
ABSTRACT 

 
MALONE, MEREDITH BROOKE. Abundance, Fruit Presence, and Growth Enhancement of 
Prestoea montana and Roystonea borinquena, Two Palm Species of Importance to Amazona vittata 
(Puerto Rican Parrot), in Río Abajo Forest, Puerto Rico. (Under the direction of Daniel J. Robison.) 
 
 The endangered Puerto Rican parrot (Amazona vittata) has been bred in captivity for 

decades, and since 2000, over 50 parrots have been released into native habitats to rebuild 

wild populations in Puerto Rico. One group of 21 parrots was released into Río Abajo Forest 

in the karstic region of Puerto Rico in November 2006, where high quality habitat resources 

exist, but the management of sustainable food resources, such as the fruit of Prestoea 

montana (sierra palm) and Roystonea borinquena (royal palm), is imperative. An inventory 

of accessible regions in Río Abajo Forest was conducted to assess differences in size and 

abundance of P. montana and R. borinquena palms between three forest community types 

and fruiting patterns under differing growing conditions. Twenty palms in each of three size 

classes of both palm species were located in Río Abajo Forest and approximately half were 

supplied with a controlled-release formula of inorganic NPK fertilizer with micronutrients to 

investigate potential soil nutrient limitations to growth of palms. Thirty R. borinquena 

seedlings were located in artificial canopy gap plots previously created in abandoned 

Hibiscus elatus (mahoe) plantations in Río Abajo Forest and approximately half were 

supplied with the same fertilizer formula to evaluate combined soil and light limitations on 

seedling growth. In the size and abundance inventory, seedlings were the most abundant size 

class of both palm species. No significant difference in size or abundance existed between 

any size classes of either palm species in different forest community types. P. montana 

seedling size and abundance were correlated with moderate shade, available soil P and other 

micronutrients, and relatively alkaline soils. Seedling height and diameter significantly 



increased with the addition of NPK and micronutrients to surrounding soil. Wet soils 

appeared most important to fruit production of mature P. montana. In the size and abundance 

inventory, R. borinquena seedling success was correlated to sites containing relatively high 

soil micronutrient concentrations and seedlings and mature R. borinquena palms exhibited 

larger size, abundance, and fruit production in open canopies. R. borinquena seedling height 

significantly increased with the addition of N-P-K and micronutrients to surrounding soil. 

Diameter significantly increased with the addition of fertilizer to soil surrounding seedlings 

in artificial canopy gap plots. Mortality was decreased in R. borinquena seedlings with the 

addition of fertilizer, under the full canopies of fertilizer experiments and in the open 

canopies of artificial canopy gap plots. Management to increase abundance and fruit 

production of these palm species in RAF may initially include techniques to provide 

increased light availability and nutrients to mature R. borinquena. Strategic management 

objectives may include provision of the same resources to smaller R. borinquena and 

increased soil moisture and nutrients to P. montana of all sizes. 
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OVERALL THESIS INTRODUCTION 

 

The United States Secretary of the Interior listed Amazona vittata (Puerto Rican Parrot) 

as an endangered species in the March 11, 1967 Federal Register (32 FR 4001), prompting 

the protection of one of the 10 most endangered birds in the world (White et al. 2005, Wiley 

et al. 2004, USFWS 1999). In the year after the endangered status of A. vittata was declared, 

the United States Fish and Wildlife Service (USFWS) and the United States Forest Service 

(USFS) signed a cooperative agreement to enhance recovery efforts for A. vittata.  The 

Puerto Rico Department of Natural and Environmental Resources (PRDNER) joined the 

partnership in 1983 and continues to work with these agencies today. The agencies’ ultimate 

goal is to increase the one isolated wild population of A. vittata in the Caribbean National 

Forest (CNF) to two separate populations in Puerto Rico with wild effective population sizes 

of at least 500 birds each by 2020. The second location for the reestablishment of the wild 

parrot population is Río Abajo Forest (RAF) in the karst region of north-central Puerto Rico 

(Figure 1) (USFWS 1999). If this goal is achieved A. vittata may be downlisted to threatened 

status (USFWS 1999). This will require forest habitats where the bird can find security from 

predators, suitable nesting habitat, and adequate food resources. The purpose of the current 

study is to assess abundance, fruiting trends and methods to enhance growth rates of two 

critically important food resources for the parrot. These are the fruits of the forest palms 

Prestoea montana (sierra palm) and Roystonea borinquena (royal palm), which occur 

naturally in RAF. 

To increase the population of A. vittata, a captive propagation program was instituted in 

1973 at the Luquillo Aviary in CNF on the east coast of Puerto Rico (Figure 1). Sixteen years 



 2

later a second captive flock was established at the José L. Vivaldi Memorial Aviary in RAF. 

Over a three year period beginning in 2000, 34 captive parrots were released from the 

Luquillo Aviary into CNF to join approximately 30 wild parrots still extant in their natural 

habitat (USFWS, in public review). One year after all parrots were released, 10 were 

confirmed alive while the remaining individuals were either confirmed dead or the neck-

mounted radio-transmitter signal had been lost. Most losses in the 2000-2002 CNF parrot 

releases occurred within 9 to 17 weeks after release from acclimation cages with a 

stabilization in survival after 27 weeks (White et al. 2005). Despite prerelease predator-

aversion training and flight conditioning to increase physical stamina, 54% of the parrots 

were lost to raptor predation, due to a high density of Red-tailed Hawks (Buteo jamaicensis) 

in CNF. Dispersal of individual parrots from flocks into the forest played a role in mortality 

due to predation. Although many parrots were lost to predation, an indication of success was 

evident in the pairing of a captive-reared male and a wild female in 2004 to produce two 

young (White et al. 2005). In 2006, 13 wild individuals were counted in CNF and 105 parrots 

resided in the two captive breeding facilities on the island (USFWS in public review).  

A separate wild population of A. vittata is currently being established (2006-2007) in 

RAF with multiple releases scheduled to take place over a three year period. After flight 

conditioning and predator-aversion training was completed, 21 A. vittata were released from 

acclimation cages at the José L. Vivaldi Memorial Aviary into RAF in November 2006 

(Collazo, pers. comm. 2007). Although Red-tailed hawks are found in relatively low 

densities in RAF, an endemic and endangered hawk species, the Broad-winged hawk (Buteo 

plateryptus) also occupies territory in RAF (Trujillo et al. 2005). By March 2007, seven A. 

vittata had been predated upon by hawks and one parrot that traveled outside of the forest 
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died upon impact with a building. Most fatalities occurred primarily during the first two 

weeks after release as individuals left the protection of the flock (Collazo, pers. comm. 

2007). Observed fatalities have been equally attributed to Broad-winged and Red-winged 

hawk predation (White, pers. comm. 2007). Although the predation of one endangered bird 

species by another presents an interesting dilemma for A. vittata management, by March 

2007 the released RAF population was relatively stable and two released parrots had paired 

and laid 5 eggs in an artificial cavity mounted on a tree (White, pers. comm. 2007).  

 

Literature Review 

A. vittata (Puerto Rican parrot) 

 A. vittata, a social bird of the Psittacidae family, is identified by bright green feathers, 

blue flight feathers and a red forehead band above the bill. It was probably distributed 

throughout Puerto Rico and its offshore islands at over one million individuals before the 

colonization of Puerto Rico in 1650. Subsequent deforestation led to a large decrease in the 

population and a restriction of its habitat to only five distinct subpopulations on the island by 

the early 20th century (Snyder et al. 1987). Species numbers continued to decline due to 

various factors including habitat loss, predation, parasitism, hurricanes, introduction of exotic 

bird and insect species, and other human impacts (USFWS 1999, Snyder et al. 1987). 

 Since about 1940, A. vittata has been restricted to CNF where the majority of nests are 

located in palo colorado trees (Cyrilla racemiflora). In the karst region of the island where 

RAF is located, the parrot had been documented nesting in pot holes of limestone cliffs 

(Snyder et al. 1987). 
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 Flocks of feeding A. vittata usually consist of pairs foraging on fruit, seeds, leaves, twigs, 

bark, flowers and leaf buds. Flocks typically leave roost sites in the morning to search 

primarily for fruit. In CNF they most frequently feed on the ubiquitous fruit of Prestoea 

montana (sierra palm) throughout the day and return to roosting sites just before dark 

(Snyder et al.1987). 

 

Río Abajo Commonwealth Forest 

RAF is located in the north-central karst region of Puerto Rico near the Municipality of 

Utuado. With annual temperatures averaging 21.5°C and rainfall at approximately 2,000 mm 

per year, the majority of RAF is characterized as part of the subtropical wet life zone 

(Álvarez-Ruiz et al. 1997). The forest is set among conical foothills, or “mogotes”, upon 

which differing plant communities grow along an elevation gradient from 210 m to 424 m 

above sea level (Álvarez-Ruiz et al. 1997, Collazo & Groom 2000). Valley soils formed from 

alluvial deposits are deep, clayey, and moderately well drained. Hillside soils are limestone 

in origin, thin, clayey, and very well drained (Lowe & Ashton 1984).  

Many studies by University of Puerto Rico, PRDNER, North Carolina State University, 

Virginia Polytechnic State University, and Mississippi State University have been conducted 

to evaluate the quality of RAF as a release site for the parrots (USFWS 1999). After CNF, 

RAF is the second largest area of natural habitat in Puerto Rico at approximately 2,275 ha 

(Snyder et al. 1987). Secondary growth constitutes most of the forest, which was extensively 

cleared for agricultural development in the early 20th century. Long-abandoned timber 

plantations established between 1936 and 1950 compose 811.1 ha of the forest. Patches of 

older forest still remain scattered throughout RAF (Álvarez-Ruiz et al. 1997). 
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RAF possesses many attributes beneficial to A. vittata that are absent from CNF such as, 

1) a lower density of Red-tailed Hawks, 2) a landscape that provides protection from 

hurricanes, and 3) less rainfall which should decrease nest flooding and increase chick 

survival (White et al. 2005, Trujillo et al. 2005, Snyder et al. 1987, Cardona et al. 1986). The 

less humid microclimate of RAF may also improve survival of chicks, as captive chicks have 

suffered from respiratory illnesses in the Luquillo Aviary during long periods of excessive 

rainfall and high humidity levels (White, pers. comm., 2007). In addition to these favorable 

qualities, RAF was the last natural habitat of wild Puerto Rican parrots outside of CNF and it 

is rich in fruiting plants which are continuously available throughout the year (Trujillo et al. 

2005, Collazo & Groom 2000, Snyder et al. 1987, Cardona et al. 1986). Collazo & Groom 

(2000) suggest that high fruit abundance in RAF makes it a suitable location for the parrot 

release. Additionally, the parrot population may benefit from the high density of food 

resources rich in lipids, such as the fruit of R. borinquena (Francis 1992).  

CNF is the largest protected area of native vegetation in Puerto Rico, and therefore 

naturally became the last refuge of A. vittata when land development claimed most of its 

habitat throughout the island. Although A. vittata has historically persisted in CNF, the forest 

does not necessarily provide ideal habitat (USFWS 1999, Snyder et al. 1987). Dividing the 

wild population of the parrots into two separate subpopulations should protect the species 

from catastrophic events and help preserve genetic variation (Trujillo et al. 2005, Lacy 

1987). The hospitable environment of RAF should also provide an appropriate climate, 

suitable nesting habitat, and reliable food resources to the parrots.  
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Chapter 1. Inventories of Size, Abundance and Fruit Presence of Prestoea montana and 

Roystonea borinquena Palms in Río Abajo Forest, Puerto Rico 

 

INTRODUCTION 

 

In 1967, Amazona vittata (Puerto Rican parrot) was declared an endangered species, 

prompting the creation of a cooperative agreement between the United States Fish and 

Wildlife Service (USFWS) and the United States Forest Service (USFS) to enhance recovery 

efforts for the species. The Puerto Rico Department of Natural and Environmental Resources 

(PRDNER) joined the partnership in 1983 and continues to work with these agencies today. 

The agencies’ ultimate goal is to increase the one isolated wild population of A. vittata in the 

Caribbean National Forest (CNF) to two separate populations in Puerto Rico with wild 

effective population sizes of at least 500 birds each by 2020. The second location for the 

reestablishment of the wild parrot population is Río Abajo Forest (RAF) in the karst region 

of north-central Puerto Rico (Figure 1) (USFWS 1999). If this goal is achieved A. vittata may 

be downlisted to threatened status (USFWS 1999). This will require forest habitats where the 

parrot can find security from predators, suitable nesting habitat, and adequate food resources. 

The purpose of the current study is to assess abundance and fruiting trends of two critically 

important food resources for the parrot. These are the fruits of the forest palms Prestoea 

montana (sierra palm) and Roystonea borinquena (royal palm), which occur naturally in 

RAF. 

RAF is located in the north-central karst region of Puerto Rico near the Municipality of 

Utuado. With annual temperatures averaging 21.5°C and rainfall at approximately 2,000 mm 
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per year, the majority of RAF is characterized as part of the subtropical wet life zone 

(Álvarez-Ruiz et al. 1997). The forest is set among conical foothills, or “mogotes”, upon 

which differing plant communities grow along an elevation gradient from 210m to 424m 

above sea level (Álvarez-Ruiz et al. 1997, Collazo & Groom 2000). Valley soils formed from 

alluvial deposits are deep, clayey, and moderately well drained. Hillside soils are limestone 

in origin, thin, clayey, and very well drained (Lowe & Ashton 1984).  

Many studies by University of Puerto Rico, PRDNER, North Carolina State University, 

Virginia Polytechnic State University, and Mississippi State University have been conducted 

to evaluate the quality of RAF as a release site for the parrots (USFWS 1999). After CNF, 

RAF is the second largest area of natural habitat in Puerto Rico at approximately 2,275 ha 

(Snyder et al. 1987). Secondary growth constitutes most of the forest, which was extensively 

cleared for agricultural development in the early 20th century. Long-abandoned timber 

plantations established between 1936 and 1950 compose 811.1 ha of the forest. Patches of 

older forest still remain scattered throughout RAF (Álvarez-Ruiz et al. 1997). 

 

Food Resources for A. vittata 

 At least nineteen species of fruiting plants in RAF are potential food resources for the 

parrots. Breeding of A. vittata primarily during February and March closely follows the 

fruiting peaks in many of these plants (Table 1). Although many suitable fruiting species 

exist in RAF, R. borinquena is one of the most consistently prolific species that produces 

fruit favorable to the parrot (Snyder et al. 1987, Cardona et al. 1986).  
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Prestoea montana (R. Graham) Nichols 

 P. montana has been referred to by two other names in scientific literature: Euterpe 

globosa (Gaertn.) until approximately 1975, and more recently, Prestoea acuminata, by 

Henderson and Galeana in 1995. Currently, the most commonly accepted name is Prestoea 

montana which will be used here. The species is part of the Palmae family and is most 

frequently found in extremely humid, high elevation regions of Puerto Rico (Lugo et al. 

1998, Little et al. 1991). Mature individuals grow to a height of approximately 15-20 m tall 

and possess leaf scars presented as defined horizontal rings throughout the length of a slender 

trunk.  

P. montana individuals in dominant and co-dominant canopy positions that are at least 6 

m tall typically produce fruit. At high elevations above 700 m, fruit production peaks 

between August and February. Between 300 and 500 m in elevation, fruiting peaks between 

June and September. Seeds are 9-10 mm in diameter and are covered by thin, black flesh 

which is eaten by A. vittata. The nutritional value of the fleshy pericarp is unclear, but 

nutritional analyses reported by Snyder et al. (1987) revealed moderate protein (≈ 10% dry 

mass) and fat (≈ 10-20% dry mass) content. In a tropical montane forest in Venezuela, P. 

montana pericarp samples contained minimal levels of lipids (1.1% dry mass). Fruiting P. 

montana produce about two inflorescences per year with an average of 2,500 fruits per 

inflorescence (Lugo et al. 1998). One unpublished study by Frangi and Lugo estimated that 

only 0.43% of seeds produce mature P. montana plants (Lugo et al. 1998).  

 A. vittata has been observed in CNF eating the fruit of P. montana most frequently, but is 

not necessarily dependent upon the species (Snyder et al. 1987, Cardona et al. 1986, 

Rodríguez-Vidal 1959). Parrots may visit P. montana most often because it is the most 
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abundant tree in CNF and the relatively large size of the fruit is preferable (Snyder et al. 

1987).  

 In 1974, after a previously dry summer, most P. montana on the west side of CNF did not 

generate fruit, but a breeding pair still produced a fledgling successfully. Conversely, 

reproduction of wild A. vittata in most years takes place at the peak of P. montana fruit 

production and heavy consumption is made evident by purple-stained bills of breeding 

individuals (Snyder et al. 1987).  

 Mature reproductive P. montana plants are scarce in the immediate vicinity of the 2006 

parrot release location in RAF, except in a few high density patches (current study). Álvarez-

Lopez et al. (1984) reported isolated patches of P. montana with densities of up to 240 

plants/ha in RAF (Cardona et al. 1986). These high density patches occur in plant 

communities dominated by planted Swietenia macrophylla (big-leaf mahogany), which is 

mostly located in the northeast region of RAF (Álvarez-Ruiz et al. 1997, Cardona et al. 1986, 

Ashton & Friday 1984). Álvarez et al. (1997) recorded relative frequencies and relative 

densities of P. montana in S. macrophylla plantation communities at almost twice that of S. 

macrophylla. High abundance of P. montana within this forest community is likely 

attributable to the shady and wet conditions of deep sinkholes dispersed throughout the 

mahogany plantations (Álvarez-Ruiz et al. 1997, Cardona et al. 1986). 

 

Roystonea borinquena (O.F. Cook) 

 R. borinquena is part of the Palmae family and is commonly known as Puerto Rican 

royal palm or palma real. It is widespread throughout Puerto Rico in wet and dry open areas 

and as an ornamental in urban areas. It is also native to Vieques Island (Puerto Rico) and St. 
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Croix (U.S. Virgin Islands). It grows best in wet Ultisol, Alfisol, Inceptisol, and Oxisol soils 

in a moist climate, often along river banks (Francis 1992, Little et al. 1991).  

 R. borinquena typically grows to about 20 to 25 m in height and is distinguished by a 

thick trunk, swollen at the middle or top of large individuals. R. borinquena become 

reproductively mature at about 7 to14 years of age if grown in optimal conditions. 

Throughout their range, they grow and reproduce best from sea level to 600 m in elevation 

and in regions with 1,250 to 2,500 mm of precipitation annually (Francis 1992). 

 An average of 3.2 ± 0.2 fruit clusters are usually present at the base of the leaves of most 

large R. borinquena growing in open areas (Francis 1992, Little et al. 1991). Reproductively 

mature individuals bear fruit clusters which produce approximately 6,000 to 12,000 fruits per 

cluster. Fruits are reddish-brown and about 1.25 cm in diameter with a hard inner seed of 

approximately 7 to 8 mm in diameter (Francis 1992, Cardona et al. 1986). 

R. borinquena fruit is among the most abundant of the potential food sources for A. 

vittata in RAF (Collazo & Groom 2000, Cardona et al. 1986). A tracking study by Saracco 

(2001) concluded that frugivorous birds in Puerto Rico consistently preferred to forage from 

trees with large quantities of fruit and visitation to fruiting trees was not necessarily based on 

fruit quality. Fruit from R. borinquena is nutritional, with high lipid content in the fleshy 

pericarp (44.38% lipids) (Collazo & Groom 2000, Francis 1992).  

Wild A. vittata have not been observed eating the fruit of R. borinquena in CNF, possibly 

because this palm is uncommon in the forest. However, captive parrots in the José L. Vivaldi 

Memorial Aviary breeding facility were fed R. borinquena and P. montana fruits for up to 

two years prior to their release into RAF and have since been observed repeatedly foraging 

on R. borinquena fruits in the wild (White, pers. comm. 2007).  
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R. borinquena composed part of the historical plant community that grew in the RAF 

area at least since 1928 (Álvarez-Ruiz et al. 1997). Mature reproductive R. borinquena are 

primarily found in scattered “palm savannahs” (Tomlinson 1990) in wet, open canopy 

swamps in RAF (Francis 1992, Álvarez-Ruiz 1997, Cardona et al. 1986, Ashton & Friday 

1984).  

 

P. montana and R. borinquena growth and abundance  

The abundance of P. montana and R. borinquena in RAF was last reported by Álvarez-

Ruiz et al. in 1997 and Collazo & Groom in 2000. Thirteen different plant communities were 

surveyed, including three communities historically planted with S. macrophylla, Calophyllum 

calaba (maría) and Petitia domingensis (cábo blanco). P. montana plants were only found in 

S. macrophylla plantation communities, which are primarily located in the less accessible 

northern region of the forest. R. borinquena were only recorded in the naturally regenerated 

semi-evergreen seasonal forest community.  

Collazo & Groom (2000) performed a study of density of fruiting trees used by 

frugivorous birds in the karstic region of Puerto Rico. R. borinquena were among the most 

common species sampled over four study sites. They recorded density of mature and juvenile 

palms in RAF in the spring of 2000. Density of reproductive R. borinquena was 4.23 stems 

per hectare and density of juveniles was 93.92 stems per hectare. No P. montana was found. 

Valleys, hillsides, hilltops, Hibiscus elatus (mahoe) and Tectona grandis (teak, teca) 

plantation communities were all included in their transect survey of RAF. Inman (2007) 

reported high densities of R. borinquena seedlings in H. elatus plantation communities near 

forest trails.  
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P. montana and R. borinquena fruiting 

Lugo et al. (1998) reported that flower and seed production in mature, reproductive P. 

montana increases as canopy crown cover decreases. In 1986, 38% of mature P. montana in 

RAF were fruiting at maximum capacity. Of the remaining 62%, the proportion that was 

fruiting at lower capacity and those that were not fruiting is unknown (Cardona et al. 1986). 

Fruit production of mature P. montana in RAF peaked in December (Cardona et al. in 1986).  

In a study of 36 mature R. borinquena plants distributed along trails in RAF, Cardona et 

al. (1986) found most individuals in a co-dominant canopy position. Where large R. 

borinquena were present in a suppressed, intermediate, or co-dominant position within a 

forested community, they rarely produced fruit. But, when the crown of a mature palm was 

exposed to sufficient light in a dominant or emergent canopy position fruit was commonly 

found (Francis 1992). 

In a survey of 100 mature R. borinquena by Francis (1992), 35 did not possess fruit 

clusters. In RAF, Cardona et al. (1986) found 50% to 94% of mature R. borinquena fruiting 

at any month of the year. The heaviest fruit production occurred in May, but ripe fruit was 

present in RAF continuously (Collazo & Groom 2000, Cardona et al. 1986).  

 

Study Purpose and Objectives 

No forest inventory of RAF has been found for the time during which timber plantations 

were being established and other areas were naturally regenerating in the region prior to the 

1950s. It is likely that remnant forest communities scattered throughout the region on the 

most rugged terrain were the source of propagules for naturally regenerated species found 

within current forest communities. Although no P. montana or R. borinquena were found in 
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the most current surveys of plantation areas in RAF (Collazo & Groom in 2000, Álvarez-

Ruiz et al. in 1997), both species have recently been noted in plantation areas (Inman 2007, 

current study). The current representation of these palm species in forest communities of 

RAF is unknown, and is therefore a focus of this study. 

In order to better understand the relationships between reproduction, growth, and fruiting 

in RAF, P. montana and R. borinquena were studied within the differing environmental 

conditions presented by naturally regenerated mixed-species forests (natural-mixed), and 

those dominated by tree species planted during the period between 1936 and 1950. Within 

the 811.1 hectares of abandoned tree plantations, two common species are H. elatus (153.4 

ha) and T. grandis (87.9 ha) (Álvarez-Ruiz et al. 1997). A comparison of palm populations in 

natural-mixed forests and those dominated by H. elatus and T. grandis is of interest because 

H. elatus is evergreen (Weaver & Francis 1988), T. grandis is seasonally deciduous (Weaver 

1993), and natural-mixed forests are widespread in RAF and have structurally diverse 

canopies. These varied conditions may impact palms and investigation of differing 

characteristics may provide clues about effective enhancement of the abundance and fruiting 

of palms beneficial to A. vittata. 

 

METHODS 

 

Palm Size and Abundance Inventories 

Site Factors and Plot Design  

An inventory of P. montana and R. borinquena size and abundance was conducted in 

RAF during the summers of 2005 and 2006 in three different forested community types: H. 
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elatus plantation communities, T. grandis plantation communities, and secondary, naturally 

regenerated forests of mixed size and species (native-mixed) (Figure 2, Appendix 1).  

Areas dominated by H. elatus (inventoried in June 2005) or T. grandis (inventoried in 

June 2006) or native-mixed species (inventoried in July 2006) that were no further than 

approximately two kilometers from established forest trails were identified using a historical 

plantation and forest map of RAF (Ashton & Friday 1984). Eight separate locations for each 

plantation species and natural forest that were large enough to accommodate one 20 x 46 m 

plot in each location were identified (Ashton & Friday 1984). Each plot (n = 8 by forest type) 

contained five 6 x 20 m subplots, spaced four meters apart (Figure 3). A 5 m buffer of similar 

forest surrounded the perimeter of each plot. A buffer was used to ensure that all palms found 

in the plots were wholly contained within the correct community type.  

Each plot was delineated within a site by arbitrarily selecting an entry point, measuring a 

buffer of 5 m from the edge, and orienting the center of the 46 m dimension of the plot at a 

compass angle of 250 degrees. Subplots were established along that line of orientation as 

illustrated in Figure 3. Subplots were designated 0, 10, 20, 30, and 40 corresponding to their 

distance position (in meters) along the line of orientation. 

Using a clinometer, I measured slope from the center of each subplot to a point 

approximately 10 m away in the direction of the aspect. Values from each subplot were 

averaged for each plot. 

 

Palm Inventory Factors  

For each P. montana and R. borinquena found within each subplot a variety of 

measurements were taken, depending on the size of the palm (Figure 4). Seedling height was 
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measured with meter tape (± 1 cm) and height of palms taller than approximately 2 m were 

measured with a clinometer (± 10 cm). Diameter of seedlings was measured at ground level 

using calipers (± 0.1 mm) and diameter of larger palms was measured with diameter tape (± 

0.1 cm). The number of palms by species on each subplot was averaged across the 5 subplots 

to yield single plot estimates for each.  

Each palm was classified by size using the following guidelines (adapted from Tomlinson 

1990): 

• Seedling phase: a palm without a woody stem  

• Establishment phase: development of complex leaves and a woody stem 

P. montana: <230 cm in height from base to the last leaf split  

R. borinquena: <250 cm in height from base to the last leaf split  

• Mature vegetative phase: uniform diameter of additional trunk formation, fixed leaf size 

P. montana: 230-800 cm in height from base to the last leaf split 

R. borinquena: 250-1310 cm in height from base to last leaf split  

• Mature reproductive phase: formation of flowers and fruit 

P. montana: >800 cm in height from base to the last leaf split 

R. borinquena: >1310 cm in height from base to the last leaf split  

 

Environmental Factors 

Basal area (± 0.9 m²/ha), percent canopy cover (± 1%), and percent ground vegetation 

coverage (± 1%) data were collected at the centers of subplots 10 and 30 in each plot (Figure 

3) and then averaged to represent the entire plot. A 10-factor prism was used to measure 

basal area, a convex spherical crown densiometer (Robert E. Lemmon, Forest Densiometers, 
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Bartlesville, OK) was used to record percent canopy cover, and a downward-turned GRS 

densitometer™ (Geographic Resource Solutions, Arcata, CA) was used to record percent 

ground vegetation coverage. For both canopy and ground vegetation cover determinations, 

measurements were taken at 5 locations each in subplots 10 and 30 (Figure 3) and averaged 

to represent the entire plot. Dominant tree canopy height was estimated in each plot using a 

clinometer. 

In each subplot, up to eight of the visually most abundant species of understory 

vegetation were recorded to capture descriptive trends in plant composition. In the plots 

located in native-mixed forests, midstory and overstory species were also recorded.  

At the center of each subplot, mineral soil was collected from ground surface to a depth 

of approximately 20 cm (July and August 2006) and submitted to Laboratorio Agrológico, 

Estado Libre Asociado de Puerto Rico, Departmento de Agricultura (Dorado, PR) for 

determination of soil pH and concentrations of phosphorus, potassium, calcium, magnesium, 

copper, iron, manganese, and zinc. Subplot soil findings were averaged for a plot-based 

estimate. 

 

Statistical Analysis 

To evaluate differences in height and diameter measurements and abundance of palms 

within and between the three forest types we performed a variety of statistical tests. In 

species and size classes with at least 5 size measurements in each forest type, we used a 

mixed model ANOVA. This test evaluated two different levels of variation 1) among the 

three forest types, and 2) between the eight plots within forest types. P. montana seedlings 

and establishment phase R. borinquena abundance were too low and unevenly distributed to 
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use ANOVA. Instead, we created an index of abundance in each plot where 0 = no palms, 1 

= 1-30 palms, and 2 > 30 palms. Frequency tables produced by Fisher’s Exact Test revealed 

the significance of associations between the abundance of palms in plots and differing forest 

type. We analyzed differences in abundance of R. borinquena seedlings between forest types 

with a two-way ANOVA test. 

We examined the relationship between environmental factors and seedling height and 

diameter for both species of palms in a correlation matrix. Environmental factors that were 

significantly correlated with seedling size measurements across all forest types were tested as 

covariate predictors of size measurements using a Type 3 ANCOVA test. Possible variation 

between replicate plots within forest types was controlled in these tests. Three environmental 

factors in each ANCOVA test that most significantly predicted size measurements were 

added to a final regression model. We reported covariate environmental factors with p-values 

less than or equal to 0.10. All statistical procedures were performed using SAS software 

(SAS, Inc., Cary, NC).  

 

Palm Fruiting Inventories 

A non-random and inconsistently replicated survey of accessible sites in and around RAF 

was conducted in July 2006 to inventory P. montana and R. borinquena bearing fruit, in 

order to assess the site and plant characteristics of fruiting palms. Insufficient numbers of 

fruiting palms of either species were found in the “Palm Size and Abundance Inventories” (as 

described previously) and therefore we used this alternate approach to collect qualitative 

observations. We sought patches of mature palms of both species throughout accessible areas 

of RAF and nearby vicinities, and found some in the following site types: open canopy 
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wetlands (n = 5 patches), H. elatus (n = 7 patches) and T. grandis (n = 1 patch) plantation 

communities, open valleys (n = 2 patches), a naturally forested wet sinkhole (n = 1 patch), a 

naturally forested hillside (n = 1 patch), and a manaca palm (Calyptronoma rivalis) 

plantation (n = 1 patch).  

For each site type where we found a substantial patch of densely populated mature palms 

we selected one data collection point where we could readily observe the base of each palm’s 

crown. We obtained data for each patch by recording information about all palms in view 

within 360 degrees of the point of data collection. In a few cases the patch was too large to 

view entirely from one location so we chose another observation point at the opposite end of 

the patch and were careful to avoid counting the same palm twice. At each location, we 

recorded palm species, the approximate area of the patch, the approximate height of each 

palm (in 5 m intervals), the canopy position of each palm (suppressed, intermediate, co-

dominant, dominant, or emergent), and fruit presence (yes or no). We generated simple 

descriptive statistics from these data. 

 

RESULTS 

 

Palm Size and Abundance Inventories 

 In 2005 and 2006, most P. montana (97.8%) and R. borinquena (95.4%) found in all 

three forest types combined were seedlings (Table 2). P. montana seedling abundance was 

significantly higher in T. grandis plantation communities (n = 219) than in H. elatus (n = 39) 

or natural-mixed (n = 5) communities (by Fisher’s Exact Test, p = 0.07). Abundance of R. 

borinquena seedlings and establishment phase palms were not significantly different between 
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forest types. However, the largest number of R. borinquena seedlings were found in H. elatus 

forests (n = 342) and the most establishment phase R. borinquena palms were found in T. 

grandis forests (n = 18).  

 We measured fourteen different environmental factors to provide insight into differences 

between forest types. Where palm abundance and environmental factors differed between 

forest types, relationships may exist which could help explain palm presence. Canopy cover 

(%) and canopy height (m) were significantly higher in T. grandis forests than in natural-

mixed forests, and soil Cu, Fe, Mn, and Zn (ppM) were all significantly higher in T. grandis 

forests than in both other forest types. Ground cover (%) was significantly higher in natural-

mixed forests than in both other forest types, which were not statistically different from one 

another. Soil pH and soil Ca (ppM) were significantly different in all forest types with the 

highest pH and soil Ca levels in natural-mixed and the lowest in T. grandis forests (Table 3).  

 P. montana and R. borinquena seedling height and diameter measurements were not 

significantly different between forest types, but were significantly different between replicate 

plots within each forest type. Very few stems of either species in other size classes were 

found in any forest type (Table 2). 

 Although we found no relationships between size measurements and forest types, we 

performed a correlation procedure across all forest types to determine the direction and 

strength of any associations between the measurements on each plot and the 14 

environmental factors measured (Table 4). The following variables were all significantly (p ≤ 

0.10) correlated with P. montana seedling Height I and Diameter III: ground cover (%), soil 

P (ppM), soil K (ppM), canopy cover (%), canopy height (m), slope (degrees), and soil Cu 

(ppM) (Table 4). 
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 Among R. borinquena seedlings, Height I was significantly correlated with canopy cover 

(%), canopy height (m), soil P, Ca, Cu, Mn, and Zn (ppM). Diameter III was significantly 

correlated with canopy cover (%), canopy height (m), ground cover (%), soil P, Cu, and Mn 

(ppM) (Table 4). We did not determine correlations between environmental factors and size 

measurements in larger size classes of either species because of insufficient sample 

population sizes. 

 We performed ANCOVA tests on environmental factors which were significantly 

correlated (p ≤ 0.10) to Height I and Diameter III in both species of seedlings to determine 

which environmental factors remained significant between forest types after variation within 

replicate plots was controlled. No environmental factors were significant predictors of P. 

montana seedling Height I. Soil Cu and P were significant predictors of P. montana seedling 

Diameter III in ANCOVA tests. Canopy cover (%), canopy height (m), and soil Mn (ppM) 

were significant predictors of R. borinquena seedling Height I. Canopy cover (%), canopy 

height (m), and soil Cu (ppM) were significant predictors of R. borinquena Diameter III. No 

covariate environmental factors significantly interacted with one another (Table 2). 

 There were substantial differences and similarities among the common species found in 

the three forest community types inventoried (Table 3). 

 

Palm Fruiting Inventories 

 Overall percent fruiting of both P. montana and R. borinquena was higher in the patch 

found in a sinkhole community (70% P. montana and R. borinquena) than on a hillside 

(17.6% P. montana; 14.3% R. borinquena) (Table 5). All 13 mature R. borinquena found in 

the manaca palm plantation were fruiting (Table 5). 
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 We most often observed mature P. montana fruiting in co-dominant and dominant 

canopy positions. None were found in emergent positions in either of the two P. montana 

patches. Most mature R. borinquena in emergent canopy positions across all site types were 

fruiting. Relatively few mature R. borinquena across site types were present in intermediate 

and co-dominant canopy positions, and those in a dominant canopy position were often not 

fruiting (Table 5). 

 Fruit presence was positively related to height in both patches of P. montana and in most 

sites where R. borinquena were found. The most P. montana, with or without fruit, were 

approximately 10 to 15 m tall. The most R. borinquena were approximately 16 to 25 m tall 

(Table 5). 

 The hillside and sinkhole P. montana patches were approximately 2,500 m² and 4,000 m² 

in size, respectively. Most fruiting R. borinquena patches were ≤ 2,000 m² in size, with the 

exception of a high percentage of fruiting R. borinquena (73.7%) in open valley sites (Table 

5). 

 Fruiting R. borinquena were most abundant (58 fruiting palms) in the 16 to 25 m height 

class in open valleys. The highest percentage of fruiting R. borinquena was in the manaca 

palm plantation. All 13 R. borinquena in the manaca palm plantation were fruiting, in the 16 

to 25 m size class, and the patch was approximately 800 m² in size. We found a relatively 

large number of mature R. borinquena in H. elatus plantations where patches were ≤ 2,000 

m² (55 palms) and individuals were in dominant and emergent canopy positions (34 palms) 

and in the 16 to 25 m size class (45 palms). However, fewer R. borinquena were fruiting 

overall in H. elatus plantations (27.4%) than in other more successful site types, such as the 

manaca plantation (100%) and open valley sites (83.1%) (Table 5). 
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DISCUSSION 

 

Palm Size and Abundance Inventories 

 P. montana seedling abundance was the only measurement in all size classes of both 

species to significantly differ between forest types with the most individuals in T. grandis 

plantation communities. If abundance can be perceived as an indicator of growth potential, 

the environmental conditions and historical land use associated with T. grandis plantation 

communities may provide P. montana seedlings with better growing conditions than other 

forest types studied.  

 Although they are seasonally deciduous in RAF, T. grandis forests had significantly 

higher canopy cover (%) measurements during the summer than both other forest types 

(Table 3). Multiple measurements of canopy cover throughout different seasons would more 

accurately capture the full range of cover conditions in T. grandis forests. Nevertheless, T. 

grandis forests had significantly higher canopy cover (%), canopy height (m), and soil Cu, 

Fe, Mn, and Zn (ppM) and significantly lower soil pH and Ca (ppM) levels than other forest 

types in this study. Therefore, these factors may be important to the growth potential of P. 

montana seedlings (Table 3). If further studies support these findings and previous literature 

is considered, it is reasonable to suggest that P. montana seedlings may grow well in areas 

within RAF with seasonally shady (Lugo et al. 1998, Álvarez-Ruiz et al. 1997, Little et al. 

1991, Cardona et al. 1986) and tall canopies, relatively acidic soil, and relatively high levels 

of Cu, Fe, Mn, or Zn. 

 Other environmental factors may be important to consider when determining optimal 

locations for R. borinquena and P. montana seedling growth in RAF. These findings may be 
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most applicable to the management of naturally occurring seedlings. Soil chemistry could be 

important to the success of P. montana seedlings as indicated by significant findings of a 

negative association with soil Cu (ppM) and a positive relationship with soil P (ppM) (Table 

2, 4). However, the influence soil Cu (ppM) has on P. montana success is unclear, as soil Cu 

has a positive relationship with P. montana abundance, but a negative relationship with P. 

montana height and diameter. Controlled experiments of the effects of soil Cu and P levels 

on P. montana seedlings may be useful in determining sites in RAF with optimal soil 

chemistry to promote growth. Other literature suggests P. montana seedlings grow well in 

moderate shade and wet substrate (Álvarez-Ruiz et al. 1997, Cardona et al. 1986). Studies of 

the addition of P to wet soils where P. montana seedlings naturally occur and soil P levels are 

relatively low in RAF would produce more powerful conclusions about the relationship.  

 Soil Mn and Cu were associated with size of R. borinquena seedlings. Seedling Height I 

and Diameter III measurements had positive relationships with both soil Mn and Cu, 

respectively (Table 2, 4). These results stress the importance of soil testing, and perhaps the 

need to evaluate the impact of micronutrients on palms. Because R. borinquena seedlings 

flourish in locations with relatively open canopy (Francis 1992, Little et al. 1991), it follows 

that Height I and Diameter III measurements both share negative linear relationships with 

canopy cover (%) (Table 2, 4). Conversely, both measurements have a positive linear 

relationship with canopy height (m) (Table 2, 4). Canopy height is a direct function of 

canopy species composition, canopy tree age, edaphic conditions, and overall site quality. 

Any of these factors individually, or in combination with others, could be a driving force 

responsible for the relationship between canopy height and R. borinquena seedling size. As 

in any ecosystem, an indefinite number of environmental variables within RAF likely 
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contributed to the success of palms found in study plots. The predictive variables identified 

in this study should be considered in determining locations to promote the growth of 

naturally occurring palm seedlings in RAF. 

 

Palm Fruiting Inventories 

 Where P. montana was found in high density patches in RAF, fruit production occurred 

most often in wet, sinkhole environments when palms were 16 to 20 m tall and in co-

dominant and dominant canopy positions (Table 5). These findings support previous studies 

that suggest P. montana may be most reproductively successful in wetter microclimates with 

moderate exposure to sunlight (Lugo et al. 1998, Álvarez-Ruiz et al. 1997, Little et al. 1991, 

Cardona et al. 1986).  

  Extremely wet soils may not be as important to R. borinquena fruit production as 

sunlight availability (Francis 1992). In the present study, fruit production was highest in the 

manaca palm plantation (100% fruiting) where all palms were in dominant or emergent 

canopy positions and thus, where sunlight was most available (Table 5).  

 Although it is important to consider the environments in which the highest percentage of 

palms produced fruit, the abundance of mature palms in an environment is equally, if not 

more important, to consider. Communities with a high abundance of palms may provide a 

more sustainable provision of fruit over time as the tallest palms in a patch die and palms in 

other canopy positions emerge. We found the most mature P. montana in sinkhole 

environments (n = 20) and the most mature R. borinquena palms in open valleys (n = 89) 

(Table 5). 
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Chapter 2. The Impact of Fertilizer and Artificial Gaps on the Growth of Naturally 

Occurring Prestoea montana and Roystonea borinquena Palms in Río Abajo Forest, 

Puerto Rico 

 

INTRODUCTION 

 

The United States Secretary of the Interior listed Amazona vittata (Puerto Rican Parrot) 

as an endangered species in the March 11, 1967 Federal Register (32 FR 4001), prompting 

the protection of one of the 10 most endangered birds in the world (White et al. 2005, Wiley 

et al. 2004, USFWS 1999). In the year after the endangered status of A. vittata was declared, 

the United States Fish and Wildlife Service (USFWS) and the United States Forest Service 

(USFS) signed a cooperative agreement to enhance recovery efforts for A. vittata.  The 

Puerto Rico Department of Natural and Environmental Resources (PRDNER) joined the 

partnership in 1983 and continues to work with these agencies today. The agencies’ ultimate 

goal is to increase the one isolated wild population of A. vittata in the Caribbean National 

Forest (CNF) to two separate populations in Puerto Rico with wild effective population sizes 

of at least 500 birds each by 2020. The second location for the reestablishment of the wild 

parrot population is Río Abajo Forest (RAF) in the karst region of north-central Puerto Rico 

(Figure 1) (USFWS 1999). If this goal is achieved A. vittata may be downlisted to threatened 

status (USFWS 1999). This will require forest habitats where the bird can find security from 

predators, suitable nesting habitat, and adequate food resources. The purpose of the current 

study is to evaluate the effectiveness of artificial canopy gap creation and soil fertilization to 

enhance growth rates of two critically important food resources for the parrot. These are the 
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fruits of the forest palms Prestoea montana (sierra palm) and Roystonea borinquena (royal 

palm), which occur naturally in RAF. 

 Although P. montana is available as a food resource for A. vittata in RAF, it is not 

abundant. The majority are present in the subcanopy of S. macrophylla tree plantation 

communities in remote reaches of the forest (Álvarez-Ruiz et al. 1997, Cardona et al. 1986, 

Ashton & Friday 1984). Seedlings of this species are scattered throughout H. elatus and T. 

grandis plantation communities, but larger P. montana individuals are virtually absent. A 

few high density patches of mature P. montana are known in three accessible locations in 

RAF among H. elatus and T. grandis plantation communities (current study, Figure 5). 

R. borinquena is ubiquitous in RAF, but is primarily concentrated in open canopy 

wetlands throughout accessible areas of the forest (Ashton & Friday 1984). Seedlings are 

relatively dense in H. elatus and T. grandis plantation communities, but mature R. 

borinquena are lacking. Carlo et al. (2000) recommended augmentation of the R. borinquena 

population in RAF to increase the total availability of lipid-rich fruit for released A. vittata. 

Similarly, augmentation of P. montana populations could help provide more resources to A. 

vittata. Management of targeted plant species to enhance food availability for this bird 

species would be a classic form of featured species habitat management (Noss et al. 1997). 

 

Techniques to Increase Palm Growth and Fruit Production 

Excluding genetic manipulations, many techniques to increase growth and productivity of 

commercial palms have been utilized such as irrigation, hand-pollination, fertilization and 

low density plant spacing to increase light access.  
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Irrigation is a necessity in arid regions in the Middle East where palms are often 

commercially grown for fruit (Al-Amoud 2006). Conventional surface drip irrigation is 

regularly employed on date palms (Phoenix dactylifera), but a study of subsurface drip 

irrigation revealed an increase in date palm yield while conserving more water than 

traditional irrigation practices (Al-Amoud 2006). In northeast Brazil, a slight increase in 

irrigation water volume on a dwarf-green coconut palm (Cocos nucifera) increased fruit yield 

by 12% (de Azevedo et al. 2006). Irrigation is clearly an advantageous technique to consider 

in increasing commercial palm fruit production, but is impractical and unlikely to relieve a 

limiting factor in wet, humid environments such as the north-central karst region of Puerto 

Rico.    

Hand-pollination of dioecious palm tree flowers is another well-established technique 

used in commercial palm fruit farming (Popenoe 1922). Studies have been conducted to 

determine if specific quantities of pollen, frequency of application, and method of application 

significantly alter date fruit yield (ElMardi et al. 2002, Haffar et al. 1997). Cunningham 

(1996) determined that hand-pollination of a rainforest understory palm (Calyptrogyne 

ghiesbreghtiana) growing under natural conditions yielded more fruit than naturally 

pollinated palms. Hand-pollination is a viable option for commercial propagation of the 

dioecious date palm, but would be highly impractical and probably not significantly increase 

fruit yield in the monoecious palms P. montana and R. borinquena (Little et al. 1991) of 

interest as food resources for A. vittata. 

Fertilization is a common technique used to increase growth in trees limited by soil 

nutrient availability. In several species of Jamaican montane forest trees growing under 

climatic and edaphic conditions similar to those of RAF, diameter of experimental trees was 
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significantly larger after fertilization with P than those in control plots after two years, while 

trees fertilized with only N had significantly larger diameters after three years (Tanner et al. 

1990). Root ingrowth in the same montane forest and another similar forest was measured in 

fertilized and control plots to test the effects of fertilizer cores inserted into the ground near 

plants. In tests of N, P, and N+P fertilizers, root ingrowth was significantly higher in all 

fertilized plots (Stewart 2000).  

In palms, an addition of nutrients is usually beneficial to growth and fruit production. For 

general horticultural care of landscape palms, University of Florida Extension recommends 

the addition of an NPK fertilizer with micronutrients in a controlled release formula (Worden 

et al. 2002). Very little peer-reviewed literature exists on the nutrient requirements of R. 

borinquena, although it is known that the species can tolerate soils with poor nutrient content 

but growth is sometimes limited when grown on eroded soils (Francis 1992).  

In the Caribbean National Forest (CNF), a forest dominated by P. montana in many 

areas, nutrient competition is highest in the seedling phase of the palm (Van Valen 1975). In 

a greenhouse experiment significant growth and an increase in photosynthesis was detected 

after N was applied to the soil of potted P. montana seedlings (Myster & Fletcher 2005). In 

larger palms in the P. montana forests of CNF, P is conserved in new leaves when it is 

translocated from dying leaves just before they fall. However, because root tissues do not 

concentrate P as well as the palm’s leaves and a high rate of annual rainfall causes excessive 

runoff, the forest system is ultimately leached of P (Lugo et al. 1998, Frangi & Lugo 1985).  

 Various combinations of nutrients produce differing effects on palm growth and fruit 

yield in commercial industries. In a plantation setting, an addition of NPK fertilizer caused 
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three genotypes of coconut palms (Cocos nucifera) to significantly increase fruit yield over 

an 18 year period (Hameed Khan et al. 1986).  

 Heart of palm, the new leaf growth of peach palm (Bactris gasipaes), often responds well 

to fertilizer in plantations. High levels of N combined with low levels of P and K resulted in 

high yields of heart of palm in a study by Ares et al. (2003). Total palm height and yield of 

the peach palm fruit, which is also commercially sold, did not increase with applied NPK 

fertilizer. A comprehensive review of nine studies of peach palm response to applied 

fertilizer revealed a general increase in fruit yield and biomass with the addition of N, K, and 

Mg (Deenik et al. 2000). 

 

Light Availability in Natural Communities 

 Most commercially-grown palms have full access to sunlight, ruling out shade as a 

constraint to growth. However, in forested environments such as RAF, light availability can 

be limiting to palm growth and reproduction. Lugo et al. (1998) reported that P. montana 

needs moderate light as a seedling and less as it grows larger. In a study of P. montana 

growth from 1946 to 1982, seedlings that were in canopy gaps experienced growth bursts 

which suppressed seedlings did not. But, once a seedling transitioned to the next phase of 

growth, it did not respond similarly to increased light availability (Lugo & Batlle 1987). 

Although growth bursts do not continue to occur, there is evidence that flower and seed 

production increases with less shade (Lugo et al. 1998). Light availability is important to the 

growth and reproduction of P. montana, but according to Lugo & Batlle (1987) nutrient 

availability may be more limiting. 
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 R. borinquena is commonly found in Puerto Rico along the edges of streams and 

marshes, and also in drier locations where sunlight is available (Cardona et al. 1986, Little et 

al. 1991). It is also found within forest communities away from open water and in highly 

mesic conditions as well (pers. obs. 2006). When seedlings germinate in a forest, they 

survive best in gaps, but can tolerate moderate shade. Light availability is important, but 

competition for other resources has been found to compromise survival more severely 

(Francis 1992).  

 A study of light as a limiting factor to the survival and growth of P. montana and R. 

borinquena in H. elatus plantation communities in RAF was conducted by Inman (2007) 

from June 2003 to December 2004. Artificial canopy gaps were created by girdling all non-

native trees over 2.5 cm DBH in six 20 x 20 m plots and applying herbicide to cuts. Naturally 

occurring R. borinquena seedlings were measured in the artificial gap plots and in six 

untreated (full-canopied) control plots. Results indicated that seedlings grew faster in basal 

diameter and leaf length, but did not have higher survival rates in artificial gap plots than in 

control plots. Naturally occurring P. montana were not tested, but container-grown six month 

old P. montana (average height = 15 cm) and R. borinquena (average height = 25 cm) 

seedlings planted into the artificial gaps had significantly more height, basal diameter, and 

leaf length growth than in control plots. Survival between gap and control plots for planted 

seedlings did not differ. These results suggest that seedling populations of both palm species 

in intact forest communities in RAF are limited by light availability. 
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Study Purpose and Objectives  

PRDNER managers are currently considering the application of silvicultural techniques 

to increase populations and fruiting of P. montana and R. borinquena within RAF to ensure 

the availability of future food resources for released parrots. PRDNER may transplant 

locally-grown seedlings into the forest and/or manipulate the environment in which naturally 

occurring palms are currently found to stimulate growth and consequent fruiting. Because 

most of their efforts will target accessible abandoned plantation communities, most of which 

are dominated by H. elatus trees, it was important to focus research efforts in these areas of 

the forest. Most of this area is located in valleys between mogotes (Collazo & Groom 2000, 

Ashton & Friday 1984, Lowe & Ashton 1984).  

Seedling density of both palm species is relatively high in H. elatus plantation 

communities in RAF (Table 2), and mature P. montana and R. borinquena patches are 

present nearby and within them (Table 5, Inman 2007). In response to the RAF managers’ 

needs, the effects of fertilizer and artificial canopy gaps was studied under these conditions. 

The following objectives were pursued in this study: 

• examine the effects of inorganic NPK plus micronutrients on one year of growth of 

naturally regenerated P. montana and R. borinquena of different sizes in H. elatus 

dominated forests, and 

• examine the effects of inorganic NPK plus micronutrients on one year of growth of 

naturally regenerated R. borinquena seedlings in artificial canopy gaps in H. elatus 

dominated forests. 
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METHODS 

 

Palm Response to Fertilization 

Site Factors and Experimental Design  

The impact of inorganic fertilizer on the growth of naturally regenerated R. borinquena 

and P. montana individuals in secondary forests previously planted in H. elatus was studied 

in RAF during the summers of 2005 and 2006. Experiments took place in close proximity to 

or within palm inventory plots described previously (Tables 2-4, Figures 2, 3).  

All experimental palms were restricted to slopes less than 37 degrees (determined by 

clinometer), and within approximately two kilometers of maintained trails within the forest.  

In August 2006, a spherical densiometer (Robert E. Lemmon, Forest Densiometers, 

Bartlesville, OK) was used 1m due east, west, and north of each palm and directly above 

experimental seedlings, and readings were averaged to obtain percent canopy cover above 

each experimental palm. A 10-factor basal area prism (English unit prism, measurement 

converted to metric) was used 1m north and south of each palm and values were averaged to 

determine basal area surrounding each individual. The average of two basal area 

measurements was used to increase the precision of basal area measurements immediately 

adjacent to each experimental palm. 

In 2005, at least 20 R. borinquena and 20 P. montana in each non-reproductive size class 

(seedling, establishment, and mature; see Methods for “Palm Size and Abundance 

Inventories”) were located in six H. elatus locations in RAF. Approximately half of the 

palms were fertilized and about half left unfertilized. Palms of the same species and size class 

were generally paired as control (unfertilized) and fertilized individuals so that treatment 
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pairs were represented along the entire slope gradient of each area. Fertilized palms were 

never directly uphill of control palms to preserve the integrity of unfertilized experimental 

areas. 

Palms were fertilized in July 2005 with a 17-6-10 NPK plus minors (including Ca, Mg, S, 

Fe, Mn, Zn, Cu, B, and Mo) controlled release formula (9.1% ammoniacal N and 7.9% 

nitrate N) (Scotts-Sierra Horticulture Products, Marysville, OH, USA). This fertilizer was 

applied at an equivalent rate of 168 kg N/ha within a designated area for each size class 

(Table 6). Fertilizer granules were poured into small “shoe-heel” impressions evenly 

dispersed in the soil around each palm while avoiding direct contact with palm stems and 

leaving at least a 5 cm radius around medium-sized palm trunks. 

The effect of light availability and plant competition on these experimental palms was 

controlled by restricting sample individuals to those growing under a canopy dominated by at 

least 50% non-deciduous tree species, mostly H. elatus.  

Vegetation surrounding all experimental palms (fertilized and unfertilized) was 

eliminated within a standardized area (Table 6) to ensure that immediately adjacent above 

and below ground competition did not affect palm response to fertilization. In this area all 

vegetation below 1.7 m tall was sprayed with a 2% solution of the broad spectrum, wetlands-

approved contact herbicide, Glyfos Aquatic® (Cheminova, Inc., Wayne, NJ, USA). Within 

the same area, the woody stems of all plants taller than 1.7 m were cut or girdled with a hand 

axe and a 100% solution of Glyfos Aquatic® was applied to the wound. 

A variety of palm size measurements taken at the time of fertilization and one year later 

were used to examine the impact of changed nutrition on palm growth. Measurements which 
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significantly differed between fertilized and unfertilized palms over the study period and the 

number of palms available for each analysis are presented in Table 7.  

 A portable field chlorophyll meter, SPAD-502 (Minolta Co., Ltd., Japan), was used to 

assess experimental palm leaf chlorophyll, which is well correlated with leaf greenness and 

nitrogen content (Bauerle et al. 2004, Bullock & Anderson 1998, Shadchina & Dmitrieva 

1995), at the time of fertilization and one year after fertilization. 

 On all palms with leaves that could be reached, a SPAD-502 index of chlorophyll content 

was measured on one leaflet of each leaf. Measurements were obtained from the base, 

middle, and tip of leaflets located in approximately the middle of each crown (Figure 4). All 

SPAD measurements were averaged for each palm.   

 

R. borinquena Seedling Response to Fertilization in Artificial Gap Plots 

 From 2003 to 2004 at RAF a study of R. borinquena seedling response to light 

availability was conducted by decreasing the canopy cover in six 20 x 20 m plots through 

trunk girdling and subsequent herbicide application (Inman 2007). In December 2005 these 

artificial canopy gap plots were re-located and in keeping with Inman’s procedure (2007) 

non-native trees with DBH greater than 5 cm that emerged or persisted following Inman’s 

study were girdled with a hand axe and the wound treated with a 100% solution of Glyfos 

Aquatic®. Across the 6 plots a total of 35 R. borinquena seedlings were found in December 

2005. Seedlings were divided into control (unfertilized) and fertilized groups, competing 

vegetation was controlled, and fertilizer was applied to half of the experimental palms. The 

fertilization procedure was executed and measurements of palms and surrounding 

environmental factors were recorded the same as described in the “P. montana and R. 
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borinquena Response to Fertilization” experiment previously discussed (Tables 6, 7; Figures 

2, 4). Seedling heights and diameters were re-measured in July 2006, about 8 months after 

fertilization treatments were applied. 

 

Statistical Analysis 

 Two-way ANOVA was used to analyze the differences in size measurements from 

2005 to 2006 between control and fertilized palms of each species in each size class. 

Environmental factors were evaluated to determine whether growth differences could be 

attributed to influences other than artificial gap creation and fertilizer treatments. 

Surrounding tree basal area in 2005 and 2006, percent canopy cover in 2005 and 2006, and 

slope were tested as covariates in the palm growth response analyses, and where a covariate 

was significant, it was tested for interaction. A Student’s t-test was used to evaluate the 

difference in SPAD measurements from 2005 to 2006 for both species in each size class.  

 

RESULTS 

 

Palm Response to Fertilization 

 The difference in Height I of P. montana and R. borinquena seedlings from 2005 to 2006 

was significantly higher in palms that were fertilized than in those that were not. Damage to 

leaves and mortality in R. borinquena seedlings during the study period decreased the sample 

size for height and diameter analysis (Table 7), but also revealed a difference in mortality 

between unfertilized and fertilized seedlings (66.7% unfertilized, 22.2% fertilized). No 

mortality occurred in other size classes. 



 36

 Difference in Diameter III in P. montana seedlings over the study period was 

significantly larger in fertilized palms than in unfertilized palms (Table 7). Mortality was low 

(10% unfertilized, 10% fertilized) and damage to leaves was low to moderate (10% 

unfertilized, 30% fertilized). No other measurements of growth in any size class of either 

species significantly differed due to fertilizer treatments.  

 Although the same vegetation control procedures were followed around unfertilized and 

fertilized palms, basal area surrounding fertilized P. montana seedlings and establishment 

phase palms decreased more (p = 0.01) over the year than in unfertilized palms of those size 

classes (Table 7). In establishment phase R. borinquena, canopy cover above unfertilized 

palms decreased more over the year (p = 0.07) than above fertilized palms. No environmental 

factors were significant covariates. 

 

R. borinquena Seedling Response to Fertilization in Artificial Gap Plots 

 The average canopy cover of all artificial gap plots decreased from 77% in December 

2005 to 67% in August 2006 due to girdling and herbicide application of all non-native trees 

>5 cm DBH within plots in December 2005. Height I of R. borinquena seedlings in artificial 

gap plots did not significantly respond to the addition of fertilizer, but increase in Diameter 

III from 2005 to 2006 was significantly larger for fertilized palms than for unfertilized palms 

(Table 8). No environmental factors were significant covariates. 

 SPAD chlorophyll meter readings for fertilized palms decreased more from 2005 to 2006 

than in unfertilized palms (Table 8). Mortality over the study period was higher in 

unfertilized palms (47.1%) than in fertilized palms (27.8%). 
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DISCUSSION 

 

Palm Response to Fertilization 

The height and survivorship of R. borinquena seedlings and the height and diameter of P. 

montana seedlings in RAF were increased by the addition of inorganic fertilizer to soils 

surrounding seedlings, and therefore, soil nutrients may be a limiting factor to the success of 

these species in RAF (Table 7). These results corroborate findings of Myster & Fletcher 

(2005), Ares et al. (2003), Worden et al. (2002), Deenik et al. (2000), Stewart (2000), Lugo 

et al. (1998), Francis (1992), Tanner et al. (1990), Frangi & Lugo (1985), and Hameed Khan 

et al. (1986). Increasing growth and survivorship of seedlings is essential to the overall 

success of both species which typically have high seedling mortality rates and require many 

years of growth to begin reproduction (Lugo et al. 1998, Francis 1992, Snyder et al. 1987). 

 A significantly larger decrease in basal area surrounding fertilized rather than unfertilized 

seedling and establishment phase P. montana plants over the study period suggests that 

significantly larger growth in fertilized palms was not exclusively due to fertilizer treatments 

but to reduced vegetative competition. However, basal area was not a significant factor when 

tested as a covariate of palm growth and, therefore probably had no effect. Similarly, a 

significantly larger decrease in canopy cover from 2005 to 2006 above fertilized rather than 

unfertilized establishment phase R. borinquena suggests increased light availability may have 

influenced the significantly larger growth in fertilized palms. However, canopy cover was not 

a significant covariate of establishment phase palm growth and, therefore probably did not 

influence the difference in growth between fertilized and unfertilized palms. 
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 Because larger size classes of both species of fertilized palms did not significantly 

increase in size during the first year following fertilizer treatments, few conclusions can be 

drawn. The growth rate of P. montana and R. borinquena naturally slows with age as 

establishment phase individuals transition to a mature stage and eventually reach the canopy 

(Francis 1992, Lugo & Batlle 1987). It is possible that large palms grew minimally over the 

study period, but measurement methods we used were not precise enough to capture minute 

growth increases, including foliar expansion which could later lead to height and diameter 

increases.  

The methods used to measure establishment phase and mature palms may have 

contributed to insignificant findings as well. Palms possess large leaves which are entirely 

attached to the diameter of the trunk and eventually fall off as new leaves are formed from 

the center of the crown (Tomlinson 1990). This unique form creates multiple difficulties with 

height and diameter measurements in establishment phase and mature palms. Of all 

measurements analyzed in palms of these size classes (Height II, Diameter IV, and Diameter 

V) only Height II in mature palms significantly differed between fertilized and unfertilized 

palms over the study period and was reported. Height II of fertilized mature R. borinquena 

decreased more from 2005 to 2006 than Height II in unfertilized mature R. borinquena. This 

difference can be explained by the natural shedding of large leaves over time in mature 

palms, which can decrease the height of the "last leaf split" (see Figure 4).   

Other measurement methods may be more useful in future studies of establishment phase 

and mature palms than Height II, Diameter IV, and Diameter V measurements used in this 

study. Notching, a method of height growth measurement in which a palm is measured at a 

notched location on the trunk, may have produced more precise measurements. However, 
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this method was not preferred because of the scarcity of establishment phase and mature 

palms under forest canopies in RAF and the unknown mortality rate of establishment phase 

palms after notching is performed. The measurement methods used in this study may have 

yielded more significant findings if fertilizer had been applied annually to larger palms and 

growth data had been collected for a longer period of time than one year, as in many other 

studies of other palm species (Ares et al. 2003, Deenik et al. 2000, Hameed Khan et al. 

1986).   

 Although there were differences in growth between fertilized and unfertilized seedlings 

of both species, the SPAD chlorophyll meter readings did not significantly differ between 

unfertilized and fertilized palms in any size class. The SPAD meter can detect changes in 

chlorophyll content of leaves, which is highly correlated with nitrogen content (Bauerle et al. 

2004, Bullock & Anderson 1998, Shadchina & Dmitrieva 1995), but is less effective when 

the unitless index readings are greater than 50.0 units (Minolta Co., Ltd., Japan). The average 

SPAD readings recorded in establishment phase P. montana in the “Response to 

Fertilization” study was 60.1 units, and therefore, differences between treatments could not 

be reliably assessed using this indirect method. 

 

 

R. borinquena Seedling Response to Fertilization in Artificial Gap Plots 

 Differences in growth of fertilized R. borinquena seedlings in the “Response to 

Fertilization” study could not be compared to growth differences of seedlings in the artificial 

gap plot study because fertilizer was applied to experimental palms in the former study 

during July and August of 2005 and fertilizer was applied to palms in this study during 
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December 2005. The difference in seasonal microclimatic factors and a difference in time 

between original and final growth data collection in each study did not allow for comparison. 

Similarly, results from this study could not be directly compared to those in Inman’s (2007) 

study of the effect of artificial gap plots on R. borinquena seedling growth because 

measurements were taken in different years when environmental conditions may have 

significantly differed. However, the difference in growth increase between unfertilized and 

fertilized seedlings in artificial gap plots was analyzed to determine whether non-light limited 

seedlings were also being limited by soil nutrients.  

 R. borinquena Diameter III increased significantly more in fertilized rather than 

unfertilized seedlings in artificial gap plots from December 2005 to August 2006 (Table 8). 

Height I of seedlings averaged a larger increase in growth in fertilized rather than unfertilized 

palms, but had high variability between samples. As in the “Response to Fertilization” study, 

differences in height and diameter measurements due to treatments were not consistently 

significant, but mortality was much higher in palms that were not treated (“Response to 

Fertilization” study without canopy removal: control = 66.7% mortality, treatment = 22.2% 

mortality; Gap Plots: control = 47.1%, treatment = 27.8% mortality). These results suggest 

that fertilizer treatments can decrease mortality in R. borinquena seedlings, with or without 

the artificial creation of canopy gaps.  

 SPAD chlorophyll meter readings were significantly lower in fertilized rather than in 

unfertilized seedlings after a year of growth. This may be due to a dilution effect if a larger 

complement of foliage resulted from the fertilizer, but change in number of leaves over the 

year was not measured. Growth of fertilized seedlings in artificial gaps was significantly 

greater than in unfertilized seedlings, which indicates that added nutrients were utilized in 
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treated seedlings. SPAD meter readings did not significantly differ between fertilized and 

unfertilized palms in any experimental palms in the “Response to Fertilization” study, but 

differences in growth were found between control and treatment palms.  
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OVERALL THESIS CONCLUSIONS 

 

 The present distribution of P. montana and R. borinquena of all size classes, the fruiting 

patterns of mature palms, and their responses to light and nutrient management provide 

insight into the physiological requirements of both species in RAF. Success of naturally 

occurring P. montana seedlings in the forested systems of RAF is correlated with the 

presence of moderate shade and available P in soil. Seedling abundance increased with soil 

alkalinity and relatively high levels of micronutrients, which suggests seedling success may 

be influenced by these factors. Large fruit-bearing P. montana were mostly found in wet soils 

in the fruiting inventory and literature supports the assertion that under natural conditions this 

may be an environmental requirement for success (Álvarez-Ruiz et al. 1997, Cardona et al. 

1986).  

 R. borinquena seedling size measurements were greatest in areas of RAF with relatively 

open canopies and available micronutrients in the soil (especially Mn and Cu). Growth of 

naturally occurring seedlings positively responded to micronutrients in the fertilization study. 

Seedling size and growth were positively related to decreased canopy cover in the size and 

abundance inventory and the artificial canopy gap studies. Furthermore, previous studies 

emphasize the importance of an open canopy to fruit production (Francis 1992, Cardona et 

al. 1986). In the current studies a large percentage of fruiting palms were found in open 

valleys (83.1%) and relatively open-canopied manaca palm plantations (100%) in and around 

RAF. 
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Initial Management Objectives 

 To most efficiently increase A. vittata food resources in RAF, managers may first 

consider manipulating naturally occurring mature R. borinquena in abandoned plantations 

nearest the released parrots in RAF. Literature review and results of the current studies 

suggest mature R. borinquena is widespread in this area and fruit production may increase 

with light availability (Francis 1992, Cardona et al. 1986).  

 Although P. montana is present in RAF, wet soils may be the most limiting factor of fruit 

production in this species, as evidenced in the current studies and in previous reports of high 

P. montana density in the wettest soils in RAF (Álvarez-Ruiz et al. 1997, Cardona et al. 

1986). Manipulations of soil pH and micronutrient levels may improve P. montana success 

in the forest, but initially managerial resources would likely be more efficiently utilized if 

focused on simpler strategies to improve fruit production of the more abundant R. 

borinquena. 

 An initial management scheme for the improvement of food resources in RAF may 

include artificial canopy gap creation in shady forests where mature R. borinquena in co-

dominant and dominant canopy positions naturally occur. Targeting patches of palms within 

abandoned plantations closest to most released A. vittata may increase the likelihood of 

consumption if additional fruit production occurs in released palms. 

 Mature R. borinquena that are released from dense canopies may further benefit from the 

addition of inorganic fertilizer to surrounding soil. Literature reporting increased growth and 

fruit production in fertilized mature palms suggest that over time the uptake of additional 

nutrients and micronutrients in combination with increased light availability may increase R. 

borinquena growth and fruit production. 
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Strategic Management Objectives 

 After initial management objectives have been met, managers may wish to consider 

implementing sustainable food resource management plans in RAF. Manipulation of the 

environments in which seedling and establishment phase R. borinquena and P. montana 

grow may increase survival of small palms to a mature, reproductive phase over time. 

 Although extremely moist soil may not be imperative for R. borinquena success, 

literature indicates the species’ affinity for river banks and wet soils (Francis 1992, Little et 

al. 1991), inferring that these locations should also be considered in management. Because P. 

montana is most successful in wet soils in RAF, management of this species will likely be 

most effective in abandoned plantations in the wettest areas of the forest. The addition of 

fertilizer to soils surrounding small palms which naturally occur in an environment with 

appropriate soil moisture and light availability may improve survival and growth.  

 Transplanting R. borinquena into moist soils where light gaps occur and P. montana into 

wet soils in abandoned plantation areas is another management option that may increase 

sustainability of these species in RAF. Because mortality is greater in seedlings than in 

establishment phase palms (Lugo et al. 1998, Snyder et al. 1987), larger transplants may be 

more successful (Francis 1992). Control of competing vegetation surrounding palms may 

additionally increase success in RAF (Francis 1992).   

 Adequate management of these species over time could lead to an eventual increase in 

abundance of mature, reproductive P. montana and R. borinquena palms in RAF. As A. 

vittata becomes established in RAF, it is imperative that food resources are sustained. With 

the careful management of all size classes of P. montana and R. borinquena palms over time, 
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the habitat quality of newly released captive parrots can be improved and the probability of 

species success increased. 
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TABLES 
 
 
 

Peaks during High productivity
breeding season year round

Inga vera Prestoea montana Roystonea borinquena
Ocotea sintenisii Aiphanes acanthophylla Guarea guidonea
Erythryna poeppigiana Inga fagifolia -
Syzygium jambos Petitia domingensis -
Cupania americana Andira inermis -
Cecropia schreberiana Callophyllum calaba -

- Ficus citrifolia -
- Ficus sintenisii -
- Myrsine floridana -
- Solanum torvum -
- Citrus sinensis -
- Clusia rosea -

No peak during breeding 
season

Table 1. Timing of peak fruit production of food sources for A. vittata  in Río Abajo Forest, Puerto Rico 
related to the breeding season for A. vittata . Adapted from Cardona et al.  1986.
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Forest Community Type 
Palm species and 

growth phase
Measurement (see 
heading for detail) H. elatus T. grandis Natural Mixed F-value P-value F-value P-value

P. montana 

Seedling Height I (cm) 39.7 ± 15.9 (39) 25.1 ± 14.4 (219) 29.3 ± 8.1 (5) 2.11 0.15 6.23     <.0001

Diameter III (mm)¹ 5.6 ± 2.3 (39) 4.0 ± 2.4 (219) 4.4 ± 1.0 (5) 0.53 0.60 5.58     <.0001

Abundance/plot* 4.9 ± 6.2 (39) 27.4 ± 43.6 (219) 0.6 ± 1.4 (5) - 0.07 - -

Establishment Height I (cm) 256.7 ± 40.4 (3) - 203.0 (1) - - - -

Height II (cm) 100 (1) 75 (1) - - - - -

Diameter III (mm) 51.2 ± 12.7  (3) 65.6 (1) 42.0 (1) - - - -

Abundance/plot 0.5 ± 0.9 (4) 0.1 ± 0.4 (1)   0.1 ± 0.4 (1)   - - - -

Mature Height II (cm) - - 245.3 (1) - - - -

Diameter V (cm) - - 13.3 (1) - - - -

Abundance/plot - - 0.1 ± 0.4 (1)   - - - -

R. borinquena 

Seedling Height I (cm)² 48.5 ± 21.0 (342) 47.5 ± 18.4 (314) 44.5 ± 20.1 (238) 0.61 0.55 6.20    <.0001

Diameter III (mm)³ 4.7 ± 2.4  (342) 4.8 ± 5.1 (315) 4.2 ± 3.1 (238) 0.76 0.48 2.81     <.0001

Abundance/plot 42.8 ± 24.8 (342) 39.4 ± 26.3 (315) 29.8 ± 20.1 (238) 0.64 0.54 - -

Establishment Height I (cm) - 167.9 ± 59.6 (11) 281.6 ± 72.4  (7) - - - -

Height II (cm) 164.0 ± 29.1 (4) 68.9 ± 55.6 (16) 80.0 ± 59.4  (8) - - - -

Diameter III (mm) 95.1 ± 41.9 (4) 33.6 ± 23.0 (14) 54.3 ± 21.9  (7) - - - -

Table 2. Comparison of growth measurements and abundance of P. montana and R. borinquena  in four size classes (Mean ± SD (total number of palms)) from 8 plots (5 subplots per plot) for each of three forest 
community types in Río Abajo Forest, Puerto Rico, summers 2005 and 2006. Height I = distance from base to tip of the tallest leaf, Height II = distance from base to split of new growth and other leaves (i.e. last 
leaf split);  Diameter III = diameter at base of stem just above root base, Diameter V = diameter at last leaf scar on trunk, Diameter VI = diameter at breast height (1.3 meters from base); abundance = Mean ± SD 
found per plot (600 m²). See Figure 4 for detailed measurement locations and descriptions. 

Variation between three forest 
types (n=24)

Variation between plots 
within forest types**
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Table 2 (continued).

Forest Community Type 

H. elatus T. grandis Natural Mixed F-value P-value F-value P-value

R. borinquena 

Diameter V (cm) 100 (1) 77.2 ± 64.3 (3) 130.5 ± 0  (1) - - - -

Abundance/plot* 0.5 ± 0.8 (4) 2.3 ± 2.0 (18) 1 ± 1.8 (8) - 0.39 - -

Mature Height II (cm) 338.0 ± 16.9  (2) 404.4 ± 17.8 (3) 831.5 ± 512.6 (2) - - - -

Diameter III (mm) 166.5 ± 19.1  (2) - - - - - -

Diameter VI (cm) - 127.0 ± 5.4 (3) 260.1 ± 169.6 (2) - - - -

Abundance/plot 0.3 ± 0.5 (2)   0.4 ± 0.7 (3) 0.3 ± 0.7 (2) - - - -

Mature Reproductive Height II (cm) 2520.2 ± 93.4  (2) - 2283.7 ± 808.3 (4) - - - -

Diameter VI (cm) 425.0 ± 21.2  (2) - 325.6 ± 35.2 (4) - - - -

Abundance/plot 0.3 ± 0.7 (2) - 0.5 ± 1.1 (4) - - - -

Variation between forest types
Variation between plots 

within forest types**
Measurement (see 
heading for detail)

Palm species and 
growth phase

 
 
Notes: The statistical approach used was ANOVA (p ≤ 0.10) for each measurement type unless indicated by the presence of a footnote designation in column 2. Cells without values represent either size 
classes absent of palms or sample sizes of palms that were too low to statistically evaluate. Where covariates were significant, no interactions among them were. 
 
* Due to small sample sizes, abundance in P. montana seedling and R. borinquena establishment phases were compared between forest community types using Fisher's Exact test instead of ANOVA   
(see text for explanation). 
 
** This test reports possible measurement differences within plots in each forest type, but does not indicate which of the three forest types differed among replicate plots (n=8).  
 
¹ Soil Cu (F = 10.65, P = 0.07) and soil P (F = 5.05, P = 0.07) were covariates that significantly predicted Diameter III in P. montana seedlings.  
 
² Canopy cover (F= 7.98, P = 0.01), canopy height (F = 4.70, P = 0.04), and soil Mn (F = 8.55, P = 0.01) were covariates that significantly predicted Height I of R. borinquena seedlings. 
 
³ Canopy cover (F= 13.94, P = 0.002), canopy height (F= 9.46, P = 0.01), and soil Cu (F = 10.56, P = 0.004) were covariates that significantly predicted Diameter III of R. borinquena seedlings.  
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Environmental Factor H. elatus T. grandis Natural Mixed F value P value

Canopy cover (%) 73.4 ± 6.6 ab 76.7 ± 5.4 a 66.7 ± 12.5 b 2.72 0.09

Canopy height (m) 26.3 ± 4.9 a 27.3 ± 5.9 a 18.7 ± 2.9 b 8.25 0.002

Basal area (m2/ha) 34.8 ± 6.0 a 28.6 ± 7.1 b 19.7 ± 4.7 c 12.66 0.0002

Ground cover (%) 23.3 ± 15.6 a 21.1 ± 7.2 a 43.4 ± 11.2 b 8.63 0.002

Slope (degrees) 9.1 ± 7.1 13.2 ± 6.8 15.1 ± 10.5 1.08 0.36

Soil pH 5.7 ± 0.8 a 5.0 ± 0.5 b 6.2 ± 0.4 c 8.89 0.002

Soil P (ppm) 8.5 ± 9.3 7.8 ± 11.9 4.6 ± 1.9 0.44 0.65

Soil K (ppm) 296.5 ± 113.9 219.6 ± 144.3 216.3 ± 93.2 1.16 0.33

Soil Ca (ppm) 6661.9 ± 2578.7 a 3450.5 ± 2098.6 b 11746.7 ± 2957.8 c 21.21  <.0001

Soil Mg (ppm) 522.2 ± 139.9 419.4 ± 247.5 566.1 ± 221.2 1.05 0.37

Soil Cu (ppm) 1 ± 0.02 a 1.5 ± 0.3 b 1.0 ± 0.005 a 23.81  <.0001

Soil Fe (ppm) 5.1 ± 7.4 a 11.5 ± 5.2 b 1.7 ± 1.3 a 7.08 0.005

Soil Mn (ppm) 17.5 ± 16.2 a 49.0 ± 41.6 b 10.6 ± 15.8 a 4.48 0.02

Soil Zn (ppm) 1.1 ± 0.2 a 1.5 ± 0.6 b 1.0 ± 0.1 a 4.56 0.02

Table 3. Comparison of environmental measurements (mean ± SD) from 8 plots (5 subplots per plot) in each of three forest community types in Río Abajo Forest, Puerto 
Rico summers 2005 and 2006. Understory, midstory, and canopy species data was collected by observation only. Only understory species with at least 7 occurrences and 
midstory and overstory species with at least 4 occurrences in each forest type are given. No significant midstory existed in H. elatus and T. grandis communities. Means 
with a row followed by different letters were significantly different by ANOVA protected Tukey's Studentized Range (HSD) test, α = 0.10. Environmental factors that 
significantly differ between forest communities are in bold.

Forest Community Type
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Table 3 (continued).

Environmental Factor H. elatus T. grandis Natural Mixed F value P value

Understory Species Ferns, Guarea guidonia, 
Syzygium malaccense, Syzygium 
jambos, Calophyllum calaba, 
Chrysophyllum argenteum , 
Castilla elastica, herbaceous 
Bambusa spp.  

Calophyllum calaba, Miconia 
spp, Casearia sylvestris, 
Guarea guidonia, Ferns, 
Syzygium jambos

Ferns, Piper spp ., 
Syzygium jambos, 
Rondeletia inermis , 
Guarea guidonia, 
Parathesis crenulata, 
Dendropanax arboreus

- -

Midstory Species - - Thouinia striata, 
Dendropanax arboreus , 
Guarea guidonia, Syzygium 
jambos, Cecropia 
schreberiana , Calophyllum 
calaba, Hibiscus tiliaceus , 
Quararibaea turbinata

- -

Canopy Species H. elatus T. grandis Guarea guidonia, 
Calophyllum calaba, 
Petitia domingensis, 
Thouinia striata, Tabebuia 
heterophylla, Sapium 
lauracerasus, Coccoloba 
pubescens, Hyeronima 
clusioides 

- -

Note: Species in bold were unique to the corresponding forest community type, others were found in all three types.

Forest Community Type
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Height I Diameter III Height I Diameter III

0.23 0.13 -0.03 -0.06

0.0002 0.03 0.30 0.06

-0.29 -0.28 -0.07 -0.07

<.0001 <.0001 0.05 0.04

-0.41 -0.36 0.10 0.12

<.0001 <.0001 0.002 0.0004

-0.24 -0.20 -0.12 -0.01

<.0001 <.0001 0.47 0.56

0.19 0.20 -0.07 -0.06

0.002 0.001 0.04 0.07

0.21 0.14 0.03 0.001

0.001 0.03 0.34 0.97

0.09 0.06 -0.08 -0.03

0.13 0.35 0.02 0.32

-0.44 -0.39 0.07 0.13

<.0001 <.0001 0.03 <.0001

0.004 0.07 0.19 0.06

0.95 0.25 <.0001 0.07

-0.05 0.02 0.15 0.04

0.42 0.79 <.0001 0.21

Ground Cover (%)

Canopy Cover (%)

Canopy Height (m)

Environmental Factors

Seedlings
P. montana R. borinquena

Table 4. Pearson correlation coefficients (r) and significance level (p) [in bold] between R. borinquena or P. montana 
seedling growth measurements and environmental factors surrounding palms found on 8 plots (5 subplots per plot) in 
three forest community types in Río Abajo Forest, Puerto Rico, summers 2005 and 2006. Negative correlations are 
italicized. Height I = distance from base to tip of the tallest leaf; Diameter III = diameter at base of stem just above root 
base. See Figure 4 for detailed measurement locations and descriptions.  

Slope (degrees)

Soil P (ppM)

Soil K (ppM)

Soil Ca (ppM)

Soil Cu (ppM)

Soil Mn (ppM)

Soil Zn (ppM)
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OVERALL           % Fruiting Overall (Number of palms)

P. montana 70 (20) 17.6 (17) - - - - -

R. borinquena 50 (4) 14.3 (7) 27.4 (62) 45.5 (22) 83.1 (89) 57.5 (73) 100 (13)
CANOPY POSITION % Fruiting by Canopy Position (Number of palms)

P. montana

Suppressed 0 (2) 0 (6) - - - - -

Intermediate 71.4 (7) 30 (10) - - - - -

Co-Dominant 100 (7) 0 (1) - - - - -

Dominant 100 (2) - - - - - -

R. borinquena

Intermediate - 0 (4) 0 (11) 0 (2) 100 (1) - -

Co-Dominant - 0 (2) 0 (17) 0 (5) 71.4 (7) 25 (4) -

Dominant 50 (2) - 8 (21) 3 (7) 21 (27) 10 (26) 0 (2)

Emergent 50 (2) 100 (1) 69.2 (13) 87.5 (8) 87.0 (54) 72.1 (43) 100 (11)
HEIGHT CLASS      % Fruiting by Height Class (Number of palms) 

P. montana

10-15 m 53.8 (13) 7.7 (13) - - - - -

16-20 m 100 (7) 50 (4) - - - - -

R. borinquena

10-15 m 100 (1) 0 (5) 0 (15) 12.5 (8) 66.7 (24) 8.7 (23) -

16-25 m 33.3 (3) 0 (1) 37.8 (45) 64.3 (14) 89.2 (65) 70.2 (47) 100 (13)

26-35 m - 100 (1) 0 (2) - - 100 (3) -
PATCH SIZE (m²)                        % Fruiting by Palm Patch Size (Number of palms) 

P. montana

2001 - 4000 70 (20) 17.6 (17) - - - - -

R. borinquena

≤ 2000 - - 30.9 (55) 100 (32) 42.9 (21) - 100 (13)

2001 - 4000 50 (4) 14.3 (7) - 45.5 (22) - - -

4001 - 6400 - - 0 (4) - 73.7 (57) - -

undetermined size - - - - - 63.5 (52) -

Table 5. Percent mature P. montana and R. borinquena palms fruiting in patches in various environmental site types in Río Abajo Forest, Puerto Rico, July 
and August 2006. Total number of palms in each environmental site type and corresponding descriptive category is indicated in parentheses following 
percentages. Regular font indicates % fruiting between 0 and 50% and bold font indicates % fruiting over 50%.

Environmental Site Types (Number of patches found in each site type)

Species of palm and 
descriptive category
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Palm Size Class

Area of vegetation 
controlled around 

palm (m²)
Area fertilized 

around palm (m²)
Amount of fertilizer 
(17% N) used (kg)

Seedling 3 3 0.3

Establishment 6 6 0.6

Mature 13 9 0.9

Table 6. Area of vegetation control, area of fertilization, and fertilizer application amounts by size 
class of experimental palms in Río Abajo Forest, Puerto Rico
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Species Palm Size Class Measurement
F  and t  
statistics

P -value 
statistics

P. montana Seedling Height I (cm) 8.3 ± 5.7 (8) 26.8 ± 10.1 (6) 18.79 0.001

Diameter III (mm) 3.4 ± 2.5 (8) 7.8 ± 3.7 (7) 7.37 0.02

Basal Area (m²/ha) -1.2 ± 4.0 (8) -4.6 ± 3.2 (7) 2.49 0.03

Establishment Basal Area (m²/ha) 1.1 ± 5.3 (13) -7.4 ± 7.7 (9) 3.06 0.01

R. borinquena Seedling Height I (cm) -19.2 ± 9.5 (3) 2.3 ± 11.9 (6) 7.23 0.03

Establishment Canopy Cover (%) -8.2 ± 7.7 (10) -2.0 ± 6.9 (11) -1.94 0.07

Mature Height II (cm) 50.0 ± 84.8 (10) -8.7 ± 55.5 (10) 3.35 0.08

Canopy Cover (%) -7.0 ± 7.6 (10) -0.9 ± 7.1 (10) -1.9 0.08

Notes: Growth differences between non-fertilized and fertilized palms calculated by two-way ANOVA (p ≤ 0.10). Difference in canopy cover, and basal area were 
calculated using Student's t-tests (p ≤  0.10). No environmental factors were significant when tested as covariates.  

Fertilized 

Table 7. Comparison of significant differences in growth from early summer 2005 to late summer 2006 of non-fertilized and fertilized P. montana and R. borinquena  
palms in three size classes, and significant differences in canopy cover (%) and basal area (m²/ha) surrounding experimental palms in Río Abajo Forest, Puerto Rico (Mean 
± SD (total number of palms measured)). Height I = distance from base to tip of the tallest leaf; Height II = distance from base to split of new growth and other leaves (i.e. 
last leaf split);  Diameter III = diameter at base of stem just above root base; see Figure 4 for detailed measurement locations and descriptions.

Non-fertilized
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Measurement F P

Height I (cm) 4.7 ± 21.2 (9) 11.9 ± 21.3 (13) 0.61 0.44

Diameter III (mm) 3.2 ± 2.1 (9) a 6.2 ± 3.7 (13) b 4.75 0.04

SPAD -3.9 ± 4.8 (9) a -9.2 ± 6.2 (12) b 2.12 0.05

Fertilized Non-fertilized

Table 8. Comparison of differences in growth and leaf SPAD chlorophyll meter (0-100 unitless index; see text) readings from 
December 2005 to August 2006 of non-fertilized and fertilized R. borinquena  seedlings in artificial gap plots (72.3 ± 6.2% 
canopy cover averaged over all plots from 2005 to 2006) in Río Abajo Forest, Puerto Rico (Mean ± SD (total number of palms 
measured)). Height I = distance from base to tip of the tallest leaf; Diameter III = diameter at base of stem just above root base; 
see Figure 4 for detailed measurement locations and descriptions. 

Notes: Means with different letter codes (a, b) in each row had significant growth differences between non-fertilized and fertilized palms, by 
two way ANOVA (p ≤ 0.10). Difference in SPAD was calculated using Student's t-tests (p ≤  0.10). 

R. borinquena  seedlings
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FIGURES 

 
 
 

 
 
Figure 1. Map of the location of Puerto Rico in the Caribbean, the Caribbean National Forest, and the Río Abajo 
Forest in Puerto Rico (adapted from U. S. Fish and Wildlife Service 1999). 
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Figure 2. Location of P. montana and R. borinquena “Palm Size and Abundance Inventory” study plots (Chapter 1), “Response to Fertilization” study palms 
(Chapter 2), and “Artificial Canopy Gap” study plots (Chapter 2) in Río Abajo Forest, Puerto Rico.  



 62

 
 
Figure 3. Inventory plot design; shaded areas represent subplots surveyed for palms. Canopy and ground cover measurements were recorded in the center of 
subplots 10 and 30 and 1 m from the center of each subplot in each cardinal direction   (represented by      ). 
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Figure 4. Location of palm growth measurements and observations. Height I. distance from base to tip of the tallest leaf, Height II. distance from base to split of 
new growth and other leaves (i.e. last leaf split);  Diameter III. diameter at base of stem just above root base, Diameter IV. diameter at approximately 10 cm 
above basal swell of trunk, Diameter V. diameter at last leaf scar on trunk, Diameter VI. diameter at breast height (1.3 meters from base); I., VII., and VIII: 
SPAD chlorophyll meter collection points (Chapter 2); IX: location of fruit clusters. 
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Figure 5. Location of P. montana and R. borinquena “Palm fruiting inventory” patches in Río Abajo Forest, Puerto Rico. Points are approximate. GPS satellites 
were unavailable in all locations of fruit patches. 


