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INTRODUCTION 

 
The Agua Salud Project is a landscape-scale study seeking to quantify the ecosystem services 

provided by tropical forests in a seasonal climate and how these services are affected by land use 

and climate change. The project is ambitious in that it not only seeks to quantify services across 

land uses and time but also seeks to build predictive models that will allow researchers and 

managers to project ecosystem services across different spatial and temporal scales. Through its 

Smart Reforestation
TM

 initiative, the project is also developing methodologies to efficiently 

return degraded lands to productivity and service provision. 

 

The Agua Salud Project focal research area encompasses 3000ha of mature and secondary forest, 

plantations, and an agricultural landscape of which some 700 ha is managed by the Smithsonian 

Tropical Research Institute (STRI) under agreement with the land owner, Aqua Salud 

Foundation. The research site encompasses nine different land uses with instrumented 

watersheds to study hydrology: 1) mature forest, 2) cattle pasture, 3) naturally regenerating 

secondary forest, 4) native species plantation, 5) teak plantation, 6) agricultural mosaic, 7) shade 

coffee, 8) silvo-pastoral system, and 9) invasive Panama Canal grass (not at the focal research 

site). In addition, the project includes a network of secondary forest dynamic plots. A 

combination of monitoring and experimental manipulations is employed to achieve the science 

objectives.         

 

Quantifying ecosystems services across land uses and understanding the rate of change of these 

services is an essential part of the Agua Salud Project. Revenue generation is a key service 

provided by different land uses with forestry being a common way of seeking revenue and other 

ecosystems services like carbon sequestration, biodiversity, and potentially, water related 

services. Teak (Tectona grandis) is a well-known and highly valuable timber species that is 

planted in plantations throughout Latin America (Greiss & Knoke 2010). Indeed it represents 

some 75% of all trees planted in Panama. For this reason, it has been included as a land use in 

the Agua Salud Project. 

 

The Agua Salud Teak Company was formed as a commercial venture with the goal of financing 

the establishment and management of the teak plantation in the Agua Salud Project focal 

research site. The revenue generated by the plantation belongs to the company’s investors with 

the actual plantation management being undertaken by contractors and overseen by the 

Smithsonian Tropical Research Institute (STRI). The plantation was established between June 

and September of 2008. This report presents results of a forest inventory undertaken in February 

2013- after four full growing seasons - with the goal of evaluating growth and assessing the 

return on investment in the plantation. Future management options will be discussed in separate 

documents.  

 

 

 

 

 

 



MATERIALS & METHODS 

 
Study Site 

 

The Agua Salud teak plantation is a 30 hectare plantation within the Agua Salud Project focal 

research site in Central Panama (Figire 1). The climate in the study area is tropical with a distinct 

dry season lasting from mid-December through early may and an average annual rainfall of 2700 

mm (Ogden et al. in review). Soils in the area are uniform, classed as Oxisols and derived from 

Basalt bedrock (Turner and Engelbrecht 2010). Their texture ranges from silty-clay to clay, and 

pH values ranging from 4.7– 4.8 (Hassler et al. 2013, Ross 2013). They are very poor in plant 

available phosphorus. Trees were planted in the same manner as the Agua Salud native species 

plantation (van Breugel and Hall, 2008) and conforming to the Panama Canal Authority 

guidelines for slopes > 15%. This results in a triangular formation where rows following the 

contour are offset in order to reduce erosion. Spacing is 3 meters between trees but where the 

height of the triangle is 2.6 meters.  This results in 1283 trees per hectare. Trees were planted in 

August-September 2008. 

 

 

 
 

Sampling 

 

In order to facilitate inventory work, the plantation was stratified into 3 blocks where blocks are 

separated by streams (Figure 1). A 10% inventory was completed in February 2013 where forty-

eight 25x25 meter study plots were randomly placed across the plantation but with equal density 

(10%) per block. Every tree within the 625m
2
 plots was measured for basal diameter (BD), 

diameter at breast height (DBH), and top height (height of tallest point on main stem). For all 

Fig. 1. Map of the 

Agua Salud teak 

plantation, Central 

Panama.  



trees with a diameter greater than 50mm at breast height DBH was measured at 1.3m using a 

diametric measuring tape; trees with a DBH of less than 50mm were measured with digital 

calipers. DBH of trees on a slope were measured at 1.3 from the base on the upslope side, and a 

DBH measurement was not recorded for trees shorter than 1.3m. Basal diameter was measured at 

the base of each tree using a diametric measuring tape; digital calipers were used to measure 

basal diameters of less than 50mm. The top height of each tree was measured using a 15m 

retractable measuring pole. 

 

Along with recording measurements, each plot and individual was coded with a unique number 

used to create a map of each plot. Inevitably some individuals did not survive to the time of 

sampling, but their position in the plot was recorded in the map as well. 

 

RESULTS 

 
During the study, information for 3,848 individuals was recorded. An average of 80.1 + 3.15 

(mean + st. dev) trees were recorded in each plot, indicating a mortality of < 1%. Average values 

of DBH, BD, and height for all study plots are given in Table 1. 

 

 

Table 1. Average values (mean + st. dev.) for the 48 study plots. 

Height (m) 4.33 + 2.00 

DBH (cm) 5.13 + 19.4 

DB (cm) 7.77 + 27.1 

 

 

Basal area (BA) was calculated on a per plot and a per hectare basis. Table 2 shows the resulting 

values. 

 

Table 2. Basal area calculations (mean + std. dev.). 

BA/ha (m
2
/ha) 2.07 + 1.02 

BA/plot (m
2
/625m

2
) 0.13 + 0.08 

 

The growth curve from Keogh (1982) was used to determine site class of the Agua Salud 

plantation, as well as estimate maximum height of the teak after 30 years. The average height of 

the 100 largest DBH trees was calculated to fit data from the teak plantation to the growth curve 

from Keogh (1982, Figure 2.). 

 



 
 

The distribution the largest teak trees is not evenly spread throughout the plantation. Thirty-five 

of the 100 largest DBH trees are found in three plots while 38 of the 100 tallest trees are found in 

just two plots. No other individual plot had more than ten of the 100 tallest or largest DBH trees. 

Height data collected during the survey is summarized in Table 3. 

 

Table 3. Height calculations (mean + st. dev.). Units are in meters. 

Height across 48 study plots 4.33 + 2.0 

Height of 100 largest DBH trees 8.24 + 1.3 

 

Although any harvest or thinning at this time would not be produce a commercially viable 

product, volume can be calculated and compared to volumes predicted at the time of planting. 

The company with the contract to manage the plantation, Panama Forest, calculated total volume 

as: 

 

V = pi * r
2
 * H * f  

 

Where, 

V = volume, 

Pi = 3.1416, 

r
2
 = the radius measured at DBH 

H = total height, 

f =  form factor, 0.45,  

 

and commercial volume would be expected to be ½ of total volume (Ross 2013). Employing the 

same formula, the “commercial” volume after four growing seasons is estimated to be 2.55 m
3
 

per ha. 

 

Fig. 2. The red dot 

represents where the 

Agua Salud plantation 

fits in the growth curve 

from Keogh (1982). 

After 4.5 years, 

average height of the 

100 largest DBH trees 

is 8.24 + 1.3m.  
. 



 

 

DISCUSSION 

 
Although the statistics have changed slightly in recent years, roughly 75 % of all trees planted in 

Panama are teak. Indeed, teak is among four species or genera that dominate reforestation for 

commercial and other purposes across the tropics (Hall et al. 2011, van Breugel et al., 2011). 

One of the primary objectives of the Agua Salud Project is to understand the role of forests in 

modulating stream flow and the extent to and rate at which the modulating properties can be 

restored. Ogden et al. (in review) have recently shown the importance of forests in reducing 

storm peaks and flooding as well as confirming a forest driven sponge effect at our site.  

Zimmermann et al. (2013) have shown that secondary forests return to the same levels of rainfall 

interception (a key component of the hydrological cycle) as mature forests between 10 and 20 

years, while Hassler et al. (2011) have shown that soil infiltration may return to that of mature 

forests in as little as 12 years under naturally regenerating secondary forest. The scientific role of 

the Agua Salud teak plantation is to understand if and the rate at which teak can be used to 

restore forest hydrological properties and how efficient it is in relation to naturally regenerating 

secondary forests, native species plantations, and both silvo-pastoral and shade coffee systems. 

The level of other ecosystems services (timber production, carbon sequestration, biodiversity 

services) generated by all these land uses as well as how they are bundled and decoupled is also a 

critical aspect of the experiment. The teak plantation is also being used for process level studies 

(Hassler, 2013; http://www.ctfs.si.edu/aguasalud/page/catchments/#teak).  

  

The management objective of this plantation is to produce the highest quality timber possible 

given the site conditions. Teak grows best on loamy soils (good mix of sand, silt, and clay) with 

a pH > 6.0 and a relatively high fertility (high cationic exchange capacity and levels of plant 

available phosphorus, Ladrach 2003). Because the Agua Salud teak plantation is on clay soils 

with a pH and fertility well below what is optimal, an aggressive campaign of fertilization and 

liming (to raise pH) was prescribed. 

 

Overall, the data indicate that after four full growing seasons the Agua Salud teak plantation is 

growing below average for commercial timber production. Figure 2 suggests that growth is 

between a site factor 3 and 4 on a scale of 1-5 (where 1 is the best). Given the uneven 

distribution of the trees used to determine site factor (100 highest trees concentrated in relatively 

few sampling plots), the growth may be considered lower. Indeed, the average diameter at breast 

height (5.13 cm) and height (4.33 m) are far below those used by Panama Forest to make growth 

and financial projections in their management plan (9.3 cm and 8 m dbh and height at 3 years 

respectively, Ross 2013). Volume estimates are also far below those projected in the 

management plan. 

 

While teak is known to tolerate a wide range of climatic stressors, several factors including 

competition for space and light, soil type, and terrain have been identified as strong negative 

influences on growth (Weaver 1993). Since the effects of competition have been minimized in 

the Agua Salud plantation by spacing of three meters between trees and regular cleaning, it is 

likely the soils and terrain are the factors most limiting growth. Heavy clay soils with poor 

drainage, as well as steep terrain, have been shown to limit growth in teak plantations in the 



Caribbean basin (Weaver 1993). In spite of the aggressive approach to improve soils, poor soils 

and unfavorable terrain appear to be heavily influencing the growth of teak in the Agua Salud 

plantation. Following the growth curve developed by Keogh (1982) the Agua Salud plantation 

can be expected to reach a maximum height of approximately 20 meters after 30 years (Figure 

2). 

 

It is clear from the above discussion that the Agua Salud teak plantation is under preforming in 

terms of growth. For the Agua Salud Science Plan this is not of a particular concern in that teak 

plantations on poor sites for teak growth are common in Panama. Thus, the data being obtained 

reflect actual conditions for large areas of teak in the country. The Science Plan notwithstanding, 

the projection of returns from a financial perspective is disappointing. In a study commissioned 

by the United States Agency for International Development (USAID), Ugalde and Gomez (2006) 

report that the average gross revenue generated by a teak plantation in Panama over a 20 year 

rotation is $60,000 per hectare. The Management Plan for the Agua Salud teak plantation 

recently finalized by Panama Forest (Ross 2013) projects revenue at $32,100 per hectare over the 

length of the rotation but still projected a profit. However, whereas the management plan for the 

plantation projected an internal rate of return (IRR) above 7%, the actual IRR is less than one 

third this. The Panama Forest Management Plan only included costs accrued by Panama Forest 

and not the additional costs to the Agua Salud Teak Company charged by STRI (e.g., oversight 

and road repair). These costs add an additional $3,100 per hectare over the first five years. 

Further, the actual growth of the plantation is far below that projected by the contractors (Ross 

2013). While it is difficult to tell how the plantation will perform in the long run, given that teak 

growth slows down over time (Ladrach 2003, and as evidenced in Figure 2), one cannot expect 

the plantation to accelerate growth. Thus, the from an investment perspective, the plantation is 

growing far below the long term average of the US stock market (15% per year) and may not 

break even over the planned 20 year rotation.  
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