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Abstract
Finding suitable tree species that not only grow well on nutrient poor soils but are also 
safe financial investments is one of the major obstacles to successful reforestation efforts 
in the tropics. Our study compared the financial viability and growth of valuable timber 
species in monocultures and mixtures on infertile soils. Our work shows the extraordinary 
growth in volume and value of Dalbergia retusa and Terminalia amazonia while under-
scoring the poor financial viability of Tectona grandis and Pachira quinata, all commonly 
planted timber species in Panama and much of Central and South America. Using Bayes-
ian statistics, our predictions show that T. amazonia monocultures could reach nearly 
200  m3  ha−1 of merchantable volume after 30 years compared to the ~ 40  m3  ha−1 that T. 
grandis could accumulate in the same time frame. While D. retusa monocultures did not 
have the highest predicted merchantable volumes of all the species, it did have the high-
est predicted net present value (NPV), with a predicted mean NPV of > US$97,000  ha−1, 
quadrupling the species with the next highest monoculture’s NPV, T. amazonia monocul-
tures (~ US$20,000  ha−1). Our work emphasizes that reforestation can be financially viable 
on low nutrient soils, even in the absence of fertilization or other silvicultural manipula-
tions, if species selection and site are carefully considered and matched.
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Introduction

There is widespread recognition that tree planting is one of the most sustainable meth-
ods for offsetting carbon emissions to reach targets set by international climate agreements 
(Griscom et al. 2017; Bastin et al. 2019a; Lewis et al. 2019). As recently as 2019, many 
initiatives, like the Trillion Tree Campaign, the Bonn Challenge, and Fortune 500 compa-
nies at the World Economic Forum, have touted tree planting as a relatively easy and effi-
cient way of offsetting trillions of tonnes of carbon dioxide that is emitted annually. From a 
global perspective, studies like Bastin et al. (2019a) have used advanced machine learning 
to further simplify the planning process for tree planting by modeling where in the world 
trees can be planted. However, as the authors note in a response to criticism (Bastin et al. 
2019b), just because there is available land to plant trees, does not imply that trees can or 
should be planted in those areas (Holl and Brancalion 2020). Foresters have long recog-
nized the importance of matching species to site (Smith et al. 1997) and silvicultural prin-
ciples emphasize that tree planting must be carefully planned to ensure proper species are 
planted in the correct areas for the right reasons and at the right time (Hall et al. 2011; van 
Breugel et al. 2011; Hall and Ashton 2016). At local scales, small differences in soil nutri-
ents and soil pH can lead to large differences in yield, depending on the species identity 
(Mayoral et al. 2019), further complicating reforestation efforts; species selected for refor-
estation in the tropics also need to withstand the harsh conditions of growing in full sun.

While studies of shade tolerance in nurseries form the bedrock for reforestation research 
today (e.g. Augspurger and Augspurger 1984; Ashton 1995; Singhakumara et  al. 2003), 
how species perform in nurseries can be very different from how they will perform on-
site due to differences in light requirements, soil nutrients, pets and pathogens, and rainfall 
regimes that are not as uniform across a landscape as they are in a nursery. In the past few 
decades, researchers have performed studies that help fill that knowledge gap by studying 
the survival and growth of saplings and trees across precipitation and soil nutrient gra-
dients in situ (e.g. Butterfield 1995; van Breugel et al. 2011; Martin-Benito et al. 2018). 
With a better foundation of how certain species perform on site, reforestation research has 
expanded to include species trials which have focused on testing how species interactions 
might affect tree growth and survival (e.g. Kelty 1992; Potvin et al. 2011; Ewel et al. 2015; 
Hutchison et al. 2018).

An important but often elusive component of reforestation is estimating the value of 
the plantations at harvest. Valuing plantations is not new and has been well researched in 
the tropics, especially for species of high economic value (e.g. Howard and Valerio 1996 
and Piotto et al. 2010 from Costa Rica; Rode et al. 2014 and Medeiros et al. 2020 from 
Brazil, and Stille et al. 2011, Pandey et al. 2016 and Bhangu 2018 from India, and Griess 
and Knoke 2011 from Panama). Most of these studies focus on species with a developed 
international market (e.g., Tectona grandis, or teak) and grown on relatively nutrient rich 
soils (but not Piotto et al. 2010) that are ideal for plantation management. However, most 
of the available land in Panama for planting is positioned on low pH and low nutrient soils 
(Zonificación de Agropecuaria de Panamá 2006), where trees may have difficulty surviving 
and growing. Economic value of trees is linked to both the growth and survivability of the 
planted trees, but not all tree species that are productive and have low mortality are equally 
valuable in timber markets. The reverse is also true, not all high value species will grow 
well on all lands or survive and have good form (Didier et al. 2016; dos Reis et al. 2019).

Panama offers a unique setting to study the growth and financial value of a few 
commonly planted species. The body of knowledge surrounding growth of native tree 
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species in Panama has been steadily expanding in the last few decades (e.g. Wishnie 
et al. 2007; Healy et al. 2008; Hall et  al. 2011; Hall and Ashton 2016; Mayoral et al. 
2019; Schnabel et  al. 2019) and already exists for an introduced species, T. grandis. 
While T. grandis may have the advantage over native species in that it is highly profit-
able in areas of Malaysia, where it is native (Kollert and Chrubini 2012), and has proven 
to perform well in Panama (Sloan 2007; Kirby and Potvin 2017), successful growth of 
T. grandis in Panama is confined to relatively nutrient rich soils in the eastern part of 
Panama in the Province of the Darién (Zonificación de Agropecuaria de Panamá 2006). 
Yet in areas of low soil fertility which comprise the majority of the land available for 
planting in Panama (Zonificación de Agropecuaria de Panamá 2006), T. grandis grows 
poorly. Despite this, T. grandis was widely planted in Panama since the 1990s due to 
government incentive structures (Hall et  al. 2015) and occurred before government 
planners understood how poorly T. grandis performed on certain soils and before infor-
mation about other species was widely available. Today, nearly 70% of planted trees in 
Panama are T. grandis, with the 30% remaining including pine (introduced), eucalyp-
tus (introduced), and a few native species (FAO 2015). Yet the poor performance of T. 
grandis in much of Panama provides an opening for native species that are well adapted 
to nutrient poor soils.

Work globally and in Panama underlines the potential growth and survivability of 
native species (Montagnini et al. 1995; Ashton et al. 2001; Griscom et al. 2005; Plath 
et  al. 2011; Forrester and Smith 2012; Schnabel et  al. 2019), but T. grandis has the 
advantage that the market and financial knowledge is documented and available online 
from the International Tropical Timber Organization (ITTO) and through the Center 
for International Forestry Research (CIFOR) or the Food and Agriculture Organization 
(FAO). To transition away from planting T. grandis and toward planting other species, 
at the most basic level, alternative species must be at least as profitable as T. grandis (on 
a given site) and have an existing market, if the objective is purely financial. Although 
there are clear challenges, Panama has already experienced a small shift away from 
cattle ranching and towards forests naturally regenerating in some areas where cattle 
ranching dominated for decades (Hall et  al. 2022; Wright and Samaniego 2008; Tar-
box et al. 2018). That transition could be a harbinger for shifts in species selected for 
reforestation.

While some studies publish the economics of plantation forestry (e.g., Piotto et  al. 
2010; Griess and Knoke 2011; Paul et al. 2015), including final yields and prices, much 
of the current information that exists on growth and yield for native species or spe-
cies new to commercial markets is proprietary and thus not available for practitioners 
and landowners. The objective of this study was to compare three native species and T. 
grandis’s volume yield and net present value on nutrient poor soils in Central Panama, 
a region characterized by moist tropical forests. The three alternative (native) species 
we focus on here include Terminalia amazonia (amarillo), Dalbergia retusa (cocobolo), 
and Pachira quinata (cedro espino), which are timber and craft wood species that are 
relatively well known throughout Panama and Central America. We seek to address the 
question: are these species (in monocultures and mixtures) financially profitable to plant 
on nutrient poor soils in Panama?

We use eight to ten years of inventory data for the four species and model the predicted 
growth into the future. Combined with market data for the three alternatives and T. grandis, 
we estimate the net present value for monocultures and mixtures of these species to deter-
mine if a business case can be made for planting any of these species or combinations of 
them.
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Methods

Site description

This study was conducted at the Agua Salud Project site located in the Panama Canal 
Watershed (9° 13 N′, 79° 47′ W, 33 m amsl) with an average rainfall of 2700 mm annually, 
80% of which falls between May and mid-December. Mean daily maximum and minimum 
temperatures are 32 °C and 23 °C (Stallard et al. 2010; Ogden et al. 2013). The topogra-
phy is characterized by short and steep slopes (Hassler et al. 2011; Mayoral et al. 2017). 
Soils are silt clay to clay with pH values of 4.4 to 5.8 and have very low levels of both 
plant available and total phosphorus (Mayoral et al. 2019; van Breugel et al. 2019). The 
data were collected from the Agua Salud native species and T. grandis plantation, both 
established in 2008 and planted in the same 3 m by 3 m spacing configuration. The native 
species plantations are located in two blocks, 3 km apart, while the T. grandis plantation 
is located in one 30 ha block crossing two distinct drainages. In each block of the native 
species plantation, 20 different treatments composed of monocultures and mixtures, are 
spread across the 37.5-ha area (2 blocks × 37.5 ha = 75 ha total). The measured areas of 
the native species plots are 27 m by 23.4 m as three rows of trees on each side were not 
measured to avoid edge effects. Plots in the T. grandis monoculture were 25 m by 25 m. 
A total of 1,283 trees were planted per hectare in both the native species and T. grandis 
plantations. In the mixtures, the plantation was designed so that species A was completely 
surrounded by species B in a hexagonal configuration. For each plot there are 9 hexagons 
(with trees planted in between to fill in rows), with 5 of the hexagons being species A sur-
rounded by species B and the other 4 having the verse pattern for configuration 1. Half of 
the mixed species plots follow the first configuration and half follow the second (for more 
details: Mayoral et al. 2017 and van Breugel and Hall 2008). We focused on 7 treatments 
divided into monocultures and mixtures. Monocultures included D. retusa (Dr mono), P. 
quinata (Pq mono), T. amazonia (Ta mono), and T. grandis (Tg mono). We also included 
treatments of two species mixtures for D. retusa, P. quinata, and T. amazonia (Dr-Pq mix, 
Dr-Ta mix, and Pq-Ta mix). The other species in the native species plantation were not 
included in this study because they performed poorly across the landscape and/or had low 
market availability (Mayoral et al. 2017). Annual inventories of the native species planta-
tion (from 2008 to 2018, except 2017) measured the basal diameter (BD) and diameter at 
breast height (DBH) of each tree within the core area of each plot (81 trees per plot). Each 
treatment has between 11 and 13 plots, so that a total of 5719 trees were measured per year 
for the native species. Total height (H) of each tree was measured with expandable poles 
until 2015, after which many trees were beyond the 15-m pole length and too tall to accu-
rately measure such that height measures were thus excluded from annual inventories after 
2015. Inventories of the T. grandis plantation have been completed twice, once in 2013 
(Hall 2013) and once in 2016, with a total of 48 plots, so that a total of 3,888 trees were 
measured for each inventory (Marshall et al. 2020).

Taper and volume estimates

Tectona grandis taper and volume equations are well documented in the literature. We 
selected a Panama-specific T. grandis equation to estimate the volume per tree on our 
plantation using DBH (Kraenzel et al. 2003). For D. retusa, P. quinata, and T. amazonia, 
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volume and taper equations are not well documented, so we harvested trees in the Agua 
Salud plantation to estimate volume (García et al. unpublished). A total of 88 trees were 
harvested (D. retusa: 33, P. quinata: 28, and T. amazonia: 27) in monocultures and two-
species mixtures, all 11 years of age at the time of harvest. Data from previous inventories 
on the plantations were used to find the minimum and maximum diameters at breast height 
(DBH) for each species in each treatment (for T. amazonia, 3.45–27.50 cm DBH; for D. 
retusa 1.70–28.30 cm DBH; for P. quinata 0.75–35.70 cm DBH). Those ranges were split 
into 2 cm bins and trees were randomly selected until each bin was filled. For each tree, 
the BD, DBH, and H were measured. Height was measured using a 15-m pole if the tree 
was less than 15 m tall, otherwise trees were measured with a measuring tape once felled. 
Diameters on the main bole of the tree were measured at regular intervals along the length 
of the tree. Merchantable height was measured up to a 10 cm diameter (Fig. S1). We used 
the Smalian formula (Avery and Burkhart 2015) to estimate volume of each segment for 
each tree:

where V  (m3) is the estimated volume over bark, B  (cm2) is the cross-sectional area at the 
large end of the log, b  (cm2) is the cross-sectional area of the small end of the log, and 
L (m) is the length of the log. The segments for each tree were then summed to calcu-
late the volume of the bole of the tree. To estimate volume from BD, we used the vol-
umes calculated from the Smalian formula to create ten different models (M) that are com-
monly used to estimate volume of a tree using some combination of DBH, H, or BD. We 
tested the models using DBH and BD and found no differences in the models’ predictive 
ability (see below). As such, we used BD because BD measurements are available on the 
plantation from the beginning of the plantation inventory, while many trees did not reach 
breast height until a few years into the study. We also excluded models that included height 
because height measurements ceased after 2015, which removed three models from con-
sideration. Although we used the length of harvested trees to estimate volume, those data 
only represent a subset of all the trees inventoried on the plantation for which we have good 
measurements of height. Initially, we separated the models based on treatments (monocul-
tures vs. mixtures), but the models were weaker with fewer data points, so we aggregated 
by species:

where v is volume  (m3), bd (cm) is basal diameter and a, b, c and d are model constants. 
The best model for T. amazonia and D. retusa was M7 and M6 for P. quinata, selected 
based on AICcΔ and goodness of fit (Table 1; Fig. S2). AICcΔ was used over AIC because 
it includes a correction to prevent overfitting and is recommended for small datasets. We 
used M7 or M6 and the species-specific coefficients to determine tree volume for the three 

V =

[

B + b

2

]

× L,

M1 ∶ v = a + b × bd

M2 ∶ v = a + b × (bd)2

M3 ∶ log(v) = a + b × log(bd)

M4 ∶ sqrt(v) = a + b × bd × c × bd2

M5 ∶ v = a + b × bd × c × bd2

M6 ∶ v = a + b × bd × c × bd2 + d × bd3

M7 ∶ v = a + b × bd2 × c × bd3
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alternative species from 2008 through 2018 (see Fig. S3 for tree-level volume estimates). 
We applied tree volume equations to inventory data to calculate the volume per hectare for 
each plot. The volumes presented are merchantable volumes, not total tree volumes, as they 
exclude branches, roots and sections too small for markets.

Future tree and stand volume estimates

We used Bayesian statistics in the stan package (Stan Development Team 2020) in R (R 
Core Team 2017) to estimate the stand volume by species and treatment until age 30 for 
all 4 species and all 7 treatments. A rotation age of 30 was chosen because it is close to the 
rotation age for D. retusa provided by our contacts in the forestry industry in Panama. It is 
possible, with T. amazonia’s growth rates that the rotation age could be less than 30 years. 
T. grandis is typically managed on a 20 to 25-year rotation in Panama on nutrient rich 
soils (Stefanski et al. 2015) whereas on nutrient rich sites, P. quinata likely needs longer 
than 30  years to reach harvest age (Navarro and Martinez 1988). Nevertheless, all spe-
cies will have reached an asymptote for volume before age 30 based on our predictions 
(see below). As the plantation in Agua Salud was not designed as a timber plantation, nor 
has it reached rotation age, we were unable to use exact financial optimal rotation ages for 
this study. The model used age (first 10 years of growth for natives and 2 years at ages 5 
and 8 for T. grandis) to predict volume per tree and volume per hectare of each species 
and treatment. Each model run for species and treatment included 100 chains and 2000 
iterations. The stan output includes credible intervals of 95% and 90% around the predicted 
stand volumes for each species and treatment. Bayesian statistics allows the comparison of 
best case and worse case scenarios using the credible intervals, in terms of volume, which 
can then be used in the calculation of net present value. The modeled probability levels, 
combined with the Bayesian visualizations, allow easier interpretation of worst and best 
case scenarios (Salles et al. 2019). Timber volumes were calculated in cubic meters. For 
T. grandis, volumes were adjusted using the Hoppus rule—the standard of measure with 

Table 1  Goodness of fit for selected models and AICcΔ for seven volume models

Models created independently for D. retusa, P. quinata, and T. amazonia. Top panel shows the selected 
model for each species, the constants, and the adjusted  R2. The bottom panel shows the AICc Δ for each 
species and model

Species Model a b c d R2

T. amazonia m7 − 0.03 0.0008331 0.00001902 0.83
D. retusa m7 0.006779 0.000009488 0.000007838 0.88
P. quinata m6 0.06057 − 0.0364 0.001026 − 0.00001576 0.96

AICc Δ T. amazonia D. retusa P. quinata

m1 0.07 28.87 7.60
m2 1.61 10.77 5.88
m3 3.15 11.07 5.62
m4 8.25 2.82 2.32
m5 1.61 8.54 5.62
m6 3.15 11.07 0.00
m7 0.00 0.00 2.74
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which T. grandis is bought worldwide—which is 78.5% of the cubic volume (Freese 1973). 
There are no data available for how to determine the true cubic volume for T. amazonia nor 
P. quinata but as our price data was based on standing volume, we do not consider this to 
be of great concern. For D. retusa, nearly the entire tree is sold, down to small diameters, 
including roots because pieces are used in artistry; regardless, our volume estimates do not 
include small branches or roots because the equations are based on the volume of the bole 
(or boles) of the tree. All references to cubic meters throughout the paper will refer to the 
conversion for the T. grandis (hoppus rule) and cubic meters for the native species.

Net present value

To determine financial viability, we calculated net present value (NPV) which is the time 
series of future cash flows discounted by an interest rate to a common point in time (the 
present) to reflect the value of money. NPV of each treatment was calculated using the 
mean, minimum, and maximum volume outputs per hectare at age 30 that were predicted 
from the selected models. The minimum and maximum values are based on the cred-
ible interval outputs from the Bayesian analysis. We selected species specific prices per 
cubic meter based on other studies, personal communication with landowners, and one of 
the authors (Finkral) (Piotto et  al. 2010; Griess and Knoke 2011; Paul et  al. 2015). We 
included a mid-range price, a lower limit, and an upper limit for each species (Table 2) and 
varied the nominal interest rate from 1 to 15% in the NPV equation:

where −Co is the initial costs (US$), Rt is the revenue (US$), Ct is the cost (US$), and 
r is the interest rate. The interest rate, or the cost of borrowing money, for reforesta-
tion in Panama is generally between 5 and 13% (Griess and Knoke 2011; Stefanski et al. 
2015). We can also identify the internal rate of return by solving for r when the NPV is 
equal to zero. We created three different scenarios, changing the establishment costs and 
maintenance costs in each scenario, but maintaining the cost of harvesting for each sce-
nario at US$65 per   m3, a value used by one of us (Finkral) for estimating harvest costs 
on plantations in Panama. Scenario 1 assumed establishment costs for T. grandis and the 
native species to be US$960 per hectare (ha) and US$1200  ha−1, respectively. The main-
tenance costs (e.g. cleaning below planted trees) for years 1 through 4 decreased overtime 
(US$640  ha−1, US$580  ha−1, US$500  ha−1, and US$480  ha−1). Scenario 2 assumed estab-
lishment costs for T. grandis and the native species to be US$1200 and US$1500   ha−1, 
respectively, with decreasing maintenance costs from year 1 to year 4 (US$800, US$725, 
US$625, US$600   ha−1). Finally, Scenario 3 assumed establishment costs for T. grandis 
and the native species to be US$1440 and US$1800   ha−1, respectively, with decreasing 

NPV = −C0 +
[(

Rt − Ct

)

÷ (1 + r)t
]

Table 2  Upper, lower, and 
middle prices (US$ per cubic 
meter) for study species

Prices based on personal communication, data from International Tim-
ber Reports, Stefanski et al. (2015) and one of the authors (Finkral)

D. retusa P. quinata T. amazonia T. grandis

Upper 4000 300 600 600
Middle 2500 200 300 400
Lower 500 100 100 200
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maintenance costs from year 1 to year 4 (US$960, US$870, US$750, US$720   ha−1). 
Importantly, the establishment costs for the native species were higher than the T. grandis 
due to higher costs of nursery material for the native species in Panama. Scenario 2 (the 
‘average’ scenario) is presented in the main body of the manuscript while Scenarios 1 and 
3 are presented in the Supplementary Information (Figs. S4 and S5; Tables S1 and S2).

The magnitude of our data (5719 trees measured annually in the native species planta-
tion at 9 time periods and 3888 in the T. grandis plantation at two time periods) permit-
ted us to get robust estimates for both volume yield and NPV, with credible intervals that 
include both variation in volume yields and log prices.

Results

Tree diameters and stand volume

Basal diameter for the three native species varied over time, but after 10 years of growth, 
both T. amazonia and P. quinata had similar ranges of basal diameters (BD), 14.4 ± 5.70 cm 
and 12.26 ± 5.99 cm, respectively (Table 3) while D. retusa was the species with the small-
est BD (9.67 ± 5.15 cm).

For the first three years of the plantations, the stand volume for the six native treat-
ments (Ta mono, Dr mono, Pq mono, Dr-Pq mix, Dr-Ta mix, Pq-Ta mix) were not signifi-
cantly different (95% confidence intervals overlapping with the means, Fig. 1). By age 10, 
T. amazonia monocultures had the highest stand volume, averaging 90  m3  ha−1. The next 
highest stand volumes at age 10 included P. quinata-T. amazonia mixtures (75   m3   ha−1) 
and D. retusa-T. amazonia mixtures (74  m3  ha−1). Monocultures of D. retusa, P. quinata, 
and T. grandis had substantially lower stand volume over time, all less than 60   m3   ha−1 
(Fig. 1). T. grandis performed especially poorly, only obtaining a volume of between 16 
and 17  m3  ha−1 at 8 years. We note that the data for the two measurement periods fall on 
the same site index curves (site IV—poor) published by Keogh (1982).

Predicted stand volume

The treatment with the highest predicted volume at age 30 was monocultures of T. amazo-
nia, with a predicted volume of nearly 200  m3  ha−1 (Fig. 2a). Monocultures of D. retusa, 
P. quinata, and T. grandis were predicted to reach 60  m3  ha−1, 50  m3  ha−1, and 40  m3  ha−1 
respectively by age 30 (Fig.  2d,f,j). The models also predicted that in mixed stands, T. 

Table 3  Inventory statistics for the three native species at 10 years

The mean basal diameter (cm) for D. retusa, P. quinata, and T. amazonia represents the mean and standard 
deviation (sd) at 10 years of age. The minimum and maximum diameters for each species are shown

D. retusa (n = 2322) P. quinata (n = 1418) T. amazonia (n = 1979)

Basal diameter (cm)
 Mean (sd) 9.67 ± 5.15 12.26 ± 5.99 14.4 ± 5.70
 Min 0.35 1.10 0.80
 Max 28.0 32.0 33.3
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amazonia would obtain a greater volume (about 80  m3  ha−1) than the species it is planted 
with (less than 10  m3  ha−1) (Fig. 2b,c,e,h).

3.3 Predicted net present value

The highest predicted NPV was that of D. retusa in monocultures (Fig. 3a), with an absolute 
maximum NPV of US$210,000  ha−1 at an interest rate (IR) of 1% and ~ US$20,000  ha−1 
at an IR of 6% for average growth and price (Table 4). The next highest predicted NPV 
was in mixtures of D. retusa and P. quinata, followed by monocultures of T. amazonia, 
and mixtures of D. retusa and T. amazonia. Both T. grandis and P. quinata monocultures 
had the lowest NPV, never exceeding US$12,000 and 7000  ha−1, respectively (Fig. 3d,g). 
However, P. quinata never had a positive average mean NPV in Scenario 2, even when the 
interest rate was 1%, (Table 4). Alternatively, in the most expensive scenario (Scenario 3), 
D. retusa monocultures returned a mean NPV that was positive until interest rates reached 
> 13% (Table S3). 

Discussion

An important aspect of designing and promoting reforestation in areas with nutrient poor 
soils is not only selecting species that will survive and grow well, but those that will also 
meet landowner objectives, including financial returns on the investment of planting. Based 
on earlier studies at our research site, the trees studied here had low mortality (P. quinata 
with 5.9 ± 6.6%, T. amazonia 1.6 ± 2.8% and D. retusa 1.2 ± 1.1% (Mayoral et al. (2017)) 
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in the first 7 years, and thus are good prospects for surviving to rotation age (also see Hall 
and Ashton 2016 for mortality across a rainfall-soil fertility matrix in Panama). Our study 
assessed and compared the growth and financial viability of valuable native timber spe-
cies in monocultures and mixtures on nutrient poor soils with that of the most commonly 
planted commercial species in Central America, T. grandis. Our work shows the rapid 
growth in volume and value of D. retusa and T. amazonia while also underscoring the poor 
financial viability of P. quinata, a commonly planted timber species, on low fertility soils. 
In addition, our work supported findings of Stefanski et al. (2015) in showing that invest-
ing in T. grandis plantations in sites with biophysical conditions similar to ours is a losing 
prospect in all but the most favorable financial climates (i.e., low interest rates) (Fig. 3g) or 
when establishment costs are at the low end (Table S1 and Fig. S4g).

Even though T. grandis has been shown to grow well outside of Panama (Upadhyay 
et  al. 2005) and parts of Panama where soil fertility is high (Kraenzel et  al. 2003; Ber-
mejo et al. 2004), our work shows that T. grandis underperforms in low fertility sites on 
clay soils (also see Lugo 1997), which are representative of much of Central Panama. 
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When compared to site index curves, the T. grandis in this study fits into Class IV (of five 
classes) based on work from Puerto Rico, Venezuela, and Colombia (Keogh 1982; Friday 
1987; Torres et  al. 2012). By tree and stand volume estimates, T. grandis in this study 
also underperforms compared to T. grandis from another study conducted in the Panama 
Canal Watershed (Stefanski et  al. 2015). While the most optimistic models in Stefanski 
et al. (2015) showed T. grandis reaching > 80  m3  ha−1 at age 30, our most optimistic model 
showed T. grandis reaching just greater than 50  m3  ha−1 at age 30 (Fig. 2j). It should be 
noted, however, that more than half of the landowners who originally planted T. grandis 
in the Stafanski et al. (2015) study abandoned their plantations due to poor growth by the 
second measurement and thus were not used to calculate volume and yield. As neither the 
native species plantation nor T. grandis plantation were designed to be managed as a work-
ing timber plantation, the sites were not thinned at conventional intervals to release the 
trees from neighboring competition. As such, the growth values included in our analyses 
may represent an underestimation of individual tree growth. However, predicted volumes 
at age 30 were within the range of volume observed in other sites that were thinned and 
had a final tree planting density between 330 and 400 trees per hectare (Piotto et al. 2010). 
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Although the volumes presented here will generally be lower than other studies because 
our volume estimates are merchantable volume (not volumes of the entire tree), there are 
many other factors that may explain why the volumes are low; from differences in manage-
ment techniques to small differences in site characteristics that can lead to large differences 
in volume over time (Mayoral et al. 2019).

Although our results are disappointing from a T. grandis production perspective, we 
found alternative (native) species that have 2–4 times the volume growth after 30  years 
(Fig. 2). T. amazonia was the most productive tree of all those studied. Even the predicted 
absolute lowest limit (~ 100  m3  ha−1) would double the predicted absolute highest limit of 
T. grandis (~ 50  m3  ha−1) at year 30. Further, Central Panama is not the only area where T. 
amazonia grows well. It has been shown to do reasonably well throughout Panama (van 
Breugel et al. 2011) and in parts of Costa Rica (Nichols 1994; Carpenter et al. 2004; Mon-
tagnini and Nair 2004). In fact, Montagnini and Nair (2004) found that T. amazonia stands 
in Costa Rica can reach 400  m3  ha−1 after only 12 years (albeit these volumes are total tree 
volumes), compared to an estimated > 125   m3   ha−1 in the stands studied here (Fig.  2a). 
While low soil fertility and steep slopes, characteristic of our study site, can negatively 
affect the growth of T. amazonia (Mayoral et al. 2019), this underscores the importance of 
matching species to site, and the importance of trials to test how species will perform on a 
particular site.

Similar to T. amazonia, D. retusa was projected to grow well in the study site (Fig. 2d), 
while P. quinata was planted with the expectation that it would grow, but not very well 
(van Breugel et al. 2011; Hall and Ashton 2016). Though the predicted volume at 30 years 
of P. quinata and D. retusa was less than half of that of T. amazonia, volume of both spe-
cies is predicted to exceed that of T. grandis. Over the first 10 years, neither D. retusa nor 

Table 4  Mean net present value (US$  ha−1) of treatments with changing interest rate for Scenario 2

Treatments include: Dr mono (D. retusa monoculture), Dr-Pq mix (D. retusa and P. quinata mixtures), 
Dr-Ta mix (D. retusa and T. amazonia mixtures), Pq mono (P. quinata monoculture), Pq-Ta mix (P. quinata 
and T. amazonia mixture), Ta mono (T. amazonia monoculture) and Tg mono (Tectona grandis monocul-
ture). italic represents where NPV changes from positive to negative

Interest Net present value (US$  ha−1) Pq mono Pq-Ta mix Ta mono Tg mono

Rate (%) Dr mono Dr-Pq mix Dr-Ta mix

1 97,648 30,440 12,267 − 251 6003 20,243 1879
2 71,651 21,641 8118 − 1196 3457 14,053 465
3 52,483 15,162 5071 − 1880 1593 9500 − 564
4 38,311 10,381 2829 − 2373 226 6144 − 1312
5 27,805 6845 1178 − 2726 − 776 3665 − 1855
6 19,998 4226 − 39 − 2977 − 1509 1833 − 2247
7 14,182 2282 − 936 − 3152 − 2045 477 − 2528
8 9841 838 − 1596 − 3272 − 2435 − 527 − 2727
9 6593 − 234 − 2080 − 3352 − 2717 − 1270 − 2866
10 4160 − 1031 − 2435 − 3402 − 2919 − 1819 − 2961
11 2334 − 1623 − 2693 − 3430 − 3061 − 2223 − 3022
12 963 − 2061 − 2878 − 3441 − 3160 − 2519 − 3059
13 − 68 − 2384 − 3010 − 3441 − 3226 − 2735 − 3078
14 − 843 − 2621 − 3101 − 3433 − 3267 − 2890 − 3084
15 − 1425 − 2793 − 3163 − 3418 − 3290 − 3001 − 3081
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P. quinata did particularly well when planted with T. amazonia due to the dominant nature 
of T. amazonia. In contrast, when D. retusa and P. quinata were planted together, P. qui-
nata was significantly more productive than the monocultures of either species. Indeed, 
Mayoral et al. (2017) found P. quinata to transgressively overyield with D. retusa at this 
site. The contrasting performance of the three species in mixtures stresses the importance 
of light competition in plantations. While these species can grow in partial shade (Marshall 
et al. 2020), productivity can be hampered when light becomes too limiting, as it does in 
the case of D. retusa and P. quinata planted with T. amazonia (Sinacore et al. 2020). This 
highlights that, if the goal is for both species in a mixture to accumulate volume (or bio-
mass), selecting complementary species is important (Forrester et al. 2006; Ewel and Maz-
zarino 2008).

The purpose of the study was not only to model and evaluate the volume of different 
species in monocultures and mixtures over time, but to also evaluate the financial viabil-
ity of different species and compare them to T. grandis. Although predicted volume of 
D. retusa is lower than the other three species, its predicted net present value (NPV) far 
exceeded that of the other species. The absolute maximum (and most optimistic case in 
scenario 2) predicts that D. retusa monocultures could have an NPV of US$210,000  ha−1 
at a  discount rate of 1%. Even if the discount rate is 6%, in the most optimistic growth 
projection (in scenario 2), D. retusa monocultures were predicted to have an NPV of 
nearly ~ US$100,000  ha−1 (Fig. 3a). What is even more notable about D. retusa is that NPV 
only drops below zero when the interest rate is > 13% (based on an average scenario 2), 
suggesting an internal rate of return between 12 and 13%. This starkly contrasts P. quinata 
monocultures which did not have a positive NPV in this scenario or T. grandis monocul-
tures which had a negative NPV at discount rates ≥ 3% (Fig. 3d,g; Table 4). Generally, the 
interest rates of T. grandis plantations in Central and South American range from 5 to 13% 
(Griess and Knoke 2011; Stefanski et al. 2015). Based on our results, it is unrealistic and 
risky to plant P. quinata or T. grandis monocultures or mixtures of P. quinata and T. ama-
zonia because NPV already falls below zero at low discount rates, except for in the most 
optimistic scenarios (Fig. 3 and see Table S1).

While D. retusa clearly outcompetes any other species in this study financially and is 
the least risky option from a financial perspective, this study does not attempt to evalu-
ate the many unknowns associated with plantation forestry, including a potentially posi-
tive (though likely modest) effect of nutrient addition. For any selected species, there is 
always the risk that drought might negatively impact a species that is particularly vulner-
able to drought (Gavinet et al. 2019) or that the species is susceptible to pest damage (Paul 
et al. 2012). Yet recent tree physiology studies at our site found D. retusa well equiped to 
respond to one of the worst droughts recorded in 100 years in Central Panama (Sinacore 
et  al. 2019; 2020). Further, demand for certain wood can positively or negatively affect 
the value of the logs, which is hard to predict in advance of the trees reaching harvest age. 
Finally, social and political climates can affect domestic and international trade of certain 
species (Vardeman and Runk 2020), neither of which we attempt to quantify in this article.

Conclusions

Plantations have and will continue to serve diverse productive, economic, and ecological 
functions (Montagnini and Porras 1998). Tropical plantations, in particular, have relatively 
high yields and can provide a significant portion of wood to domestic and international 
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markets. Yet growth and productivity of T. grandis are known to be poor in areas of low 
soil fertility (Keogh 1982; Lugo 1997). This is particularly important in Panama, where 
opportunities for plantations are often relegated to marginal lands where soils do not sup-
port productive T. grandis. Our work shows that T. amazonia and D. retusa are safe alterna-
tives that have been proven successful on low fertility soils (Mayoral et al. 2019). A major 
obstacle is often the lack of knowledge in planting and caring for specific species, but 
recent advances have reduced this barrier (Hall and Ashton 2016). This paper helps to fill 
an important gap—projecting growth and financial returns when planting different species 
at a nutrient poor site. Two of the species herein (T. amazonia and D. retusa) grow well, 
while T. grandis and P. quinata grow poorly, and there are clear differences in net present 
values. There is a conspicuous economic advantage to planting D. retusa over T. amazonia, 
but T. amazonia also shows promise, either as a monoculture or in mixture with D. retusa. 
However, T. amazonia may also have advantageous growth with other species, especially 
those that have poor growth when combined with T. amazonia. Despite this information, 
changing landowners’ perceptions and transitioning from one species to a lesser known 
one, is a risk for the landowner and may require financial incentives (Fenichel et al. 2019).
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