.0 40.0 20.4 7.2 11.1
DBH [cm] 4.9 20.6 30.1 3.0 10.3
Height [m] 11.2 78.9 17.8 3.5 3.5
Yield [m3 ha−1] 6.3 81.3 17.3 9.7 10.2
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rotation period. When extending rotations it increased to 89.5 Mg ha−1

of C (+16.4%) for a 25 year rotation and to 99.7 Mg ha−1 of C
(+29.7%) for a 30 year rotation (Fig. 5a). Consequently, mean carbon
storage was lower for a rotation period of 15 years (60.9 Mg ha−1 of C
or −20.7% of BAU carbon storage). At 5% discount rate, the eco-
nomically optimal rotation length for one rotation period was 23 years,
and thus NPV was slightly higher (+1.2%) for the 25 year rotation than
for the BAU scenario (39,948 US$ ha−1 and 39,482 US$ ha−1, respec-
tively). For lower or even higher rotation periods (15 and 30 years),
NPV was considerably lower than for the BAU scenario (−25.0% and
−7.6% respectively). For an infinite number of equal rotations, the
economically optimal rotation length was 18 years. LEV of the business
as usual scenario was thus the highest (among those investigated) with
63,363 US$ ha−1. LEV was 10.0% lower for a 15 year rotation period,
10.5% lower for a 25 year rotation period and 25.1% lower for a
30 year rotation period. Revenues from the Costa Rican payment for
ecosystem services increased NPV and LEV by 3.0–4.1%.

Variation in thinning intensity showed a different pattern (Fig. 5b).
A lower thinning intensity slightly increased mean carbon storage to
78.9 Mg ha−1 of C (+2.7%) and NPV to 41,092 US$ ha−1 (+4.1%). For
the no-thinning regime carbon storage increased to 84.1 Mg ha−1 of C
(+9.5%), but NPV decreased to 30,153 US$ ha−1 (−23.6%).

3.3. Biodiversity conservation and economic implications

The stand structural diversity expressed as the Gini Coefficient in-
creased digressively with increasing age diversity (Fig. 6a). At steady
state the Gini Coefficient ranged between 0.21 for even-aged stands and
0.52 for uneven-aged stands with 20 different age groups (Table 2).
Structural diversity in the even-aged scenario resulted from natural
within-stand variation in tree growth.

Economic return was almost equal for the even-aged and the un-
even-aged systems at 1% discount rate (−0.8 to −2.4% of LEVT)
(Fig. 6b and Table 2). At 5% discount rate, we observed economic losses
between 11.1% and 20.1% compared to the even-aged scenario. At 10%
discount rate, economic losses ranged between 43.6% and 104%. These
losses resulted from two aspects of the transformation process: First,
NPVT was reduced between 33.4% and 40.2% of the even-aged scenario
at 5% discount rate and between 69.1% and 140% at 10% discount rate

(Fig. 6c and Table 2). The income reduction from transformation har-
vests was due to early harvesting of some tree groups (see transfor-
mation start ages in Table 2). Second, harvests of future generations
were delayed (see transformation end ages in Table 2). At steady state
after transformation, the EV of the uneven-aged systems was between
42.7% and 73.1% higher than for the even-aged scenario at 5% dis-
count rate and between 144% and 260% higher at 10% discount rate
(Fig. 6d). However, discounting EV to the year of plantation establish-
ment strongly reduced its value (Table 2).

Since we chose to maximize LEVT, transformation start ages became
earlier with increasing discount rates. With early transformation ages,
EV discounted to the plantation establishment remained higher, but
revenues during the transformation phase (NPVT) decreased. By
choosing later transformation ages, losses from the transformation
harvests would be replaced by losses caused by a delay in the harvest of
future tree generations. Irregularities in the shapes of the curves were
mainly a result of the timing of thinning.

4. Discussion

4.1. Growth modelling

3PG growth predictions were in line with empirical simulation re-
sults (Bermejo et al., 2004; Pérez, 2008; Pérez and Kanninen, 2005),
partly because Pérez and Kanninen (2005) was used for reference in the
calibration. NRMSE varied considerably, but was on average about
11%, which is similar to deviations observed in 3PG calibration for
other species (Amichev et al., 2016; Augustynczik et al., 2017; Jégo
et al., 2017). Since teak is well studied, many parameter values could be
obtained from physiological experiments previously published (see
Appendix A). Nevertheless, the data availability for calibration with
Costa Rican teak was rather low (especially for mature stands), and
although 3PG is a very robust model, which has shown to produce
reasonable predictions even when calibrated using very limited data
(Landsberg et al., 2003), we recommend further validation of our model
parameters. Further we see increased uncertainties for the thinning sub-
model, since data from un-thinned stands were not available for cali-
bration. Instead we used results from a thinning trial from Kanninen
et al. (2004) for calibrating the thinning sub-model. He found that basal

(a) (b)
Fig. 5. (a): Relationships between accumulated carbon storage in biomass and economic return (net present value (NPV) and land expectation value (LEV)). The
symbols represent different rotation lengths: 15, 20, 25 and 30 years – from left to right. Open symbols represent economic return including revenues from payments
for ecosystem services (PES). (b) Symbols represent different thinning intensities: BAU, low thinning, no thinning – from left to right.
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areas in non-thinned control treatments did not exceed 28m2 ha−1.
Our results support findings of Clark et al. (2010), who predicted a

general decrease in wood production in the lowland rainforest of North-
Eastern Costa Rica due to climate change. According to the sensitivity
analysis, the main driver for growth reduction was an increase in
temperature. This was reflected by the relatively higher losses in yield
under climate change, when comparing Upala to San Rafael. For Upala,
current and future temperatures were on average 0.6 °C higher than for
San Rafael. It should be noted that for 3PG, an increase in temperature
leads to elevated vapor pressure deficit (VPD), since VPD is calculated
on the basis of minimum and maximum temperatures. Elevated VPD is
hypothesized to limit growth by reducing stomatal opening time. The
negligible effect of changes in precipitation might be explained by the
rather high amount of rainfall and the short dry season. Pandey and
Brown (2000) postulate that teak grows best with annual rainfall of
1250–3750mm. Even under rcp 8.5 this condition will still be met for
all analyzed sites in Costa Rica.

It should be kept in mind that the decline in growth could be partly

reversed by CO2 fertilization effects, which were not included in this
simulation. Gopalakrishnan et al. (2011), who simulated effects of cli-
mate change on teak productivity in India, actually reported an increase
in net primary production based on elevated CO2 concentrations.

4.2. Climate change mitigation

Results for accumulated mean carbon storage in biomass were 10%
higher than reports from Kraenzel et al. (2003), who analyzed carbon
storage of unmanaged teak plantations in Panama. This difference
might be explained by the very fertile growth conditions assumed in our
simulation study. Kaul et al. (2010) found even lower carbon storage for
teak plantations in India. They calculated 64Mg ha−1 of carbon for
plantations with 30 year rotation length. These differences can probably
partly be attributed to the treatment of timber harvests from thinning.
We calculated carbon storage of accumulated biomass (including
timber from thinnings), whereas Kaul et al. (2010) directly allocated
biomass from thinning to wood products. Nevertheless, they also

Fig. 6. (a) Stand structural diversity expressed as Gini coefficient (GC) calculated with basal areas vs. age diversity and b) – d) Economic return from timber harvest
in % of even-aged (EA) vs. Gini Coefficient (GC) in% of even-aged. (b) Transformation LEV (LEVT); (c) NPV of the transformation phase (NPVT); (d) Expectation value
(EV) after transformation at steady state. From left to right: A1, A2, A4, A5, A10, A20. The grey line represents 100% (even-aged).
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observed an increase in carbon storage with reducing thinning in-
tensity. With regard to extension of rotations, we observed an increase
of 29.7% in mean carbon storage in biomass for a 50% increase in ro-
tation length. Kaul et al. (2010), who also modelled carbon storage of
tropical Sal (Shorea robusta) forests obtained similar results. They found
an increase in overall carbon storage when increasing the rotation
length from 120 to 150 years, where carbon storage in biomass in-
creased by 15Mg ha−1 (18%), carbon storage in soil increased very
slightly and carbon storage in wood products decreased by 4Mg ha−1

(23%).
Kraenzel et al. (2003) further estimated that teak plantations in

Panama store on average about 225Mg ha−1 of C in 1.3m deep soil, yet
most of this soil carbon was probably already present before the plan-
tation establishment. Silver et al. (2000) reported an average soil
carbon accumulation rate of 1.3Mg ha−1 year−1 during the first
20 years after reforestation. They further reported 90 ± 9Mg ha−1 of
average soil carbon in forest plantations, which was significantly higher
than for secondary forests (61 ± 3Mg ha−1). In a comparative study of
tropical tree plantations and secondary forests of similar age and site
conditions, Lugo (1992) also found aboveground biomass of plantations
to be higher than of secondary forests. Poorter et al. (2016) found net
carbon uptake of secondary, neotropical forests to be 3.05Mg ha−1

year−1 during the first twenty years. Reforestation with teak can
therefore offer an important contribution to carbon sequestration. Since
the permanence of forest is a key element for long-term carbon storage,
we suggest incentives for ensuring the permanence of forest cover.

4.3. Biodiversity conservation

Evaluating to what extent uneven-aged forest management con-
tributes to biodiversity conservation was one of the major difficulties of
this study. We used the Gini Coefficient to monitor the transformation
into an uneven-aged forest system and to quantify stand structural di-
versity, since stand structural diversity is considered to promote forest
biodiversity (Ishii et al., 2004; Kuuluvainen, 2002; Lindenmayer et al.,
2000). Yet, the relationship between forest structure and forest biodi-
versity is very complex and operates on a range of spatial and temporal
scales (Kuuluvainen, 2002). Consequently, structural diversity indices
are insufficient to describe most aspects of forest biodiversity. Neumann
and Starlinger (2001), for example found a weak, negative relationship

between stand structural diversity and vascular plant diversity of
temperate forests. In relation to this debate, we lack experimental
studies from tropical regions. More research on functional relationships
between uneven-aged forests and forest biodiversity is thus urgently
needed.

For thorough biodiversity conservation, uneven-aged forest man-
agement would need to go along with other measures, such as the re-
tention of old trees and dead wood and the use of native and mixed
species (Carnus et al., 2006; Hartley, 2002; Lindenmayer et al., 2006).
Several studies have shown that forest plantations with native and
exotic species can enhance regeneration of degraded, deforested lands
in Costa Rica (Cusack and Montagnini, 2004; Guariguta et al., 1995;
Haggar et al., 1997; Powers et al., 1997). Teak plantations have in fact
shown to reduce colonialization with native, woody regeneration
compared to unmanaged, abandoned pasture land (Healey and Gara,
2003). This might be partly explained by the general habit to clean
understory vegetation in teak plantations (Healey and Gara, 2003).
Although cleaning is important during the first three years of plantation
establishment (Craven et al., 2009), it should be considered to cease
this practice during later stages. Other factors that have been reported
to influence colonization with woody, native species are the distance to
seed sources and light incidence after canopy closure (Cusack and
Montagnini, 2004). Teak plantations with closed canopies have shown
to effectively shade out and thus to control the invasive grass species
Saccharum spontaneum in Panama (Craven et al., 2009). And although
natural regeneration was lower for teak plantations than for abandoned
pasture land (Healey and Gara, 2003), it did not impede natural re-
generation completely. Therefore, teak plantations could be said to
contribute to biodiversity conservation when compared to agricultural
land uses, such as active cattle farming. Due to stable markets and high
prices, teak plantations grown under good conditions might actually be
able to compete with this land use form (Stefanski et al., 2015). Al-
though much more valuable for biodiversity conservation, native tree
species plantations sometimes face problems of very low demand and
highly uncertain prices (personal communication, Griess and Knoke,
2011).

4.4. Economic implications

Our study suggested a net present value of almost 40,000 US$ ha−1.

Table 2
Gini coefficient and economic returns for the transformation into uneven-aged forest stands. Economic returns are calculated for discount rates of 1, 5 and 10%.
Column headings A1 to A20 refer to the number of different age groups present in a stand. A1= even-aged.

A1 A2 A4 A5 A10 A20
Gini coefficient 0.21 0.31 0.43 0.47 0.51 0.52

At 1% discount rate
Transformation start ages [years] 20 17 17 14 13 13
Transformation end ages [years] 20 27 32 30 31 32
NPVT [US$ ha−1] 89,541 88,694 95,772 84,592 86,019 88,673
EV after transformation at steady state [US$ ha−1] 495,696 527,110 540,612 537,712 544,747 548,279
EV discounted to the plantation establishment [US$ ha−1] 406,245 402,925 393,189 398,941 400,158 398,765
LEVT [US$ ha−1] 495,696 491,619 488,961 483,534 486,176 487,438

At 5% discount rate
Transformation start ages [years] 20 12 12 12 10 10
Transformation end ages [years] 20 22 27 28 28 29
NPVT [US$ ha−1] 39,482 25,367 26,282 25,420 23,621 24,004
EV after transformation at steady state [US$ ha−1] 63,363 90,403 102,892 99,969 106,396 109,686
EV discounted to the plantation establishment [US$ ha−1] 23,880 30,904 27,559 25,501 27,141 26,647
LEVT [US$ ha−1] 63,363 56,272 53,842 50,922 50,762 50,652

At 10% discount rate
Transformation start ages [years] 20 12 8 8 8 7
Transformation end ages [years] 20 20 23 24 26 26
NPVT [US$ ha−1] 12,972 4013 −1467 −2410 −3941 −5182
EV after transformation at steady state [US$ ha−1] 15,237 37,234 48,533 45,589 51,673 54,865
EV discounted to the plantation establishment [US$ ha−1] 2264 4574 5420 4628 4335 4603
LEVT [US$ ha−1] 15,237 8587 3952 2218 393 −578
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We want to stress that this is only valid for assumptions of perfect
conditions, including the best fertility rating (FR= 1). Under medium
fertility conditions (FR=0.7) NPV was only about a third (12,669 US
$ ha−1). Griess and Knoke (2011) reported a NPV of 13,267 US$ ha−1

for teak plantations in Panama, when using a 5% discount rate.
We observed that economically optimal rotation lengths differed

depending whether one or more rotations were considered, displaying a
trend towards longer periods when considering only one rotation. Once
the economically optimal rotation length was exceeded, we observed a
marked trade-off between carbon storage and economic return.
Buongiorno et al. (2012) found payment for carbon to compensate ef-
fectively for such losses, but this does not seem to work for teak plan-
tations, where carbon credits only contribute about 1% to overall rev-
enues (Derwisch et al., 2009). The same could be said about payments
for reforestation (PES) paid by the Costa Rican government, which
contributed by about 3–4% to overall revenues. Thus if PES or carbon
credits should stimulate a management for carbon sequestration, the
payments need to be increased and special incentives for longer rota-
tion periods and low thinning management need to be developed.

Our analysis further showed that the transformation into an uneven-
aged forest would deliver economic returns very similar to even-aged
systems at 1% discount rate, but notably lower returns at 5% and 10%
discount rate. Losses are either caused by a quick and early transfor-
mation that leads to lower economic returns from timber harvest or by a
postponed transformation that causes a delay in timber harvests of fu-
ture generations. Hanewinkel (2002) found that consideration of risk
strongly influences the profitability of silvicultural systems, where un-
even-aged systems have advantages over even-aged management at
high levels of risk. This finding is supported by Roessiger et al. (2011),
who found this effect to be especially relevant for small forest proper-
ties, since these are exposed to greater risk of severe damage on a major
proportion of their land. A large part of the economic advantages of
uneven-aged forestry is attributed to selection cutting, since this man-
agement system makes it possible to harvest trees depending on their
diameter rather than their age (Tahvonen et al., 2010). The group se-
lection system modelled in this study does not display this advantage.
Theoretically, the group harvesting modelled in this study could be
replaced by selection cutting. Yet, since teak is a light demanding
species, selection cutting might not be a suitable option. Field experi-
ments on teak growth in a system with selection cutting would be
needed to make more precise estimations of the economic consequences
of this management system. Uneven-aged forests are moreover thought
to provide higher forest resilience and stability in a changing climate,
since they can recover quicker from disturbances and adapt faster to
changing climate conditions (Diaci et al., 2011; Guldin, 2011). This

does apply to the group harvesting modelled in this study. The inclusion
of a risk component into the economic analysis that takes into account
risks caused by climate change related disturbance events should thus
be considered.

4.5. Potential synergies between carbon sequestration and biodiversity
conservation

In addition to enhanced carbon storage, longer rotation periods are
assumed to be directly linked to higher species richness and diversity
(Mang and Brodie, 2015; Styring et al., 2011). An increase in carbon
storage could moreover indirectly benefit biodiversity by reducing the
risk of species extinction resulting from climate change (Pounds et al.,
2006). An uneven-aged forest system could moreover benefit the for-
est’s carbon balance. Seidl et al. (2008) for example found that transi-
tion to continuous cover forestry with selection harvest has consider-
able potential to increase carbon storage of managed forests.

5. Conclusions

Calibration of 3PG led to acceptable predictions for teak plantations
in Costa Rica and made the model suitable for further investigations.
Extension of rotations and variation in thinning intensity are manage-
ment strategies that can be used to increase carbon storage of teak
plantations, but they are associated with economic losses. If this should
be compensated by PES, the amount paid for carbon storage needs to be
increased and special incentives for longer rotation periods and low
thinning management need to be developed. Transformation into un-
even-aged forest stands requires an active investment at discount rates
higher than 1%. Further studies are needed to assess whether this in-
vestment could be compensated by increased forest resilience or
through selection cutting. Impacts of continuously-covered, uneven-
aged forest plantations on tropical biodiversity need evaluation in the
field. Other measures of biodiversity conservation, such as the use of
native and mixed tree species and the retention of old trees and dead-
wood are moreover necessary.
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Appendix A

3PG parameter table for teak in Costa Rica. Calibration and implementation were made in the R environment and results may differ if the
parameters are implemented in a different environment. The R code can be supplied on request.
Parameter description 3PG name Value Unit Method Reference

Allocation
Foliage:stem partitioning ratio at DBH=2 cm pFS2 0.7 Fitted
Foliage:stem partitioning ratio at DBH=20 cm pFS20 0.007 Fitted
Constant in the stem mass vs. DBH relationship aWs 0.18 Fitted
Power in the stem mass vs. DBH relationship nWS 2.31 Fitted
Maximum root biomass partitioning pRx 0.23 Literature Kraenzel et al. (2003)
Minimum root biomass partitioning pRn 0.11 Literature Kraenzel et al. (2003)

Litterfall and root turnover month−1

Litterfall rate for mature trees gammaF1 0.00823 Literature Kraenzel et al. (2003)
Litterfall rate at t= 0 gammaF0 0.001 month−1 Default Sands (2010)
Age at which litterfall rate has median value tgammaF 12 month Default Sands (2010)
Average monthly root turnover gammaR 0.015 month−1 Literature Pontes (2011)

NPP and conductance modifiers
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Temperature C°
Minimum temperature for growth Tmin 13 Literature Pandey and Brown

(2000)
Maximum temperature for growth Tmax 43 C° Literature Pandey and Brown

(2000)
Optimal temperature for growth Topt 26 C° Literature Martínez (2015)
Modifier for production loss due to frost kF 0 days No Frost

CO2 modifier
assimilation enhancement factor for 700 ppm atmospheric CO2 fCalpha700 1.4 Default Sands (2010)
canopy conductance enhancement factor at 700 ppm

atmospheric CO2
fCg700 0.7 Default Sands (2010)

Fertility effects
Value of m when FR=0 m0 0 Default Sands (2010)
Nutrient availability if FR=0 fN0 0.3 Fitted
Shape of the response curve fNn 0.5 Fitted

Age modifier
Maximum stand age MaxAge 50 Years Defined Weaver (1993)
Relative age when forest growth is reduced to 50% rAge 0.08 fitted
Shape of the growth reduction curve nAge 3 Fitted

Self-thinning year−1

Mortality rate for large t gammaN1 0 Default Sands (2010)
Seedling mortality rate (t= 0) gammaN0 0 Year−1 Default Sands (2010)
Age at which mortality rate has median value tgammaN 2 Years Default Sands (2010)
Shape of mortality response ngammaN 1 Default Sands (2010)
Maximum stem mass per tree @ 1000 trees/ha wS×1000 120 kg tree−1 Fitted
Power in self-thinning law thinpower 1.5 Default Sands (2010)
Leaf mortality fraction mF 0.5 Fitted
Root mortality fraction mR 0.8 Fitted
Stem mortality fraction mS 0.8 Fitted

Canopy structure and processes
Specific Leaf Area
Specific leaf area young SLA0 7.78 m2 kg−1 Literature Pontes (2011)
Specific leaf area adult SLA1 13.79 m2 kg−1 Literature Pontes (2011)
Age when SLA= (SLA0+SLA1)/2 tSLA 4.667 years Literature Pontes (2011)

Light Interception
Radiation extinction coefficient k 0.47 Literature Pontes (2011)
Stand age when full canopy cover is reached in years fullCanAge 3 years Literature Pontes (2011)

Rain interception
Max. proportion of rainfall intercepted by canopy MaxIntcptn 0.15 Literature Pontes (2011)
LAI required for maximum rainfall interception LAImaxIntcptn 3.33 m2 m−2 Literature Pontes (2011)
Production and respiration
Maximum canopy quantum efficiency alphaCx 0.06 molC/

molPAR
Fitted

Assimilation use efficiency/respiration y 0.47 Default Sands (2010)

Conductance
Response of canopy conductance to VPD CoeffCond 0.05 mbar Fitted
Minimum canopy conductance MinCond 0 m s−1 Default Sands (2010)
Maximum canopy conductance MaxCond 0.2 m s−1 Literature Pontes (2011)
Canopy boundary layer conductance BLCond 0.2 m s−1 Default Sands (2010)
LAI required for maximum canopy conductance LAIgcx 3.3 m2 m−2 Literature Pontes (2011)

Wood and stand properties
Stem height
Constant in the stem height relationship aH 1.65 Fitted
Power of DBH in the stem height relationship nHB 0.73 Fitted
Power of stocking in the stem height relationship nHN 0.02 Fitted

Stand volume
Constant in the stem volume relationship aV 0.000043 Fitted
Power of DBH in the stem volume relationship nVB 2.55 Fitted
Power of stocking in the stem volume relationship nVN 1.16 Fitted
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Appendix B

Formula used for calculating NPV of even-aged plantations:
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where v=a cost or revenue in US$/ha, t= time after plantation establishment when the cost or revenue occurred in years, R=rotation length in
years, r=yearly discount rate.

Formula used for calculating LEV of even-aged plantations:
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where symbols are as explained above.
NPVT was calculated using a modified version of the standard NPV formula (Eq. (1)):
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where n=a particular age group, N= total number of age groups, t=time after plantation establishment when a cost or revenue occurred in years,
T=transformation end in years, v=cost of revenue of a particular age group in a particular year, a=area of a particular age group and r=yearly
discount rate. If the patches of a certain age group had a second generation growing before the transformation ended, costs and revenues from the
second generation were also considered.

The EV at steady state was calculated using a modified version of the LEV formula (Eq. (2)):
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where τ=time after transformation end when a cost or revenue occurred in years; all other variables are as specified above. Rotation age of the
uneven-aged systems was also 20 years. Note that EV calculation was not a bare land situation (in contrast to LEV and NPV calculation) and thus
discounting times could differ from the trees’ ages.

Harvest costs were 30 US$m−3 and stumpage price (P; in US$ m−3) was calculated with a price function, that was fitted based on data from the
Costa Rican national forestry office (OFN, 2013):

= − + ∗P DBH146.14 16.01age age (5)

with Page=0, if DBHage < 13 cm.
Establishment costs were 580 US$ ha−1 for soil preparation, planning and planting. Maintenance costs, including weeding and pruning during

the first years, were 2270 US$ ha−1 in the first year, 1030 US$ ha−1 in the second and third year, 830 US$ ha−1 in the fourth year and 430 US$ ha−1

year−1 from year five until the rotation end. Administration costs were 400 US$ ha−1 year−1.
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