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Abstract 

Reforestation has been suggested as a strategy to control 
Saccharum spontaneum, an invasive grass that impedes 
regeneration in disturbed areas of the Panama Canal 
Watershed (PCW). In this study, the effects of different 
intensities of herbicide application and mechanical clean- 
ings on the growth and mortality of Terminalia amazonia 
and Tectona grandis saplings were evaluated in S. sponta- 
neum grasslands within the PCW. Both species exhibited 
greater height, basal diameter, wood volume index, wider 
crown diameters, deeper live crowns, and lower mortality 
with increasing intensity of mechanical cleanings and her- 
bicide application. Height and competition of S. sponta- 
neum correlated negatively with intensity of mechanical 
cleanings and herbicide application. Grass control costs 
did not differ between tree species but did increase signifi- 
cantly with intensity of mechanical cleanings and herbi- 

cide application. We recommend fire suppression, annual 
herbicide application, and at least four mechanical clean- 
ings per year in Tec. grandis plantations during the first 
3 years of plantation establishment. Given the slower ini- 
tial growth and mortality patterns of Ter. amazonia, 
aggressive grass control treatments should be continued 
until individuals are sufficiently large to effectively shade 
S. spontaneum. Results from this study suggest that refor- 
estation with commercial timber species can rapidly estab- 
lish and control S. spontaneum growth in the PCW. 
Reforestation of areas already invaded or at risk of being 
invaded by S. spontaneum appears to be a viable strategy 
to reduce its abundance and subsequent negative ecologi- 
cal effects in the PCW. 
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Tectona grandis, Terminalia amazonia. 

Introduction 
The Panama Canal Watershed (PCW) is an area of 
dynamic land uses and diverse forest types that is of vital 
economic and ecological importance. At present, the 
PCW provides passage for approximately 38% of the 
trade between Asia and the East Coast of the United 
States and provides 95% of potable water for the inhabi- 
tants of the cities of Panama City, Colon, and San Migue- 
lito (Autoridad del Canal de Panama 2006, 2007). Despite 
covering a relatively small geographic area, 3,396 km2, 
the forests within the PCW are among the world's most 
diverse, containing 850-1,000 tree species, 650 bird 
species, 93 amphibian species, and 70 mammal species 
(Fleming 1973; Condit et al. 2001; Martinez et al. 2006). 
As of 2003, 46.8% of the PCW in terms of area was under 
forest cover, which was evenly divided between intact pri- 

1 Native Species Reforestation Project (PRORENA), Applied Ecology 
Program, Center for Tropical Forest Science, Smithsonian Tropical Research 
Institute, Avenida Roosevelt 401, Balboa, Ancon, Republic of Panama 
2 Address correspondence to D. Craven, email dylan.craven@yale.edu 
3 Eco-Forest S.A., Apartado 32, Balboa, Ancon, Republic of Panama 

© 2008 Society for Ecological Restoration International 
doi:10.1111/j.l526-100X.2008.00408.x 

mary and secondary forest types (Martinez et al. 2006). 
Productive land uses like cattle ranching and agriculture 
account for 34.5% of the PCW, and nonproductive cover 
types, such as water (12.7%), populated areas (1.64%), 
areas dominated by the invasive grass species Saccharum 
spontaneum (2.6%, equivalent to 89.79 km2), and other 
uses (1.8%), occupy the remaining non-forested areas 
(Martinez et al. 2006). Between 1985 and 2003, deforesta- 
tion within the PCW (—0.358%) was lower than in other 
regions of the country and occurred principally near popu- 
lated areas and small watersheds (Martinez et al. 2006). 
Natural regeneration, less illegal logging, and reforesta- 
tion programs increased forest cover between 1998 and 
2003 by 0.05% (Martinez et al. 2006). 

Invasive, exotic grass species such as S. spontaneum 
threaten the viability of forest ecosystems pan tropically, 
as they promote fire and prevent natural regeneration 
(Vitousek et al. 1997). Saccharum spontaneum L., a C4 
grass native to Asia, was first introduced to Panama in 
1928 as part of the Canal Zone Experiment Gardens to 
propagate multiple varieties of sugarcane; it did not be- 
come invasive in disturbed areas along the Panama Canal 
until the 1960s and 1970s (The Canal Zone Experiment 
Gardens 1931; Standley 1933; N. Smith 2007, Smithsonian 
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Tropical Research Institute, Panama City, Panama, per- 
sonal communication). Its vigorous early growth and mul- 
tiple propagation strategies enable it to rapidly colonize 
areas degraded by cattle grazing and slash-and-burn agri- 
culture, eventually leading to less diverse plant commu- 
nities with few native plant species (Hammond 1999; 
Brooker 2006). During the dry season in the PCW, anthro- 
pogenic fires occur frequently in S. spontaneum-dominated 
areas and inhibit seedling regeneration (Hooper et al. 
2002). Small-seeded species disperse into the grasslands in 
greater numbers than large-seeded species, yet suffer 
greater mortality as seedlings (Nepstad et al. 1996; 
Hooper et al. 2002, 2005). Seed rain of large-seeded spe- 
cies in grasslands declines as forested areas reduce in size 
and increasingly reflects extant vegetation (Nepstad et al. 
1996). Direct competition from grasses for water and soil 
nutrients also limits seedling growth (Nepstad et al. 1990; 
Hooper et al. 2005; Brooker 2006). 

The physical barriers to forest regeneration presented 
by invasive grass species—dry season forest regime, seed 
dispersal limitation, and competition for water and soil 
nutrients—are difficult to overcome without directed 
intervention. Efforts to control invasive grass species, such 
as S. spontaneum, Pennisetum setaceum, and Imperata 
cyclindrica, consist of four principal components: fire 
exclusion, shading, chemical application, and mechanical 
cleaning (Anoka et al. 1991; Kuusipalo et al. 1995; Ham- 
mond 1999; Otsamo 2000; Chikoye et al. 2002). Fire exclu- 
sion promotes secondary forest regeneration by increasing 
germination, establishment, growth, and seedling species 
richness in grasslands (Cabin et al. 2002; Hooper et al. 
2005; Shono et al. 2007). The competitive advantage shifts 
toward tree seedlings in shaded environments by decreas- 
ing the photosynthetic capacity of the invasive grass spe- 
cies and improving microsite conditions for seedling 
establishment (Anoka et al. 1991; Kuusipalo et al. 1995; 
Otsamo 2000; Cabin et al. 2002; Kim et al. 2006). Intense 
mechanical cleanings can further facilitate the germina- 
tion and establishment of native plant species by reducing 
the root biomass of the invasive grass (Cabin et al. 2002). 

The reforestation of degraded areas in the PCW might 
be the most effective strategy for eliminating S. sponta- 
neum and improving biodiversity and carbon sequestra- 
tion (Condit et al. 2001; Jones et al. 2004; Wishnie et al. 
2007). Previous studies in the PCW found that the shade 
cover provided by trees is the best way to eliminate S. spon- 
taneum (Hooper et al. 2005; Kim et al. 2006). Tree planta- 
tions mitigate the harsh environmental conditions of 
abandoned lands and facilitate seedling regeneration in 
the understory (Parrotta 1992; da Silva Junior et al. 1995; 
Guariguata et al. 1995; Cusack & Montagnini 2004). Seed 
dispersal increases in tree plantations, as their structural 
characteristics increase visitation by seed dispersal agents 
(Jones et al. 2004; Hooper et al. 2005; Zamora & Montagnini 
2007). Tree cover provided by tree plantations, live fen- 
ces, and isolated trees has also been associated with 
greater bird, animal, butterfly, and ant diversity in Central 

America (Jones et al. 2004; Harvey et al. 2005; Saenz 
2006; Griscom et al. 2007). 

Timber plantations, by replacing S. spontaneum and 
providing taller, more complex vegetative cover, can im- 
prove the structural connectivity between large, continu- 
ously forested areas in the PCW. Extensive information 
exists about the ecology of S. spontaneum (Hammond 
1999; Hooper et al. 2002, 2005; Jones et al. 2004) and its 
response to shading (Kim et al. 2006); the ecological and 
economical feasibility of reforesting in S. spontaneum- 
dominated areas of the PCW has not been tested quantita- 
tively. For the present study, we formulated the following 
hypotheses to examine whether weed control treatments 
of varying intensities affected tree growth and mortality of 
two timber species (Tectona grandis and Terminalia ama- 
zonia) and the costs of grass control treatments in S. spon- 
taneum grasslands: 

(1) Structural characteristics and growth of both species 
will increase with the intensity of grass control treat- 
ments. Mortality for both species will decrease as the 
intensity of grass control treatments increases. 

(2) More frequent mechanical treatments and herbicide 
application will reduce S. spontaneum height and the 
level of competition between it and surrounding trees. 

(3) For both species, grass control costs will increase with 
herbicide application and frequency of mechanical 
cleanings. Furthermore, direct costs of grass control 
will be lower for Tec. grandis than for Ter. amazonia, 
because we expect the initial growth of Tec. grandis to 
be faster than that of Ter. amazonia. 

Methods 

Study Site 

The research was performed within the concession 
granted to Eco-Forest S.A. in the PCW near Santa Clara, 
Republic of Panama, south of Barro Colorado Island 
National Monument (lat 9°09'N, long 79°51'W), a field 
site administered by the Smithsonian Tropical Research 
Institute. The study site is adjacent to seasonally wet tropi- 
cal forest that receives 2,600 mm of rain, 95% of which 
falls during the wet season (Croat 1978; Leigh & Windsor 
1982; Windsor 1990; Wieder & Wright 1995; Leigh 1999). 
Mean daily temperature is 27 ± 9°C (Dietrich et al. 1996). 
The soils are predominantly Aquic Ustropepts with minor 
components of Aquic Humitropepts and Typic Haplohu- 
mults and are moderately deep, well drained, and mildly 
acidic (5.65 pH) (Eco-Forest S.A., unpublished data; 
Vasquez Morera 1999). 

Species Studied 

Tectona grandis L. f. and Terminalia amazonia (J.F.Gmel.) 
Exell were selected for this study because of their wide- 
spread   use   in   timber   plantations   and   reforestation 
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programs in Central America and Panama; both species 
produce valuable timber that is sold in local and global 
markets. Teak is used in 48% of plantations in Panama 
(Gutierrez & Diaz 1999; FAO 2007) and is the third most 
widely planted tropical hardwood worldwide in terms of 
area (Kraenzel et al. 2003). Terminalia amazonia is dis- 
tributed widely across the neotropics from Mexico to Bra- 
zil and Peru in wet lowland forests (Carrasquilla 2005). 
Despite the limited use of Ter. amazonia in commercial 
plantations in Panama, it is used widely in Costa Rica for 
its carbon sequestration and timber production potential 
(Montero & Kanninen 2003). Rotation cycles of Ter. ama- 
zonia plantations in Costa Rica range between 20 and 30 
years (Petit & Montagnini 2004; Redondo-Brenes 2005); 
Eco-Forest S.A. manages its teak plantations on an 18- to 
25-year rotation cycle (J. M. Verjans 2007, Eco-Forest 
S.A., Panama City, Panama, personal communication). 

Experimental Design 

In June 2003, the study area was established on 2.8 ha of 
Saccharum spontaneum-dominated grasslands. All vege- 
tation was cleared initially with machete. Seedlings of Tec. 
grandis and Ter. amazonia were planted in the cleared 
area in 56 pure plots, each measuring 21 X 18 m; 56 seed- 
lings were planted in each plot at a spacing of 3 X 3-m 
spacing. Fire was excluded from the entire experimental 
area, given the expected effects on seedling mortality 
(Hooper et al. 2005). Seven combinations of chemical and 
mechanical weed control treatments were equally distrib- 
uted across all plots. Half of the study plots received 
annual applications in the middle of the wet season (July/ 
August) of granulated Round Up Max (glyphosate) 
(Monsanto Company, St. Louis, MO, U.S.A.) diluted in 
water at a concentration of 73.33 L H20/kg Round Up. 
Within two herbicide application treatments (herbicide; 
no herbicide), mechanical cleanings were performed at 
four different intensities (once, twice, four, and seven 
times per year). Treatments receiving one or two mechan- 
ical cleanings per year were realized in the wet season 
(June/July). Treatments receiving four and seven mechan- 
ical cleanings were performed every 2 months throughout 
the year. The herbicide + one mechanical cleaning combi- 
nation was not implemented. 

Field Measurements 

Height (m), basal diameter (cm), live crown height (m), 
crown diameter (m), and tree mortality (number) were 
measured annually in July on all individuals from 2003 
until 2006. All herbicide applications and mechanical 
cleanings were directly observed. For herbicide applica- 
tions, the number of workers, time, total time (number of 
workers X minutes), total liters of herbicide applied, and 
height of S. spontaneum (m) were recorded on a per plot 
basis. The level of competition between S. spontaneum 
and trees was visually estimated using a scalar (1-4, 4 sig- 
nifying a high level of competition and 1 very little) on 

a per plot basis per Wishnie et al. (2007). For each 
mechanical cleaning, the number of workers, time, total 
time (number of workers X time), S. spontaneum height 
(m), and competition scalar were recorded. 

Data Analysis 

The choice to plant Tec. grandis or Ter. amazonia is a 
management decision that involves primarily economic 
concerns in addition to ecological ones. Unless otherwise 
indicated, we analyzed these species separately to reflect 
the dichotomous nature of this decision. We tested for dif- 
ferences among weed control treatments in structural 
characteristics (height, basal diameter, live crown height, 
and crown diameter) separately by species using analysis 
of variance (ANOVA) and Tukey's honestly significant 
differences (HSD). All variables complied with normality 
assumptions. Where significant interactions of main 
effects were present, the Slice command was used in SAS 
(Schabenberger et al. 2000). 

After 3 years of growth, there was a large variation in tree 
size between species and treatment combinations, and few 
individuals were large enough to have usable wood. We 
calculated wood volume index (m3/ha) for both species as 
a means for comparing total productivity between treat- 
ments, because it integrates both height and basal diameter 
measurements. Wood volume index per tree was calculated 
using the following formula adapted from Newbould (1967): 

Wood Volume Index 
^%A 4§) 

1,111, 

where D was basal diameter (converted to meters) and h 
was height (m). Wood volume index per hectare was cal- 
culated assuming a density of 1,111 trees/ha. Species- 
specific form factors were not available for the studied 
species and were not included in the calculation of wood 
volume index. Wood volume index per hectare was natu- 
ral log transformed to meet normality assumptions. Dif- 
ferences between weed control treatments were tested 
using ANOVA and Tukey's HSD for both species. 

Total mortality was calculated as the number of dead 
trees per plot for both species and was tested for differen- 
ces between species and grass control treatments using 
a log-linear model of the GENMOD procedure with a neg- 
ative binomial distribution and the natural log trans- 
formed value of the total number trees in each plot as the 
offset variable (Affleck 2006). Differences in annual mor- 
tality were tested for both species using the repeated state- 
ment of the GENMOD procedure. 

To test for differences between grass control treatments 
for grass competition for each species, we used a simu- 
lated chi-square test because the dataset was a multiway 
contingency table with nonstructural zeroes (Gotelli & 
Entsminger 2004). Grass competition and grass height 
were regressed against total mortality using a log-linear 
model as previously described for total mortality. 

Restoration Ecology 



Herbicide Application and Mechanical Cleanings 

The direct Cost of Mechanical Cleanings was calculated 
on a per plot basis in the following manner: 

Cost of Mechanical Cleaning 
= Total Minutes X Hourly Wage, 

where hourly salary is $1.25 in the PCW (J. M. Verjans 
2007, Eco-Forest S.A., Panama City, Panama, personal 
communication). The cost of mechanical cleaning was 
then scaled up to a per hectare estimate for analysis. The 
direct cost of herbicide application was calculated per plot 
in the following manner: 

Table 1. ANOVA of structural characteristics of Terminalia amazo- 
nia in Saccharnm spontaneum grasslands of the PCW under seven dif- 
ferent grass control treatments. 

p Value 

Response Variable /(%) Mechanical Herbicide 

Basal diameter (cm) 50.30 <0.0001 <0.0001 
Height (m) 44.07 <0.0001 <0.0001 
Live crown height (m) 45.09 <0.0001 <0.0001 
Crown diameter (m) 45.58 <0.0001 <0.0001 
Wood volume index (m 3/ha)* 53.90 <0.0001 <0.0001 

* Natural log transformed for analysis. 

Cost of Chemical Treatments 

= (Total Minutes X Hourly wage) 

+ (Liters X Herbicide Cost), 

where Herbicide Cost represents the per liter cost of the 
herbicide Round Up Max, estimated at $0.1023 (J. M. 
Verjans 2007, Eco-Forest S.A., Panama City, Panama, 
personal communication). The total cost of mechanical 
and chemical treatments was calculated by adding 
together the separate costs of mechanical and chemical 
treatments. For each species, differences were tested using 
an ANOVA and Tukey's HSD. This cost analysis does 
not include land purchase, seedling purchase, transporta- 
tion, pesticide purchase, and application. Direct costs 
reflect their cost the year incurred. Because the Panama- 
nian balboa is dollarized, further adjustments were not 
made to direct costs. We performed all statistical analyses 
using SAS version 9.1.3, unless indicated otherwise (SAS 
Institute, Inc., Gary, NC, U.S.A.). 

Results 

Tree Growth and Mortality 

Terminalia amazonia saplings after 3 years of growth 
differed significantly for both mechanical cleaning and 
herbicide treatments (Table 1). Herbicide application sig- 
nificantly improved growth for all parameters (Figs. 1 & 
2). In treatments with and without herbicide, individuals 
in higher frequency mechanical treatments had greater 
basal diameter, height, live crown height, crown diameter, 
and wood volume index (Figs. 1 & 2). For basal diameter, 
crown diameter, and wood volume index, the saplings in 
the no-herbicide treatment with the most frequent 
mechanical cleanings had statistically similar values as 
those in the herbicide treatment with two mechanical 
cleanings per year (Figs. 1 & 2). Terminalia amazonia sap- 
lings grew faster in total height and basal diameter in the 
last year of the study in all treatments receiving herbicide 
and in the no-herbicide treatment with four and seven 
mechanical cleanings (Fig. 1). 

Tectona grandis saplings responded similarly to the 
seven treatment combinations as Ter. amazonia saplings, 
exhibiting significant differences for herbicide and mech- 
anical cleaning treatments (Table 2). For all structural char- 
acteristics, all paired comparisons of mechanical cleaning 
within herbicide application and herbicide application 
within mechanical cleaning were significantly different. 
Individuals of Tec. grandis in the herbicide treatment with 
the most frequent mechanical cleanings had the highest val- 
ues for all morphological variables (Fig. 1). There were no 
significant differences between individuals receiving four 
and seven annual mechanical cleanings in plots receiving 
herbicide applications. Individuals in the no-herbicide 
treatment with seven annual cleanings had similar values to 
those in the herbicide treatment with two annual cleanings 
for all morphological variables (Fig. 1). Total height and 
basal diameter growth of Tec. grandis saplings were rela- 
tively even across the 3 years of the study and did not 
exhibit faster growth in the last year of the study as was the 
case for Ter. amazonia saplings (Fig. 1). 

Total mortality of both species did not differ signifi- 
cantly by species (log-linear model, Pearson statistic = 
1.3344, p = 0.3266) nor by the combination of species and 
weed control treatments (p = 0.0771) but did by weed 
control treatment (p < 0.0001). Total mortality of Ter. 
amazonia decreased with increasing frequency of mechan- 
ical cleanings for both herbicide treatments (Fig. 3). There 
were significant differences for mortality between 
mechanical cleanings (log-linear model, negative binomial 
distribution, dispersion parameter = 1.3356, p < 0.0001) 
and herbicide treatments (p = 0.0224) but not for the com- 
bination of the two treatments (p = 0.0672). Mortality of 
Tec. grandis saplings was also negatively correlated with 
the frequency of mechanical cleanings for both herbicide 
treatments (Fig. 3). There were significant differences 
between mechanical cleaning treatments (log-linear 
model, dispersion parameter = 1.3078, p = 0.0306) and 
herbicide treatments (p = 0.0002) but not for the combi- 
nation of herbicide and mechanical treatments (p = 
0.894). For both species, annual mortality also varied sig- 
nificantly (log-linear model, negative binomial distribu- 
tion, df= 2, Ter. amazonia, dispersion parameter = 1.147, 
p  =  0.0158;   Tec.  grandis, Pearson  statistic  =  0.9141, 
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T. grandis 
b       a      * 

12       4       7       2       4       7 

without herbicide    with herbicide 

12       4       7       2       4       7 

without herbicide    with herbicide 

Figure 1. ANOVA of structural characteristics of two timber species in Saccharum spontaneum grasslands in the PCW under seven different 
grass control treatments (ANOVA, Tukey's HSD, 95% confidence interval, a = 0.05, df= 6). 

p = 0.0004). Annual mortality patterns differed by species, 
with mortality generally increasing for Ter. amazonia and 
decreasing for Tec. grandis (Fig. 3). After minimal mortal- 
ity in year 1 across all treatments, Ter. amazonia seedlings 
in treatments receiving no herbicide and one or two 
mechanical cleanings and those receiving herbicide and 
two mechanical cleanings suffered considerable mortality 
in years 2 and 3 (Fig. 3). The majority of mortality in the 
aforementioned treatments occurred in year 3 (Fig. 3). 
Conversely, Tec. grandis seedlings in treatments receiving 
no herbicide suffered considerable mortality in year 1 rel- 
ative to those in treatments receiving herbicide (Fig. 3). In 
year 2, Tec. grandis seedlings in treatments not receiving 
herbicide and one or two mechanical cleanings suffered 
more than 50% of its total mortality (Fig. 3). Across all 
treatments, mortality in year 3 was negligible for Tec. 
grandis (Fig. 3). 

Canal Grass Height and Competition 

After 3 years, Saccharum spontaneum height in pure plots 
of Tec. grandis decreased significantly by mechanical 
cleaning (Fig. 4; generalized linear model [GLM], r2 = 
81.64%, F = 84.37, p < 0.0001) and herbicide treatments 
(Fig. 4; GLM, r2 = 81.64%, F = 9.31, p = 0.005862) but not 
by the combination of the two treatments (Fig. 4; GLM, r = 
81.64%, F = 4.1445, p = 0.053988). In pure plots of Ter. 
amazonia, height of S. spontaneum also decreased by 
mechanical cleaning (Fig. 4; GLM, r2 = 79.49%, F = 
47.6483, p < 0.0001) and herbicide application (Fig. 4; GLM, 

r2 = 79.49%, F = 24.971, p < 0.0001) but not by the combi- 
nation of the two main effects (Fig. 4; GLM, r2 = 79.49%, 
F = 1.0048, p = 0.3287). Saccharum spontaneum competi- 
tion differed significantly by the combination of herbicide and 
mechanical cleanings in plots of Tec. grandis (simulated y2 = 
62.00, p = 0.000) and Ter. amazonia (j2 = 52.00, p = 0.000). 

Mortality of Ter. amazonia saplings was predicted sig- 
nificantly by S. spontaneum height (log-linear model, dis- 
persion statistic = 1.4455, y2 = 16.84, p < 0.0001) and the 
S. spontaneum competition scalar (log-linear model, dis- 
persion statistic = 1.7473, y2 = 11.85, p = 0.0006). Tectona 
grandis sapling mortality was significantly predicted by 
both the S. spontaneum height (log-linear model, disper- 
sion statistic = 0.9805, y2 = 11.23, p = 0.0008) and the 
S. spontaneum competition scalar (log-linear model, dis- 
persion statistic = 0.9669, y2 = 8.38, p = 0.0038). 

Direct Costs 

Direct costs of grass control did not differ significantly 
between species (ANOVA, df=l,rz = 0.001%, F = 0.03, 
p = 0.867). In plots of Ter. amazonia, grass control costs 
varied significantly by herbicide application (GLM, r2 = 
89.84%, F = 31.89, p < 0.0001), mechanical cleanings 
(GLM, r2 = 89.84%, F = 46.05, p < 0.0001), and the com- 
bination of both treatments (GLM, r2 = 89.84%, F = 7.86, 
p = 0.0028). All paired comparisons of herbicide applica- 
tion within mechanical cleaning were significant, whereas 
only mechanical cleaning within herbicide application 
comparisons at intermediate frequencies (two and four 
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Figure 2. ANOVA of structural characteristics of two timber species in Saccharum spontaneum grasslands in the PCW under seven different 
grass control treatments (ANOVA, Tukey's HSD, 95% confidence interval, a = 0.05, df= 6). 

annual cleanings) were significantly different. Plots that 
were mechanically cleaned with the greatest frequency 
were equally expensive for both herbicide treatments 

(Fig. 5). Grass control costs increased significantly with 
the frequency of mechanical cleanings for both herbicide 
treatments (Fig. 5). Grass control costs of Tec. grandis 
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Table 2. ANOVA of structural characteristics of Tectona grandis in 
Saccharum spontaneum grasslands of the PCW under seven different 
grass control treatments. 

p Value 

Response Variable /(%) Mechanical Herbicide 

Basal diameter (cm) 62.36 <0.0001 <0.0001 
Height (m) 62.69 <0.0001 <0.0001 
Live crown height (m) 55.93 <0.0001 <0.0001 
Crown diameter (m) 52.23 <0.0001 <0.0001 
Wood volume index (m 3/ha)* 68.65 <0.0001 <0.0001 

* Natural log transformed for analysis. 

plots were significantly different for mechanical cleanings 
(GLM, r2 = 69.64%, F = 15.44, p < 0.0001) but not for 
herbicide application (GLM, r2 = 69.64%, F = 0.29, p = 
0.5976) nor for the combination of the two main effects 
(GLM, r2 = 69.64%, F = 0.50, p = 0.6138). The most 
expensive grass control treatment in Tec. grandis plots 
was the combination of no herbicide and seven annual 
mechanical cleanings (Fig. 5). Grass control costs in- 
creased with the frequency of mechanical cleanings for 
both herbicide treatments (Fig. 5). 

Discussion 

Tree Growth and Mortality 

The combinations of mechanical cleanings and herbicide 
application used for this experiment were designed to shift 
the competitive advantage in Saccharum spontaneum- 
dominated areas in order to facilitate the growth of Tec- 
tona grandis and Terminalia amazonia saplings. The annual 
application of herbicide and more frequent mechanical 
cleanings prevented S. spontaneum from overtopping and 
shading out the seedlings. For all variables of tree growth, 
both species responded significantly to herbicide applica- 
tion and mechanical cleanings. In plots receiving herbicide 

and frequent mechanical cleanings, trees were taller, had 
thicker stems, and had wider, deeper crowns. 

For all growth parameters, individuals of Tec. grandis 
receiving herbicide and four mechanical cleanings did not 
differ significantly from those receiving herbicide and 
seven mechanical cleanings. Terminalia amazonia seed- 
lings continued to respond positively to more frequent 
mechanical cleanings, because there were significant dif- 
ferences for all growth characteristics between individuals 
receiving herbicide and four mechanical cleanings and 
those receiving herbicide and seven mechanical cleanings. 
Not only did saplings of both species grow better in plots 
that received herbicide and frequent mechanical clean- 
ings, but they also suffered lower total mortality. Termi- 
nalia amazonia was more tolerant of initial growing 
conditions than Tec. grandis in terms of mortality, most 
notably in treatments receiving no herbicide. Annual mor- 
tality trends shifted dramatically by year 3 for both spe- 
cies, increasing for Ter. amazonia in treatments receiving 
less frequent mechanical cleanings and decreasing uni- 
formly for Tec. grandis. These results corroborate those of 
a P. setaceum control study in Hawaii, in which native 
plant cover increased significantly in more aggressive grass 
control treatments (Cabin et al. 2002). Differences in all 
growth characteristics between species were notable, espe- 
cially wood volume index, although they were not ana- 
lyzed quantitatively. 

These results support previous studies of young planta- 
tions in Costa Rica and Panama in which exotic species 
(including Tec. grandis) exhibited superior growth to that 
of native species (Piotto et al. 2003; Wishnie et al. 2007). 
Differences in species-specific growth patterns possibly 
explain the relatively superior initial growth of Tec. gran- 
dis, as Ter. amazonia grew slowly during the first 2 years 
of this study before accelerating its growth in year 3. Inor- 
ganic fertilizer application did not increase Ter. amazonia 
growth significantly in degraded pastures in Costa Rica 
after 2 years, while a pattern of increased growth after 4 and 
8 years was observed when Ter. amazonia was intercropped 
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Figure 3. Mortality of two timber species in Saccharum spontaneum grasslands in the PCW under seven different grass control treatments 
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Figure 4. Canal grass height after 4 years in plots of two timber species in the PCW under seven different grass control treatments (ANOVA, 
Tukey's HSD, 95% confidence interval, a = 0.05, df= 6). 

with woody N-fixing species (Nichols & Carpenter 2006). 
As we have presented 3-year growth data for timber species 
with estimated harvest rotations of approximately 20-25 
years, it would be premature to extrapolate these results 
because growth rates of native tropical species can change 
unexpectedly over time (Redondo-Brenes 2005; Ugalde 
Arias & Gomez Flores 2006; F. Montagnini 2007, Yale Uni- 
versity School of Forestry and Environmental Studies, New 
Haven, CT, personal communication). 

Canal Grass Height and Competition 

Non-native grass species represent the greatest impedi- 
ment to forest regeneration in many tropical ecosystems 
(Holl et al. 2000). Via shading, tree plantations can 
eliminate invasive grass species and facilitate natural for- 

est succession (Anoka et al. 1991; Kuusipalo et al. 1995; 
Otsamo 2000; Jones et al. 2004; Hooper et al. 2005; Kim 
et al. 2006). In the present study, frequent mechanical 
cleanings and herbicide application significantly reduced 
the height growth of S. spontaneum and its ability to com- 
pete with Ter. amazonia and Tec. grandis saplings. Total 
mortality of both tree species studied decreased signifi- 
cantly in plots receiving frequent mechanical cleanings 
and herbicide application. The greater tree height, live 
crown height, and crown diameter of saplings in more 
intensive grass control treatments effectively shaded S. 
spontaneum, thereby limiting its height growth and ability 
to compete with surrounding vegetation. These results are 
not surprising as researchers have demonstrated the effec- 
tiveness of shading as a method for controlling invasive 
grass species in abandoned pasturelands in the tropics 
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Figure 5. Grass control costs of two timber species in the PCW under seven different grass control treatments (ANOVA, Tukey's HSD, 
95% confidence interval, a = 0.05, df= 6). 
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(Kuusipalo et al. 1995; Cabin et al. 2002; Hooper et al. 
2002, 2005; Kim et al. 2006). 

Saplings of both species suffered greater total mortality 
and lower growth in treatments receiving less frequent 
mechanical cleanings and no herbicide application, cor- 
roborating results from previous studies in Panama, Costa 
Rica, and India (Cabin et al. 2002; MacDonald 2004; 
Hooper et al. 2005). Terminalia amazonia, however, has 
demonstrated good survival and growth with no grass con- 
trol in abandoned pastures of Costa Rica (Nichols 1994). 
Low-intensity grass control treatments did not alter the 
competitive advantage of S. spontaneum over Tec. grandis 
and Ter. amazonia seedlings; S. spontaneum was approxi- 
mately 1.0-2.0 m taller than saplings in these treatments. 
The focal species responded differently to the competi- 
tion presented by S. spontaneum in these treatments over 
time. Tectona grandis mortality was greater in years 1 and 
2 and tapered drastically in year 3; mortality of Ter. ama- 
zonia seedlings exhibited the opposite pattern, increasing 
significantly in year 3 after having suffered relatively low 
mortality in years 1 and 2. Saccharum spontaneum limited 
seedling growth in low-intensity grass control treatments 
by outcompeting the seedlings for light, as suggested by 
other studies in tropical pastures (Gerhardt & Fredrikkson 
1995; Loik & Holl 1999, 2001). Competition for below- 
ground resources, such as water and nutrients, might also 
have contributed to the physiological stress and greater 
mortality experienced by seedlings and their competitive 
disadvantage relative to S. spontaneum in low-intensity 
grass control treatments (Nepstad et al. 1990). Ecophysio- 
logical studies of both species under more controlled con- 
ditions could provide greater insight into the contrasting 
mortality patterns of Ter. amazonia and Tec. grandis seed- 
lings in low-intensity grass control treatments. 

Direct Costs 

The direct costs of S. spontaneum control did not differ 
between the studied species, reflecting the similar crown 
morphology—deep, relatively narrow crowns—of both 
species at the sapling stage. Grass control costs increased 
with the intensity of the effort to control S. spontaneum 
growth. Although more frequent mechanical cleanings 
increased grass control costs in plots of both species, only 
in Ter. amazonia plots did herbicide application sig- 
nificantly increase grass control costs. Herbicide application 
did not increase the cost for controlling S. spontaneum in 
Tec. grandis plots, indicating that the additional cost of her- 
bicide application was mitigated by a decrease in time 
required to perform the mechanical cleanings. 

It is important to note that the direct costs of seven dif- 
ferent grass control treatments reported in the present 
study represent the partial costs of plantation establish- 
ment after 3 years in S. spontaneum-dominated areas of 
the PCW. Per hectare estimates of total plantation estab- 
lishment costs in the PCW range between $1,590 and 
$2,570 in year 1, $620 and $1,980 in year 2, and $550 and 

$1,880 in year 3 (PRORENA 2007, unpublished data; 
Ugalde Arias & Gomez Flores 2006). Even the most 
expensive grass control treatment (approximately $400 
over 3 years) represents only 6-14% of total plantation 
establishment costs after 3 years. 

This analysis did not incorporate valuation methods 
that account for environmental services generated by 
reforestation, such as biodiversity, watershed protection, 
or carbon sequestration (Condit et al. 2001; Cusack & 
Montagnini 2004; Nichols & Carpenter 2006; Zamora & 
Montagnini 2007). Such valuation methods might have 
increased the value of young Ter. amazonia plantations, 
which have been found to provide complexly structured 
habitat for wildlife (Nichols & Carpenter 2006). 

The dramatic differences across growth characteristics 
of both studied species between S. spontaneum control 
treatments suggest that land managers in the PCW should 
aggressively control S. spontaneum in order to optimize 
timber production. Based on our results, we recommend 
fire suppression, annual herbicide application, and at least 
four mechanical cleanings per year in Tec. grandis and 
Ter. amazonia plantations during the first 3 years of estab- 
lishment. The relatively slow growth of Ter. amazonia sug- 
gests the need to continue aggressive grass control beyond 
the first 3 years of establishment. Aggressive grass control 
might also reduce mortality in the latter stages of estab- 
lishment, because Ter. amazonia saplings remained sus- 
ceptible to competition from S. spontaneum. Intercropping 
Ter. amazonia with native N-fixing tree species, such as 
Inga spp., could promote better growth of the focal species 
given its preference for organic nitrogen as well as limit 
competition with S. spontaneum (Jones et al. 2004; Nichols 
& Carpenter 2006). 

Conclusions 
Our results suggest that reforestation of Saccharum spon- 
taneum grasslands is both ecologically and economically 
feasible in the PCW, particularly when land managers 
exclude fire and invest in aggressive grass control strate- 
gies. The two commercial species studied, Terminalia 
amazonia and Tectona grandis, responded positively in 
terms of growth characteristics to increasing intensity of 
mechanical cleanings and herbicide application. Grass 
control treatments of increasing intensity reduced the 
growth and the competitive ability of S. spontaneum, 
thereby catalyzing tree growth, whereas costs of grass 
control treatments increased with intensity. The rapid 
accumulation of wood volume was enabled by frequent 
mechanical cleanings and herbicide application. The slow 
growth of Ter. amazonia, relative to that of Tec. grandis, 
suggests the need to continue grass control treatments 
beyond the initial 3 years of establishment. Further studies 
are needed to evaluate whether intercropping Ter. amazo- 
nia with a nitrogen-fixing legume adequately controls 
S. spontaneum while also promoting faster growth of 
Ter. amazonia. 

Restoration Ecology 



Herbicide Application and Mechanical Cleanings 

As suggested in previous studies, the greater structural 
connectivity provided by tree cover in rural landscapes 
has been correlated positively with biodiversity (e.g., 
Harvey et al. 2005; Nichols & Carpenter 2006; Saenz 
2006). Individuals of both species in treatments receiving 
frequent mechanical cleanings and herbicide application 
exhibited structural characteristics associated with those 
that promote greater biodiversity of multiple taxa. Given 
the apparent feasibility of reforestation in S. spontaneum 
grasslands and the conservation value of the PCW, further 
studies are still needed to better understand the role of 
reforested areas in improving the structural connectivity 
between protected areas and national parks within the 
PCW. Current regulations established by the Panama's 
Ministry of the Environment for the PCW have resulted in 
a modest increase in forest cover in the past 5 years; more 
aggressive efforts to reforest the region could increase dra- 
matically its biodiversity and hydrological value, carbon 
sequestration potential, and income of its inhabitants. 

Implications for Practice 
• Aggressive grass control, despite its higher direct 

costs, is needed to minimize mortality and maximize 
growth of timber species in Saccharum spontaneum 
grasslands. 

• Mixed native species plantations that combine fast- 
growing leguminous species with timber species are 
likely to reduce direct costs related to grass control, 
as well as fertilization costs. 

• Reforested areas in the PCW might help to maintain 
biodiversity in a human-dominated landscape by pro- 
viding greater structural connectivity between pro- 
tected areas and national parks. 
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