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The growth of Alnus acuminata (HBK) 0. Ktze, Cupressus

lusitanica Mill., Gmelina arborea Roxb, Pinus caribaea var. hondu-

rensis Barr. & Golf., and Tectona grandis L. in Costa Rica and

twenty seven soil and climatic factors were analyzed to determine

the relationship between major environmental factors and growth

rates of these five species. The growth of the species was compared

within specific climatic zones of Costa Rica, and in the country as

a whole. A reduced set of environmental factors was selected that

best explains the species growth in the country and in specific

geographic zones.

The forestry plots used in this study were installed by the

Forest Service of Costa Rica, complemented with a few private

farmer plantations. Diameter at breast heigh (dbh), the height,

and volume growth of the trees were used as dependent variables.

Data for twelve climatic variables were obtained from the national

meteorological stations. Fifteen soil characteristics were evaluated

for each study site.



The growth of Alnus was found to be related to relative

humidity, the distribution of precipitation and the percentage soil

base saturation. Within the range evaluated (78-80%) an increase

in the mean annual relative humidity will depress growth of this

species.

For Cupressus it was found that soil texture (% silt content),

altitude of the plots, soil base saturation, as well as cation

exchange capacity and nitrogen in the Central Valley of Costa Rica,

were the environmental factors most closely related to the growth

of this species. For the altitudinal range evaluated (1100-2620 ta)

a decrease in growth can be expected as altitude increases.

Growth of Gmelina was found to be closely related to soil

characteristics: available phosphorus, exchangeable sodium and

potassium, cation exchange capacity and organic matter The

genera]. observation from this regression analysis and experience

in other countries isthat Gmelina requires fertile soils and

favorable physical properties for optimum growth. However, this

species is growing satisfactorily in all areas below 500 nietars of

elevation in Costa Rica; no data is available above this elevation.

Amount and distribution of precipitation, exchangeable potas-

sium, magnesium, and sodium, soil texture, and an energy factor

(ni.unber of hours of lightand radiation, or interaction of these

two variables) were the factors most clothely related to the growth

of P. caribaea in the country.

For Tectona it was found that soil texture, temperature, and

exchangeable potassium, calcium, and sodium were the factors niost



closely related to the growth of this tree in Costa Rica,

The information developed in this study provides a better

basis for understanding the growth requirements of these five

species. However, planting guidelines must await the inclusion of

additional data into the ana1ysis
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THE EFFECT OF MAJOR ENVIRONMENTAL FACTORS ON GROWTH RATES
OF FIVE IMPORTANT TREE SPECIES IN COSTA RICA

INTRODUCTION

The testing of species, native and introduced, is a common

activity in tropical and subtropical areas, mainly because tropical

forests are not as productive as temperate forest in economical

terms (yield of marketable wood per unit land area). Tropical

forest are very complex (formed of a large number of tree species)

and this has made the harvest procedure in these areas a selective

activity. Only individual trees are harvested because of the

selected utilization by the timber industry. In some cases this

low volume per unit area could make the extraction cost so great

that the timber harvesting becomes a low-profit activity (Camacho,

1983).

- Researchers in many countries of Africa, Asia and America as

well as Costa Rica are involved in the process of introducing and

testing new tree species. These researchers have reported on growth

rates, yield per unit area, and recommendents for future reforest-

ation activities. Some authors (Martinez, 1981; Camacho, 1981)

have already made recommendations about the more appropiate species

to plant In Costa Rica based on a preli1nary analysis of the

forest plots in the country,

Evaluation of environmental factors affecting the growth of

introduced tree species has not been coniortly studied. Exceptions



are: Pande (1982) Ferreira and Z. do Couto (1981), Teoh (1981),

Fassbender and Tschinkel (1974) and Wasan and Sukwong (1974).

Forestry research in Costa Rica began in 1948 in the Tropical

Agronotnic Center of Investigation and Teaching (CATIE) (Martinez,

1981). More recently the Forestry Development Project of Select

Zones of FAO (Food and Agriculture Organization) in conjuction with

the Institute of Lands and Colonization (ITCO) established plots in

1965 (ITCO3 1967), followedby the reforestation project on the

slopes of Irazu Volcano started by the Civil Defense in 1967-1968.

The Agricultural Diversification Office also initiated in 1970 a

reforestation program with private tree farmers. (Caiacho, 1981).

The General Forestry Direction Unit (DGF) of the Ministry of

Agriculture and Animal Husbandry (MAG), initiated a program in 1971

of study plot installation whose objective was to generate

basic information for future policies in commercial forestry

plantation projects. This program led to the installation of more

than 500 plots with 70 different species distributed throughout the

country. Since the beginning of the investigation, the Forestry

Department and more recently the Technological Institute of Costa

Rica (ITCR), have been using different silvicultural practices in

order to protect and provide for the development of those species

Study plots were initiated in Costa Rica in 1971

with the goal of testing individual species and their behavior in

pure stands, and also with the purpose of obtaining a more efficient

2



forest to supply the future demand for wood. Now that most of the

natural forest of the country is almost gone, the project becomes

more important because the information these plots are providing

can be used to direct the future policies and reforestation

programs in Costa Rica.

The study of environmental factors that might affect the

behavior of these introducted and native species is important0

the specific case of Costa Rica, some experimental plots have been

observed since 1948 complemented by the analysis of their soil

characteristics; meteorological data are also available from a good

distribution of measurement stations. With this basic information,

this research project was initiated to determine the e.ffect of major

environmental factors on growth rates of important tree species in

the country.

Study Objective

The general objective of this study was to determine the

relationship between major environmental factors and-growth rates

of the following five important tree species in Costa Rica: Alnus

acuininata (HBK) 0. Ktze, Cupressus lusitanica Mi1L,Gmelina arborea

Roxb, Pinus caribaea var. hondurensis Barr. -& Golf., and Tectona

grandis L. Specific objectives -were: :

1) To test and compare the behaviorof the species

climatic zones of Costa Rica and in the country

2) To select the set of environmental factors that

explain the species behavior in the country and

growth zones.

3
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LITERATURE REVIE1

Silvics of Alnus acuminata (}IBK) 0. Ktze.

The common name of this species in Costa Rica is Jaul. hereas

it is also known as alder in temperate areas. Initially this tree was

described as Alnus jorullensis HBK, a common species in South America

(Holdridge, 1951). Both alders belong to the Betulaceae family.

Species description

A. acuminata is a medium size tree with a wide top and large

brartches when growing in open places. The leaves are simple,

alternate, dentate, and coriaceus. The flowers are grouped in

aments. The fruit is a yellow nut, indehiscent and comprised of

80 to 100 winged seeds.

Habitat

In Costa Rica the tree occurs in the tropical region at

elevations between 1500 and 2500 m, In the provinces of San Jose,

Cartago, Heredia and Alajuela, the species forms the natural forest,

and also is found in plarttations. (Coinbe, 1979b)

Geographical range

Jaul is widely distributed throughout Central and South

America specifically from Mexico through Central America to

Argentina. Holdridge (1951) mentioned that A. acum.inata is

4

1/ The description of these species and other silvicultural
information was taken from Camacho (1981).



connon in Central America,

Climatic raiie

Alder grows well in places where precipitation rartges between

1500 and 3000 nun/year and where mean annual temperature range from

16°C to 18°C. The species can withstand temperatures below 0°C for

a short time. This tree has a high demand for moisture, in both

soil and air. It prefers sites well supplied with nioisture and

having many cloudy days.

The species is found in the Lower Montane Moist Forest and

Lower Montane Wet Forest life zones (c1assificatior according to

Holdridge, 1969).

Edaphic range

Alder can grow well on well drained soils with high organic

matter content. The tree is found near streams, in eroded pasture

lands, in landslide areas and roads banks. Growth is poor in sites

subject to flooding or in swaups.

Silvicultural characteristics

Alder is a pioneer species that needs a lot of light for good

development, it requires the soil to be free of weeds at least during

the time of establishment, and it also needs a high moisture level

in the soil. The tree grows fast and fixes atmospheric .nitrogern,

Use

5

The wood from this species is in high demand by wood processors



in Costa Rica It is utilized as fuel, in light construction,

furniture, domestic articles, musical instruments, shoe manufact-

uring, and the production of pulp and paper. A recent project

demonstrated that the wood is also suitable for building of wooden

structures (Tuk, 1980)

Silvics of Cupressus lusitanica Mill.

This tree is commonly known as cypress and belongs to the

family Cupressaceae In Costa Rica it is named cipres.

Species description

Cypress forms a large tree with a straight columnar stem

channeled in the lower part of the trunk. The leaves are dotted,

have scale form and are attached in rows of four to the branches

The female flowers present a globose inflorescense and the male

flowers are grouped in aments 2-4 long. The fruit is a globose

strobile of 6 to 8 scales from 10 to 15 in diameters It is

maroon in color.

Habitat

C. lusitanica is an exotic species that has become naturalized

in Costa Rica due to its adaptabilityto the soil and climate:of

the country. The optimum ai.titudinal belt for cypress in Costa

Rica is from 800 to 3000 m but it can grow at higher or lower

altitudes.

6

1/ The description of this and following tree species was taken
from Camacho (1981).



Geographical range

Cypress is native to Mexico and Guatemala. In the Americas

it has been artificially propagated from Mexico to Argentina0 Spain,

Portugal, East Africa, and Oceania are important regions where the

species has become an important plantation tree.

Climatic range

Cypress grows in zones with precipitation between 1000 to

4000 =/year, but can survive long periods of drought. The mean

annual temperatures in its habitat are generally greater than 12°C

with occasional frost or critically low tempereratures. The tree

is well adapted to the Lower Montane Ilet Forest and Premontane

Wet Forest life zones formations (Holdridge, 1969).

Edaphic range

This species prefers deep soils with good drainage, and high

organic matter content It can adapt to eroded soils but growth

will be less than optimum.

Silvicultural characteristics

Cypress is highly demanding of light, but can tolerate some

shade. During its first two years it does not survive long periods

of dryness. Little is known about the development of this tree in

7

natural conditions; however, our limited data for Costa Rica shows

good growth as an introduced species (Camacho, 1981).



Cypress trees have been used for shelterbelts. The wood can

be used for rural construction, parquet, domestic articles, tele-

phone poles, railroad ties, and more resently as a decorative wood,

Silvics of Gmelina arborea Roxb.

The common name of G. arborea in Costa Rica is melina and it

belongs to the family Verbenaceae.

Species description

G. arborea is a deciduous tree that can grow quite large.

The trunk is short if grown in open spaces. In plantations it is

straight and without defects. The leaves are opposite, from 10 to

25 long and 5 to 15 cm wide, and ovate in form. The flowers are

yellow and grouped in terminal panicles. The fruit is a yellow

ovoid drupe, smooth when ripe and approximately 2 to 3 cm in dia-

meter.

Habitat

Gmelina was introduced in Costa Rica by the Instituto Inter-

americano de Ciencias Agricolas (IICA) in the years 1967-1968,

forming part of a program of adaptability and provenance triáls

It grows in lowlands of the couxtry to a maximum of 600 m where the

species has demonstrated very rapid growth and an adaptability to a

variety of soils.

Use 8



Geographical range

The species is distributed geographically throughout India,

iepal, East Pakistan, Thailand, Laos, Cambodia, Vietnam and the

outhern provinces of China.

Climatic range

In its natural habitat, Gelina grows best under temperatures

between 16°C and 38°C with the presence of a dry season and

precipitation between 1800 and 2000 urn/year.

Edaphic range

Ginelina prefers deep, fertile and moist soils with good

drainage. It tolerates alkaline and light acid soils. The species

does not adapt well to shallow soil or stony sub-soils, nor to

very acid soils.

Silvicultural characteristics

Gmelina is one of the exotic species that has been demonstrated

to be a fast growing tree requiring very short rotations. It does

not tolerate shade and requires a lot of light for its ideal

development. The species has been classified as transitory in the

hygrophytic forest, invading from open areas where it grows very

rapidily, The tree is resistant to fire; however, it is recotrunended

that the trees be protected from it.

9

Use

The tree has been utilized as a nurse crop for the caoba
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(Swietenia rnacrophylla). Also plantations have been managed by

the Taungya System (cropping during the early stage of the

tree plantation). The wood is utilized for construction in general,

plywood, particleboard, and shipbuilding. It is considered an

important species for the production of pulp and paper. Also, many

medicinal uses of this tree are reported in its area of natural

distribution.

Silvics of Pinus caribaea var. hondurensis Barr. & Golf.

The tree is cononly named caribbean pine and belongs to the

Pinaeae family.

Species description

The tree can reach large dimensions, is cylindric and straight

or lightly curved. The leaves are grouped in fascicles of 3 to 4

needles, their color is green-yellow, 5 to 30 cm long and 1 to 1.5

wide. The female flowers are produced in small tenued cones,

alone or grouped. The fruit is a greyish cone, brown or brown-red,

with a length of 3 to 14 cm and from 3 to 5 ci wide.

Habitat

This species is naturalized, with a very wide range of distri-

bution in Costa Rica, extending froi the Atlantic Zone to the

Pacific Zone, and from sea level to an altitude of 900 i. Camacho

(1981) reported that it does well also at 1100-1200 m of elevation.



Geographical range

Caribbean pine is naturally distributed in Bahamas Islands,

Cuba, and the Caribbean Coast from Honduras to Nicaragua.

Climatic range

The required mean annual temperature is about 25°C, ranging

from 18°C to 28°C. The necessary precipitation ranges between 500

to 1000 mm/year. In its place of origin, the precipitation ranges

between 500 to 3500 ni/year, requiring a pronounced dry season

an absence of frost.

Edaphic range

This tree grows in a wide variety of soils from poor to fertile

soils, from soils in the coasts to soils in the mountains where it

usually shows better growth. The species can grow in sandy,

infertile alluvial soils, as well as in deep granitic soils. Good

soil drainage favors the growth of this tree.

Silvicultural characteristics

In general the species can adapt well to new sites and grow

rapidly. Wind may affect the plantations, bending and breaking the

trimks, which is a very common problem in windy areas0

Use

This tree is used as firewood, for telephone poles, wood for

general construction, furniture, parquet, disinfectants, resins,

plywood, particleboard and also in the pulp and paper industry.

11



Silvics of Tectona grandis Linn.

This tree is popularly named teak and belongs to the Verbe-

naceae family. In Costa Rica it is named teca.

Species description

Teak can reach a large size. It is a deciduous tree with a

clear cylindrical trunk. The large leaves are opposite, eliptic-

ovalate and channeled.

Habitat

The date of introduction of teak to Costa Rica and its

provenance is not known. However, the species is growing well on

the majority of sites where it has been planted. The plantations in

the Atlantic Zone (moist environment) are doing as well as in the

Pacific Zone (more drier environment). All these forest plots are

located below 600 m of elevation.

Geographical range

It is distributed in South-east Asia (India, Burma, Thailand,

Laos and Indonesia) from sea level to 1000 m.

Climatic range

The tree is limited to areas with a range of precipitation

from 500 to 5000 /year. Its optimtnn growth occurs where rain-

fall is between 1500 to 2000mm/year. The species is adaptable

to climates ranging from wet to dry, with a dry season of 3 to 5

12
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months. The mean annual temperature for optimum growth is between

22°C to 27°C, however it is adapted to a wider range that goes from

2°C to 36°C. It does not tolerate frost, which will kill it. In

general, teak reach its best growth in warm, slightly wet tropical

climates.

Edaphic range

Teak prefers fertile, deep, well drained soils. Since it does

not tolerate extremely wet soils it does not grow well in heavy

clay soils, but will generally grow in a great variety of geological

formations.

Silvicultural characteristics

Teak is an extremely heliophytic species that does not tolerate

shade in its first year of growth. Therefore the trees need to be

free of weeds. The tree grows fast initially and somewhat slower

in later years.

Use

This species is used for construction in general, furniture,

bridges, railroad ties, parquet, and is also considered an excel-

lent fuel wood.

Environmental Factors and Effects on Trees Growth

Plant growth is probably controlled by a combination of all

environmental factors. However, some factors will exert greater

influence than others so that for practical purposes, it is Un-
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necessary to consider all factors in attempting to predict plant

growth. Scott (1969) mentioned that the interactions between

plants and environment could be one of several types: 1) The major

aspect of growth is influenced by a single factor 2) growth is

influenced by a few factors and each is of similar importance 3)

a few factors influence growth but the importance of each is dif-

ferent, and 4) growth is influenced by a multitude of factors and

the effect of each is different. It is possible to determine which

of these various alternatives applies by using the results of a

stepwise multiple regression analysis involving plant response and

measurements of many environmental factors.

Fritts (1974) working with 127 coniferous tree sites in

Western North America found that higher_than_average precipitation

most coumonly results in higher-than._aver, growth, though on cold

sites the effects of precipitation during the cooler part of the

year are sometimes lacking or inverse. Precipitation was directly

related to growth throughout the entire year for 32% of the sites

studied. In the remaining 68% of the sites the effects of precipi-

tation varied from season to season. Temperature was found most

commonly inversely related to ring width during autumn, spring, and

suer. Site factors appeared most responsible for variations in

the growth response. Aspect appeared to be the most critical,

followed by altitude and latitude. The author also mentioned that

the median percent of tree growth variance accounted for by climate

is approximately 60 to 65%.

Graham et al. (1982) related environmental factors to forest
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regeneration on clearcut and partially cut areas managed by the

Bureau of Land Management in the Hungry-Pickett area northwest of

Grants Pass, Oregon. The multiple regression equations showed that

difficulty of regeneration clearcuttings increases with increasing

solar radiation, temperature, rock cover, and depth of the soil A

horizon. Moreover, difficulty of regeneration of partial cuts

increases with surface gravel cover and is related to slope, aspect,

and vegetation. In addition, Minore et al. (1982) used multiple

regression analysis to relate environmental factors and vegetation

to post-harvest forest regeneration in the Applegate area of south-

western Oregon. Optimal environments for regeneration were iden-

tified by aspect, slope, elevation, rock cover, and vegetation.

Of a variety of climatic factors evaluated by Gholz (1979),

growing season evaporative demand and mean minimum January air tem-

peratures accounted for most of the variation in leaf area, biomass,

and net primary production of Pacific Northwest vegetation. The

former apparently reflects limitations imposed by a seasonal summer

drought period, and the latter reflects limitations on winter

carbon and nutrient accumulation, a major adaptative feature in

many evergreen Pacific Northwest ecosystems.

Dry matter production is known to depend on the

amount of solar radiation intercepted, which is itself determined

by the leaf area of the crop (Biscoe and Gallagher, 1977). Early in

the growing season small leaf area indices, cause low radiation

interception by the crop and this limits crop growth rate. The

rate of leaf area expansion is strongly dependent on temperature,
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and cool weather severely limits leaf expansion rate. Periods of

warm, bright weather can also limit both the rate of leaf expansion

and the final size of the leaves if water stress develops.

The growth of seedlings of six tree species, Betula verrucosa,

Populus trichocarpa, Acer pseudoplatanus, Larix leptolepis, Pinus

silvestris, and Pinus radiata, was studied by Pollard and Wareing

(1968). There appeared to be no clear differences in relative

growth rates between broad-leaved and coniferous species as major

classes, but there were significant differences within each group

during the summer of 1964. The ability to respond to exceptionally

favorable weather conditions appeared to be associated with the

seasonal pattern of foliage production and, consequently, with leaf

age. The annual relative growth rate showed a rapid decline over

the three years of the experiment, and the values of relative

growth rate at the end of the experiment were rather similar in all

six species. The authors concluded that this was mainly due to

1) reduction of interspecific differences in suer growth rates of

deciduous species, and 2) the compensating production of dry matter

during the winter in the two pine species. Apparently the length

of the growing season, and possibly factors influencing the

seasonal trend in net assimilation rate, assi.mie increasing impor-

tance as determinants of growth in woody species with increasing

age.

In conjimction with the study of the six species above men-

tioned, seasonal rates of growth and dry-matter production were

examined by Sweet and Wareing (1968b) in second year seedlings of
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Larix leptolepis, Pinus contorta, and Pinus radiata grown in an

unheated glasshouse. The deciduous Larix had a higher rate of

production of dry matter than either of the two species of Pinus

until the time of leaf fall, and this was accompanied by a greater

height and diameter increment. However, between the time of leaf

fall in Larix and the end of the growing season, the species of

Pinus increased in dry weight by xnore than 25 percent, and in

consequence, Larix, because of its deciduous habit, lost most of

the advantage of its fast 3rowth rate. The authors also reported

that the comparison of the two pine species showed that P. radiata,

while making nearly 3.5 times as much height increment as P.

contorta, had only a 45 percent higher dry weight than that species

at the end of the experiment.

The effects of a range of thermoperiods and soil teniperatures

upon growth of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco)

seedlings were studied by Lavender and Scott (1972). Plants from

varieties glauca and meaziesii made maximum growth with soil and

air temperatures between 18°C and 24°C during the twenty weeks of

the study. Low soil temperatures greatly reduced growth and

hastened dormancy of plants grown under all the therinoperiods

tested.

Growth of western hen1ock and Douglas-fir seedlings was also

studied by Brix (1971) under eleven controlled day-night tempera-

ture regimes ranging frog 8°C to 28°C, and with light intensities

of 450 and 1000 ft-C for 100 days after seed germination. Douglas-

fir had a broad optim temperature for growth between 18°C and
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24°C, whereas hemlock had a pronounced optimum at 18°C, especially

at high light. High temperature was more detrimental to growth of

hemlock than of Douglas-fir. Low temperature similarly affected

the two plants. Moreover, dry matter production of hetniock was

considerably lower than that of Douglas-fir for all growing

conditions.

Similar to the study mentioned above, Larson (1967) conducted

an experiment in which seedlings of Pinus ponderosa Laws. from seed

collected in Arizona, California, and South Dakota were grown for

six weeks under various combinations of constant air and soil tem-

peratures from 7°C to 31°C, and combinations of day and night tetn-

peratures from 7°C to 31°C. Root growth responded more to soil

temperature while top growth responded more to air temperature.

Roots grew best in 15°C air and 23°C soil, while height growth was

best in 23°C air and 23°C soil. Epicotyl length, root penetration,

number of lateral roots, and dry weight of roots were correlated

with daily degree hours. The author also mentioned that the source

of seed had a pronounced effect on final seedling size.

Sweet and Wareing (1968a), reported the results of four experi-

ments in which the parameters of growth were examined in first-year

seedlings of Pinus contorta raised from seed of four different

geographic provenances. Highly significant differences in net

photosynthesis were shown between provenances over a wide range of

light Intensities, in plants of both twelve and nineteen weeks of

age, when measurement was made at a temperature of 20°C. Leaf-

weight ratios (i.e. the ratio of leaf weight: plant weight) also
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differed significantly between provenances, and there was an over-

all negative correlation between rates of photosynthesis and leaf-

weight ratio. The authors concluded that differences in relative

growth rate result from differences in the component variables,

photosynthetic rate, and leaf-weight ratio.

Another study was conducted in which rate of CO2 uptake by

Pinus rigida seedlings was found to decrease with age, and the

response to changes in light and temperature become less pronounced

(Ledig et al. 1977). Growth temperatures had no effect of the

photosynthetic temperature optiu, and populations from Quebec,

New Jersey, and Tennessee all had the same temperature optimum and

response pattern.

The rate of height growth in Pinus silvestris L. stands

throughout Great Britain was examined in relation to site factors

by White (1982). The site factors included measured geographical

variation, topography , soil chemical and physical variables at two

levels, several measures of soil phosphorus status, foliar mono-

terpenes and estimates of mean values of climatic variables. The

conclusion of the author was that the variations in growth over

Great Britain are associated mainly with solar radiation, soil

texture and soil moisture content. For separate parts of the

country the solar radiation term disappears from regression

equations.

Slatyer (1982) found that the photosynthetic temperature

optimum of field populations of Eucalyptus pauciflora decreases

with increasing elevation and, at any one elevation, varies
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seasonally in accord with the annual temperature regime.

These studies certainly demonstrate the importance of environ-

mental factors in influencing seedling arid forest growth. From

reviewing the available literature, however, it is clear that only

limited research has been done with tropical species of interest

to Costa Rican scientists. This further illustrates the need for

this study.



METUODS AND MATERIALS

Establishment of the Study

The project was initiated in 1971. All study plots had 169

trees per plot (81 measure trees), spaced at 2x2 meters. The same

methodology and instrents were used in the measurements of all

plots (diameter type and Suunto clinometer for the height of the

trees) (Figure 1). Ozie of the irregularities of the project is

the lack of an initial statistical desigii (blocks, replication per

study area of same species per site) which complicated the

interpretation of the data and limited the conclusions which could

be drawn. In addition, some areas of the country have not been

covered at all (Figure 2).

Various institutions collaborated in the introduction and

establishment of forestry species in Costa Rica. Martinez (1981)

s1zlmarized and uleasured all the plots older than five years. One

year later, Caciacho (1981) made a general measurement, analysis,

and reorganizatjo of the information including all the plots for

ihich data were available. Both researchers gathered the available

information and interpreted, as a whole, the behavior of the

forest species.

As a part of the organizatior of the information, data codes

Were elaborated; one for each species in the study, and another

for the location of the plots (See Appendix 9). This last code

21
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refers to the division of the country into seven different zones

or forestry districts. Those zones have as a criterion of division

natural occurrences (rivers, roads, ridge of mountains, etc.) and

climatic similarities. For more details see Martinez (1981). This

division of the comtry made possible the evaluation of the

species in each particular growing zone.

These two reports (with the exception of the plots in the

Tropical Agronomic Center of Teaching and Research (CATIE),

Turrialba) summarized all the inforiation related to the tests and

introduction of forestry species in Costa Rica. For the investi-

gation realized in CATIE, see Combe and Guevals (1979a).

Data Collection and Measurement

Geographic location

The geographic location of the plots were taken from the

archives of the Forestry Department and/or from contour maps of the

National Geographic Institute of Costa Rica, (scale 1:5000C)

utilizing the coordinates of longitude and latitude expressed in

degrees and minutes (See Appendix 10).

Climate

The description of climatic conditions were made using data

collected between 1970 and 1980 by the National Meteorological

Service. Meteorological stations used were as close as possible

to the location of the plot. Table 1 presents the location of

type A meteorological stations in Costa Rica. The climatic factors
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used in the regression analysis were maximum temperature, minimum

temperature, mean temperature, relative humidity, hours of light,

radiation, evaporation, precipitation, and the distribution of

precipitation (pluvioso, intermediate, and ecosecos). These

three later variables also knoin as iuoist, mesic, and dry taonths.

The altitude of the plots was another variable used in this

regression analysis. For more details see Cainacho (1981) page

113 to 115 and also Appendix 10. A detailed description of the

variables and units of measurement are recorded in Appendix 7.

Soils

Data from soil analyses used in this study are the same as

those reported by Martinez (1931) and also co1emented by the

data available in the Forestry Investigation Department. The

examination was made at three different depths: 0-5 cm, 5-20 cm,

and 20-40 cm. For each area in the investigation five to seven

samples of soil were taken for each depth, depending on the

homogeneity of the area (drainage, slope, etc.). Results of the

physical characteristics and chemical analysis of soil are sum-

marized by Camacho (1981) pages 215-222. See also Appendix 8. The

soil variables used in the regression analysis were percent sand,

silt, and clay by vol.nne, soil pH, organic matter content, carbon,

nitrogen, carbon/nitrogen ratio, available phosphorus, calcium,

magnesium, potassium, sodium, cation exchange capacity, and base

saturation. For the description of these variables and units of
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Table 1 Location of type A meteorological stations in Costa Rica0

NAME ELEVATION LONGITUDE LATITUDE

(meters)

Nicoya 120 85°27' 10009?

Liberia 85 85°32' 10036?

0 0
Puntarenas 3 84 50 09 58

Limon 3 63°03' 10000?

San Jose 1172 84°05' 09°56'

F. Baudrit 840 84°16' 10001?

Palmar Sur 16 83°28' 08°5P

La Pinera 350 83°20' 09°11'

Palmira 2010 84°23' 10013?

C.R. Metodista 600 84°24' 10°21'

N. Tronadora 580 84°55' 10030?

La Mola 70 83°46' 10°21'

Playa Panama 3 85°40' 10°35'

CATIE 602 83°38' 09°53'

Los Dirnntes 249 83°49' 10°13'

Linda Vista 1400 83°58' 09°50'

Pacayas 1735 83°49' 09°55'

Cedral 1450 83°33' 09°2V

Coliblanco 2200 83°48' 09°5P
Volcan Irazu 3400 83°51' 09°59'

El Carmen 15 83°29' i0°1V
La Guinea 40 85°28' 10°25'

Tabogä 40 85°09' 10021?

La Lola 40 83°23' 10006,

San Josecito de Ha 1450 84°00' 1002'
Naranjo 1100 84°23' 10°07'

Esc C, Ganaderia 450 84°24' 09°57'
Rio Negro 955 82°52' 08°53'
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measurement see Appendix 7,

Table 2 presents the twenty eight variables used in the regres-

sion analysis, levels of observation, and the nanes used for the

weighted profile values.

Growth Indicators

The growth indicator variables used were volume growth, height,

aiid diameter at breast height (dbh) of the trees. Volume growth

was calculated using the formula height growth x dbh growth x age.

The volume growth obtained by the above expression is the mean

annual increment in volume per tree, because it is calculated from

mean annual values of dbh growth and height growth of the trees.

It is not the true volume growth, but was used for the practical

purpose of these data analyses, and was reported in m3/ha. Height

of the trees were measured with a Suunto clinometer and reported in

meters. Diameter of the trees were measured with a diameter tape

and adjusted to the nearest millimeter. These measurements were

done including the bark of the trees. For more details see Appendix

7, and Table 2.

Shape of the Plots

The criteria followed for the installation of plots was common

for all sites and is described by Gonzales (1979) as follows:

Spacing of trees: 2x2 meters

Initial density : 169 trees per plot (13x13 trees)

Area of the plot: 676 square meters (26x26 meters)



1/ For the description of. the variables and units of tneasurement
see Appendix; 7.
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Table 2. Environmental factors and growth indicators used in the
statistical analysis. Corresponding level of observation
and name used for the weighted soil profile value is also
included.

Independent variables Variable
name observation

Level of Weighted
profile

1 age
2 altitude
3 maximum temperature
4 minimt temperature

age
alt
tmax
tmin

1

1

1

1
5 mean temperature tmean 1
6 relative humidity rhum 1
7 light light 1
8 radiation rad 1 -
9 precipitation precip 1

10 evaporation evap 1
11 pluvioso (moist) pluvioso 1
12 intermediate interm 1
13 ecosecos (dry) ecosecos 1
14 sand sand 3 asand
15 silt silt 3 asilt
16 clay clay 3 aclay
17 soil pH ph 3 aph
18 organic matter tno 3 amo
19 carbon c 3 ac
20 nitrogen n 3 an
21 carbon/nitrogen card 3 acani
22 phosphorus p 3 ap
23 calcium ca 3 aca
24 magnesium

. g 3 amg
25 sodium na 3 aria
26 potasiuni k 3 ak27 cation-exchange capacity cec 3 acec28 base saturation satb 3 asatb
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Twenty seven environmental factors (twelve climatic variables

and fifteen soil variables) and one age variable were included in

the regression analysis.

The first step was to screen out some of these variables which

were not fundamental to the analysis (growth relationship), sub-

jected to large measurement errors, or whose effects were similar

to another independent variables in the list (Neter and t7asserman,

1974).

Initially, species data were combined and analysed for the

whole country. In all the cases the dependent variable was volume

growth and two regression models were developed. One of them was

generated using the twenty seven environn3ental factors plus age,

while in the second highly correlated independent variables were

discarded. This second approach was complemented with the more

meaninfu.]. biological variables (those variables that have proven

to more directly affect the growth of trees or major elements).

Neter and Wasserman (1974) and Snedecor and Cochran (1980)

agreed that a stepwise procedure is one of the most convenient

thods in multiple regression analyses, I used this method be-

cause I expected it to yield a good prediction equation with the

least possible number of terms. The process followed here is

described by SAS (1982), Helwig (1982), Helwig and Cotmcil (1979),

and also complemented by the method of multiple regression analysis

techniq (Neter and Wasserman, 1974; Snedecor and Cochran, 1980).
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An analysis of the species by zones was done using the same

tethods as for the first test, This regression by zones and by

species was complemented with a multivariate analysis where Prin-

cipal Component analysis was used for the sunzmarization of the data

following the methodology reported by Morrison (1967), Mardia et al.

(1979), and Johnson and Wichern (1982). Canonical Correlation was

also used which has the advantage of allowing other growth indi-

cators, like dbh and height growth to be combined with volume growth

in the analysis. The methodology followed in the orincipal component

and canonical correlation is reported by SAS (1982).



RESULTS AND DISCUSSION

Multivariate Analysis

The results of the Principal Component Analysis are reported

in Table 3. The overall selection among climatic and soil factors

is similar and the number of variables selected for each species

range from five for Alnus aculninata to ten for Cupressus lusitanica,

Regression analyses were done using the re3ults indicated by Table

3, however, none were significant.

These results of principal component analysis by individual

species were used to select the independent environmental variables

forming one set of data and the dependent variables dbh, height,

and volume growth formed part of the second set of data. These two

sets of data were combined through a canonical correlation and the

analysis done by individual species. The results obtained from the

canonical correlation were difficult to interpret and in some cases

did not follow a reasonable pattern. Therefore these results were

flOt utilized in this study.

One of the reasons why the canonical correlation did not give

satisfactory results could be the small sample size that was used

in the analysis0 It is suggested that the relation between number

of observations and number of independent variables should be 20:1

(Stafford, 1983 personal counication). In this case, and based

Stafford Susan. 1983. Forestry Projects Data Analysis. COurse
offered by the Forest Science Department. Oregon State
University. Corvallis, Oregon 97331.
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Table 3. Independent environmental variables possibly related to tree growth, as determined by Prin-
cipal Component Analysis, by species and frequency of inclusion for the five tree species

Number of variables
selected by species

10 5 6 8 8

1/ For the description of the environmental factors and units of measurement see Appendix 7.

included in the analysis.

Tree Species Cupressus Alnus Gmelina Pinus Tectona Frequency

Climatic factors precip precip - - - 2
tmed - tmed tmed - 3
tmax - - - - I

tmin tmin - - - 2
rhum - - rhum - 2

pluvioso - interm ecosecos interm 4
- rad rad - - 2

- - - light I

Soil factors asand asand - - asand 3
asilt - - - - 1

ana - ana ana ana 4
ap ap ap ap ap 5

- - aca - - 1

- acec - 1

- - asatb 1
- - - - amo 1
- - - acani acani 2
- - - aph - 1



33

on the eight to thirteen independent variables used in the analysis,

160 to 260 observations were needed. The largest sample size

available was twenty six observations for Pinus caribaea which is

only a fraction of the number suggested., Despite these poor

results from the principal component analysis arid canonical cor-

relation, I believe that with a larger sample size, these two

methods could be useful tools in the interpretation and suimnari-

zation of such data.,

Multiple Regression Analysis

Tables 4 through 10 summarize the results of the multiple
regression analysis (using 14AXR approach) for predicting the growth
of Alnus acunijnata, Cupressus lusitanica, Gmelina arborea, Pinus

baea, and Tectona graridis from various environmental factors.

To look at the "stability" of the individual regression
equation and using an analysis of correlation (see Appendix 1

through 5), the best twelve variables were selected arid the same

criteria, as above, used to compute a second regression equation

for each set of data., In most cases there was agreement among the

variables selected. In every case the first approach (using the
full set of data) gave the highest R2 value and usually chose a
similar number of independent variables. Appendix 6 sunarizes
these results.

.gression Analysis for Alnus acumi.nata (1113K) 0. Ktze.,

A total of eight Alnus growth plots from throughout Costa Rica



Table 4. Environmental variables included in the regression equations to predict tree growth, by
species. Variable selection was based on stepwise MAXR approach.

1/ For the description of the variables and units of measurement see Appendix 7.

Species Alnus Cupressus Crnelina Pinus Tectona Frequency

Climatic factors rhum - - - - 1

pluvioso - - ecosecos ecosecos 3
age age - age age 4

- alt - - - 1
- - - light light 2
- - - - evap 1

Soil factors asatb asatb - asatb - 3
- asilt - - aclay 2
- - ap - - 1
- - ana - ana 2
- - acani - acani 2
- - ak ak ak 3

Climatic variables 3 2 0 3 4
Soil variables 1 2 4 2 4
Total selected 4 4 4 5 8



Table 5. Environmental variables included in the regression equations to predict the tree growth, by
study species and plot locations. Variable selection based on stepwise MAXR approach.

1/ For the description of the variables and units of measurement see Appendix 7,.

Species Alnus Cupressus Gmelina Pinus Tectona Frequency

Climatic factors age

alt

rad

interm
precip
tmax

ana
asilt
acec
an
ac
ap

amo
ak
apli

amg
acani
aca
astb

Zone Number

5

1

1

1

1

2

3

4

3

3

1

2

1

1

2

2

1

2

1

7

-
-
-

-

-

7

-

-

-
-

-

-
-

-
-

-

-

5

5

-
-

-

-

-

5

5

7

-

-

-

-

-

-

-

-

-

-
-

-

-
-
-

-
-

3

1

1

4

4

-
-

-

-
-

-

13

1

-

1

1

3

-

1

1

3

-
-
-

-
1

1

3

-
-

1

1

1

1

3

-
-

-

-

3

3

3

-
4

-
1

-

-
4

-
-

3

4

Soil factors

Zone evaluated

plumber of variables
selected by zone

7

2

5

4

7

1

1

2

3

1

4

4

1

8

3

4

1

5

3

5

4

3
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were analyzed, with five of these located ir zone 7. The results

of the aralysis of regression are recorded in Table 6.

The four variables included ir the regression model from all

eight plots are relative humidity, the number of months with

precipitation over 100 = (pluvioso), age, arid the percentage base

saturation. The value of R2 (0.85) is acceptable but the proba-

bility of a larger F value (0.12) is low, which means that the

significance probability of the F value is riot greater than 0.83.

The lower F value found here could be due to large variation amorg

the sites that canrrnt be easily explained by the low number of

observatiors used in the regression analysis,

Relative humidity and the morths of the year with high

precipitation (>100 mm) are the two variables most closely related

to alder growth. A. acuminata is a pioneer tree that needs a lot

of light and a high level of soil moisture (Catnacho, 1981). This

seems to agree with the regression analysis results showing a

relationship between the growth of the species and the variable

pluvioso.

Relative humidity has a negative regression coefficient with

a large effect in the regressior equation. En other words, with

an increase ir relative humidity, there will be an expected de-

crease in growth. However, some interactions between relative

humidity, precipitation, and mean temperature should be reviewed

since in some plots the precipitation (3759 mm/year) is greater

than that generally required for the species, and mean axinual

temperature (15.2°c) is lower thar that normally suggested for the



Table 6. Multiple Regreesion Analysis Results for Alnus acuminata using etepwise HAXR, for data

from growth plots throughout the country na wall as from an Individual zone.

Independent
variable(s) selected
and order of entrance

Estianted regression equation R2 Pr(F>)

ilium pluvioso age c'..2.27-0.0l2(age)40.035(pluvioso)-

asatb 0.029(rhum)-lO.0048(asatb) 0.85 0.1224

ens age '0.0l4-0.0l2(age)+l.26(ana) 0.50 0.5046

1/ age Plantation age in years. aatb - Hean soil profile (0-40 cm) base saturation.

Expressed in percentpluvioeo Niier of mouths of the year with precipitation

greater than 100 millimeters. ana - Heaii soil profile (0-40 ciii) sodiul concentration.

Expressed in milliequivalenta per L00 grams of soil.ilium Mean annual relative humidity. Expressed in

percent. 2/ Hii tree growth increment in m3/yr.

Zone

(a) ()

No. of Variables in Dependent
oba. the snalysie variable

Throughout

the country
8 28 volume

growth

7 5 28 volume

growth
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species. There is also the possibility that on some plots the

soil and atmospheric water is excessive, so that growing conditions

improve when the relative humidity decreases. Similar results as

these above tnentioned were found for El Verde forest in Puerto Rico

(Odum, 1970). This author argued that high relative humidity

decreased nutrient uptake (because it resulted in reduced evapo-

transpiration) and therefore he concluded that trees grew better

where relative humidity was low. Again, a greater sample size will

allow us to have a better understanding of the species responses,

as might additional information on such things as soil drainage.

The variable age has a negative coefficient of regression

which seems to indicate that the species has already reached its

maximum point in the mean annual growth incretnent curve. That is,

the tnean annual increment of the plots analyzed will probably

decrease as the trees grow older. Range for age of the trees is

presented in Appendix 1.

Percent base saturation is positively related to the growth

of A. acuminata. This is consistent with the presence of the

variable sodium in the regression equation of zone 7. This consis-

tency between regression equations could be due to a high correla-

tion between base saturation and the exchangeable bases (calcium,

magnesium, potssum, and sodium (see Appendix 1). This is

assumed becaue the element sodium has not been found to directly

affect the growth of trees unless a deficiency of potassium exists

(Lyon et al. 1959). Low significance (probability) of the
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regression model, and the small sample size, suggests the future need

for a revision of this regression model. Further study of the inter-

action between sodiuni and other exchangeable bases is also needed.

The regression equation for zone 7 was determined for the

purpose of comparing the behavior of the species throughout the

country with that of a specific zone. However, given the signifi-

cance of trie F value, the validity of such a model is

questionable.

The use of a second approach, analysis based on the reduced

set of data, did not help in the testing of the stability of the

individual regression equation. The only variable that entered the

regression model in each case was age (see Appendix 6a). The other

two variables that showed some overlap were percentage base satu-

ration in the regression model for the country and cation-exchange

capacity in the second regression equation of zone 7

To major details of Alnus acuminata have been studied, and the

studies found in the literature (Holdridge, 1951; Alvarez, 1956;

Budowski, 1957; and Coinbe, 1979b) only give a general description

of the behavior of A. acuminata in Costa Rica.

It is well known, especially to most dairy farmers in the

Central Valley of Costa Ria, that Alnus acuminata is a fast

growing tree, adapted to most of the soils of the area. Because of

its nitrogen-fixing characteristic the pasture grasses also grow

as well or better beneath a stand of Alnus than in the open.

Since 1922 this tree has been a by-product for the dairy farms

in elevations above 1500 meters. The recommendation is that we
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gather more information to tmke possible the formulation of site

index curves and ratings for the widespread reforestation of this

species in the Central Valley of Costa Rica.

Regression Analysis for Cupressus lusitanica Mill.

Table 7 summarizes the results of the regression analysis for

C. lusitanica. Thirteen plots were evaluated throughout the

country, nine plots ir zone 5, and four plots in zone 7.

Three out of four of the variables present in the regression

equation for the country are included in the regression model for

zone 5. Two minor differences can be identified. One is in the

order of entrance of the variables age and silt into the regression

equation. The other is the fourth variable entered into the

equation. For the regression model of the country percentage base

saturation is the variable included and is substituted by cation-

exchange capacity ir the regression equation of zone 5.

For zone 7, only the variable nitrogen entares irto the

regression equation. The R2 value (0.99) is quite high and

Probability of a larger F value (0.0023) is low. Uowever, the

limited number of observations in the zone limits the drawing of

strong conclusions0

Soil in the Central Valleyofcosta Rica (zone. 7) originated

from volcanic ash. The regression analysis results for this zone

agree with those of Fassbender and. Tschj.rkel (1974) for plantations

of C. lusitanica on volcanic ash soil of Colombia. The best

equation found by the authors explained 52% of the



Zone

5

7

I, age

Table 7. MultIple Regreiston Analystu Results for Ciipresua lusitanica using stepwise )4AXR, for dLa
from growth plots throughout the country as well as from individual zones.

lb. of Variables in Oependente Independent
obg. tile analysts variable variable(s) selected

A and order of entrance(n) (p) (Y)
Estimated regression equation Pr(P >')

13 28 volume aailt age alt asatb "0.58+0.013(age)-0.000064(alt)+

growth

28 volume age asilt alt aee

growth

4 28 volume an

rowLh

- Plantation age In years. asatb Mean soil profile (0-40 cm) base saturation.
xpresaed in percent.alt - Elevation above mepn sea level in meters.

aailt - Mean soil profile (0-40 cIa) Silt content in percent.

an - Mean soil profile (0-40 cm) nitrogen content In percent.

acec Itean soil profile (0-40 cm) cation exchange
capacity, In m..±q/100 g of soil.

32/ Y Mean tree growth increment in m /yr.

0.021(aailt)40.0018(auatb) 0.99 0.0001

0.40+0.0093(age)-0.0001(alt)+

0.024(asilt)-0.0027(acec) 0.99 0.0001

'?.4.57122.15 (an) 0.99 0.0023

Throughout

the country
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variation among the sites, and included aluminum phosphates, ex-

changeable potassium, and exchangeable magnesium as independent

variables. Fassbender and Tschinkel (1974) also mentioned that the

importance of aluminum phosphates complemented the results of

previous investigations which showed that growth of cypress is

limited primarily by deficiencies of phosphorus and nitrogen.

Based on the correlation analysis the authors concluded that only

a few soil characteristics regulate the growth of cypress in the

soils studied.

Volcanic ash soils of Medellin, Colombia were studied by Valle

(1976). Highly significant correlations were found between site

quality and the nitrogen mineralized in fresh soils, which ex-

plained 58% of the variation in cypress growth. These resuits also

agree with what was found for zone 7 in the present analysis.

For the regression analysis using data from throughout the

country, the variables selected were silt, age, altitude, and

percentage base saturation. The negative regression coefficient

of the variable altitude seems to indicate that the yield of

cypress will decrease with an increase in elevation. However,

altitude typically has a direct effect on temperature arid itis

very possible that an interaction of the two variables is occurring.

The range of elevation of cypress Included In the analysis Is from

1100 to 2620 meters and Its altltudlnal range reported In the

literature Is from 800 to 3000 meters. A posslbleexplanation of

this negative effect of elevation on the growth of C. lusltanica

Could relate to the effect of temperature. It was mentioned by
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Cainacho (1981) that Cypress grows better where teciperatures are

greater than 12°C. Over the range of minimum texperature of the

plot evaluated (Appendix 2); the mean annual temperature can drop

to 5.4°c, which could negatively affect the growth of the species.

Odum (1970) reasoned that relative
humidity increased with

elevation, and had a depressing effect on growth. This later

result could be another Possible explanation of the regression

analysis result for this species.

Cypress prefers UncomDacted deep soils, with good drainage,

and with high organic matter content (Camacho, 1981). This

observation seems to agree with the presence of the variable silt
in the regression equation for the country- as, with the exception
of organic matter, these conditions

can be fulfilled by a soil

with high percentage of silt, or one that is balanced among sand,

silt and clay. Appendix 2 shows that the mean content of silt for
the plots evaluated is 32%, and the addition of the means of sand
and silt is greater than 79% of the total volume of the soil. This
is a loam, whith is generally a very- desirable

soil texture for

most plant species.

The Percentage base saturation of the soil is defined as the
degree to which all cation exchange sites of the soil are occupied
by bases such as calcium,

magnesium, potassium, and sodium

(Pritchett 1979), and can be used as an indicator of soil ferti-

lity. Percentage base saturation of these soils may be related to

cation exchange capacity (CEC). This is not a general relationship,

but in this analysis the presence of base saturation in the regres-

sion equation of the country- could be related to the presence of
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CEC in the regression model of zone 5. It is also known that, in

general, CEC is highly related to the content of organic matter of

the soiL The higher the organic matter content, the greater the

value of cation exchange capacity (Hausenbuiller, 1972).

Martinez (1981) conducted a regression analysis for cypress

growing in Costa Rica. Thirteen plots were evaluated, all older

than five years. A total of eight independent variables were

included in the analysis: soil organic matter content (0-5 in depth),

pluvioso, interin, ecosecos, altitude, and the texture of the soil

from the 0-5 cm, 5-20 cm, arid 20-40 cm depths. The dependent

variables used were dbh or height. The author fouxid that the

variables related to the diameter growth of the species were the

content of organic matter from the 0-5 cm depth, the carbon/nitrogen

ratio at the same depth, the number of months of the year with

precipitation greater than 100 millimeters (pluvioso months), and

soil textures from 5-20 cm, and 20-40 ctn depths. The regression

equation using the height of the trees as a response variable was

not significant.

In this study I have used the same number of cypress plots and

similar soil chemistry factors as Martinez. The only difference

with this study is that Martinez made his measurements in 1980 and

I have used data recollected in 1981. Another difference between

the analysis done by Martinez and the one reported here is the

number of independent variables, which was here increased from

eight to twenty eight. This allows for some additional variables

to enter the regression equation, possibly giving clearer indication
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of how these variables are related to growth of this species

The regression equations developed here cannot be directly

compared with those of Martinez (1981) since he used mean annual

diameter increment as the dependent variable. My analysis also

included numerous other independent variables. Martinez used only

soil chemistry values from the 0-5 cm depth, whereas I have used

the weighted profile value from the 0-40 cm depth. Finally,

Martinez used 10 different soil texture groups, and I used the

percentages of sand, silt, arid clay by volume. However, it is

worth noting that a soil texture variable (silt) is significant in

two of my models, as well as those of Martinez

Different provenances of C. lusitanica were studied by Soares

and Rosero (1973) in 3 localities of Costa Rica. The analysis of

variance following the nested scheme, used as variables dbh, total

height, stem form, concentricity, bark thickness, and nuxnber of

branches per tree The correlation analysis carried out between

these tree measurements and the site characteristics (altitude,

precipitation, mean temperature, slope, and type of drainage)

indicated that these characteristics were responsible for 47 and

33Z of the total variation in height and dbh, respectively.

The general interpretation of the regression analysis is that

the growth of cypress slightly decreases with increasing elevation.

Cypress responds better in soils with high content of silt. In

the Central Valley (zone 7) growth of the species is strongly

related to available nitrogen



Regression Analysis for Gmelina arborea Roxb,

Gmelina is currently being grown in three different zones of

Costa Rica0 Five plots were evaluated in zone 1, three plots in

zone 3, and four plots in zone 4; for a total of twelve

plots analyzed throughout the country.

For the equations developed, the values of are high and the

significances of the F values are above 95% (Table 8). These four

regression models indicate that only the soil cheniistry factors are

related to growth. This species prefers deep moist soils, with

good drainage and nutrients (Cainacho, 1981). It is also known

that G. arborea tolerates from alkaline to light acid soils. This

seems to agree with the general results of the regression analysis

indicating that soil fertility is the factor most nearly related

to the growth of the species.

The above results also agree with those obtained by Golfari

(1972) in the equatorial region of Brazil. The climate of this

region is tropical, with annual precipitation of 2000 mm, and a

dry period of four months. The preliminary results indicate that

the species is very sensitive to the soil conditions, preferring

pprous, deep and fertile soils.

The number of independent variables included in the regression

model for plots from throughout the country is four, two for the

model of zone 1 and zone 4, and only one variable for the regression
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?ablà 8. Multiple Regreaaton Analycic for Cmellna arborea ucing ctepwice KAXH, for tiata

140. of Variables in
oba. the analysts

(n) (p)

from growth plots throughout the country as well as from individual zones.

bependent
variable

A
(Y)

Independent

variable(s) selected
and order of entrance

1/ acec - Mean soil profile (0-40 cm) cation-exchange capacity.

an Mean soil profile (0-40 cm) nitrogen content. Fxprest3ed
in percent.

a.o - Mean soil profile (0-40 cm) organic matter content.
Expressed in percent.

- Iiean coil profile (0-40 cm) carbon content. txpresaed in
percent.

ana Mean soil prof lie (0-40 cm) sodium content. Expressed
in miltiequivalents per 100 grams of aotl.

ak Mean soil profile (0-40 cm) potamitum content. Er-
pressed in milllequivalents

per 11)0 grams of coil.

ap - Mean soil profile (0-40 cm) phosphorus content. Lx-
pressed as available phosphorus in micrograms per
millil tier.

acani Menu soil profile (0-40 cm) carbon-nitrogen ratio.

'2/ - Mean tree growth Increment in m3/yr.

Throughout

U 28 volume ap ann acani ak
.1.46-2.00S(ana)-I-0. 18(ak)i-

the country

growth
0.013(up)-0.06(acani) 0.98 0.0001

1 5 28 volume

growth

ac an
.0.44+2.49(an)-0.21(ac) 0.95 0.0495

3 3 28 volume

growth

acec
'?..3.05-O.074(acec) 0.99 0.0156

4 28 volume

growth

ap ame
'-0.05+0. 0045(amo)tO.09 l(ap) 0.99 0.0044

Estimated regression equation Pr(F>)



model in zone 3 The overlap between the regression model is

significant. The variable acani (carbon/nitrogen ratio) is present

in the regression model for the country. As expected, it compares

well with the presence of the variables carbon and nitrogen in the

model of zone 1 With respect to other soil chemistry variables,

a possible association could exist between sodium and potassium

(exchangeable bases) present in the regression model for the country

and the variable cation-exchange capacity present in the regression

equation of zone 3. -

Available phosphorus is present in the regression model for

the country and zone 4. In addition, the agreetnent between the

regression equation becomes stronger if the correlation between the

variables carbon, nitrogen, and organic matter is taken into

consideration, as shown in the matrix of correlation for this

species in Appendix 3.

Ojo and Jackson (1973) reported that Gmelina is very sensitive

to differences in soil fertility, particularly to deficiencies in

nitrogen. In some cases there was a response to nitrogen only

when, phosphate was also applied. The authors also found that

potassi had little effect on the growth of this species.

In genera]. the regression analyses done for the species in

Costa Rica agree with those done in Brazil, Nigeria, and Nicaragua

(Gomez, 1981); however, the presence of sodium and potassium in

the regression equation for plots from throughout the country is

difficult to explain. Sodium, as previously mentioned, has not
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been found essential in the growth of trees and the significance

of potassium contradicts the findings of Ojo and Jackson (1973).

Interaction between the exchangeable bases may be responsible for

the inclusion of these two variables in the regression model, a

possibility that should be studied.

The second analysis done to test the "stabilityt' of the

regression models also showed the great influence that soil

fertility factors have on the growth of G. arborea (Appendix 6c.)

For the regression analysis done by Martinez (1981) for

Gmelina in Costa Rica, nine independent variables, were included:

soil organic matter content (0-5 cm depth), the carbon/nitrogen

ratio (0-5 cm depth), the distribution of the precipitation

(pluvioso, interm, and ecosecos), altitude of the plots, and the

soil texture from the 0-5 cm, 5-20 cm, and 20-40 cm depths. The

response variable that he used was the dbh of the trees. The

variables that Martinez found to be most strongly related to the

growth in diameter of the species were the soil organic matter

content which entered only one of my regressions, and the variable

interm (number of months with values of precipitation ranging from

30-100 mm), which did not appear at all in ny regressions.

The:regression equation developed by Martinez (1981) showed

an a2 value of 0.77 and was significant at the 1% level. The

2
smallest value of R reported in Table 8 is 0.95 and the lowest

significance level, 5%. However, agreement between this one and

a regression model computed by Martinez (1981) is minimal.

The general observation that can be draw from my regression



analysis and from the experiences in other countries, is that

Gmelina requires fertile soils with good physical properties for

optimum growth. However, this species is growing satisfactorily in

all the areas below 500 meters of elevation of Costa Rica, and in

the case of Nicaragua, it was reported by Gomez (1981) that this

species is growing well even in areas with a six month dry season.

These characteristics of Gmelina arborea make it a reasonable

choice for use in reforestation projects for the tropic low-lands.

Regression Analysis for Pinus caribaea var. hondurensis Barr. & Golf.

Caribbean pine is a very popular plantation species in Costa

Rica and is currently growing well even at 1200 meters of elevation.

Table 9 presents the regression models for the plantations. Twenty

six plots were evaluated for the country, fourteen plots in zone 1,

and eight plots in zone 3.

The variables selected for the regression model for data from

throughout the couxitry are potassi.mi, percentage base saturation,

the distribution of the precipitation (ecosecos or dry months),

light, and age. The R2 value (0.75) indicates a relatively good

relationship, and the significance of the F value (P<LOOO1)

is very high. However, the regression models for zones

21 and 3 have better values of R (0.99) and F values coarable to

that for the regression model from throughout the country. Various

factors could contribute to the strong values of R2 and F test.

White (1932) found for P. silvestris in Great Britain that the varia-

tion in climatic factors within zces was smaller than for the country.
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Table 9. Multiple kegression Analysie Results for Ptnus caribaca using stepwise )IAXR, for data
from growth plots throughout the country as well as individual zones.

1/ age - Plantation age in years.

ecoaecos - )her of mentha of the year with precipitation
leg, than 30 millImeters.

light - Mean annual value for the daily houra of
sunshine.

inter* - Nier of months of the year with precipitation
between 30 and 100 mIllimeters.

mad - Mean annual radiation. Expressed in calories &ler
square centimeter per day.

precip Mean annual precipitation in millimeters.
acani - Mean soil profile (0-40

cm) carbon/nitrogen ratio.
asath - Mean soil profile (O-4t)

c141) bane saturation. Expressedin percent.

Independent
variable(s) selected
and order of entrance

ak aaatb ecuaecos

light age

ak md interua apli

amg asand una age

precip acec aph

scan I

Estimated regression equation

'.0.05+0.0091(age)-.

sic - Mean soil profile (0-40 cia) potasaiwa content. Ex-pressed In willlcquivalents
per 100 grams of soil.

aph Mean profile (0-40 cal) soil ph.

asand - Mean soil profile (0-40 cm) sand content. Expressedin percent by volume.

amg - Mean soil profile (0-40 cm) magnesium content. Lx-presaud in intlliequivaienta
per 100 grams of soil.

ama - Mean soil profile (0-40 cm) sodiu, content. Ex-
pressed in mtlltequivalents

per 100 grams of soil.
acec - Mean soil profile (0-40 cm) cation-exchange capacity.2/ - Mean tree growth increment in m3/yr.

Zone
No. of
ob.

(n)

Variables in
the analysis

(p)

Dependent
variable

A
(Y)

Throughout

2b 28 volumethe country

growth

1 14 28 volume

growth

3 8 28 volume

growth

0.082(ecoaecoa)+O.0001 7(iight)-

0.0092(asatb)+0. 26(ak)
0.75 0.0001

'3.48HJ.011(age)+0. 75(interia)-

0.008(rad)-0. 29(apli)+

0.006(asand)+0.076(amg)+

0. 25(ana)+I .03(ak)
0.99 0.0001

I .O9-0.0003(precip)-tO.098(apui)-

0.0003(accc)-O.01 1(jcani) 0.99 0.0009
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The agreement among the regression models is high, not only

because some of the variables brought into the models are the same,

but because the variables in one model are strongly related to the

other variables selected. An example is the case of variables

ecosecos and interin. These variables refer to the amount and

distribution of precipitation (dry and mesic months, respectively).

Another example is the presence of the variable potassium and

percentage base saturation in the regression model of the country,

potassium, magnesium, and sodium in the regression model of zone 1,

and the variable cation exchange capacity in the regression model

of zone 3.

In the analysis of data for all of the growth plots the

variables ecosecos and percentage base saturation entered the
regressjo equation with negative coefficients. As Previously

mentioned, the variable
ecosecos indicates the distribution of the

precipitation specifically the number of months of the year in

which the precipitation is less than 30 millimeters Based on the
negative

coefficient àf regression of the variable ecosecos, it can
be assed that the growth of P. caribaea will be unfavorably affected
by extended periods of dryness. It was mentioned by Camacho (1981)

that the species in its natural habitat could still grows in areas
'Jith only 500 mll1iters of prec±pjtation per year. This does not

Contradict the results of the regression analysis for caribbean
Pine. Most pines are more drought tolerant than other trees, but
their growth is still better when they get more water. In the case
Of Costa Rica, the best growth of the species is at sites with
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2000-3000 millimeters of precipitation, and, as will be dis-

scussed later, the regression analysis showed that the volume

growth of Pinus would be favored by intermediate precipitation.

This agrees with the results of the six year-old plantings of

caribbean pine in Rhodesia, which showed it to be fast growing

in the high rainfall (over 1300 trim per annum) areas of the

country at altitudes below 1200 meters (Barnes et al. 1977)

Au interesting situation can be observed in Table 9 in

relation to the variable precipitation and its distribution (intarni

and ecosecos). For the regression model of the country, the

variable ecosecos is negatively related to the growth of Pinus.

For the regression model of zone 3, a similar behavior is displayed
by the variable

precipitation, which seems to indicate that the

species will decrease in growth with an increase in precipitation.

The presence of the variable Interm with a very strong positive

coefficient of regression for zone 2 reinforces the expected

influence of precipitation and its distributjon on the growth of

P. caribaea. That is, the species seems to prefer a balance

between extremely wet and dry conditions.

It is also known that Pinus caribaea grows naturally in a

wide variety of soils, ranging from poor soils to fertile soils,

from coastal to Soils in the mountains. It also grows in sandy

and infertile soil as well as. in deep granitic soils with good

drainage (Cainacho, 1981). The results obtained in the three

regression models agree to a certain degree with this. The

percentage base saturation in the regression model for the country



54

and cation-exchange capacity in the regression model of zone 3 have

a negative coefficient of regression. However, the cations

nlagnesiuzn, sodium, and potassium show a strong relationship with

the growth of Pinus in zone 1. This also agrees to a certain degree

with the preliminary trials results in Malaysia. P. caribaea plots

used in the afforestation of temuda areas (areas which have been

repeatedly subjected to shifting cultivation) showed nutrient

deficiencies (Fahlrtnan, 1976). Fertilizer application to the plots

(nitrogen, phosphorus, potassium, and boron) were suggested by the

author.

The variable soil pH entered the regression equation of zone 3

with a high regression coefficient. Studies of this area have

shown that most of the soils are clayey soils with a high content

of bauxite (a clayey substance that is the chief ore of aluminum)

(Flores-Silva, 1920) and also, with low values of soil pH. The

interpretation of the regression analysis for this zone is that the

low values of soil pH limit the growth of this species. The future

addition of more infortion will allow the drawing of stronger

conclusions in relation to the effect of soil pR on growth of

caribbean pine in Costa Rica.

Another overlap between regression models, is the variab-les.

age and light in the regression model for the country, and

variables age and radiation in the regression model of zone 1. A

Similar behavior was reported by White (1982) for Pinus silvestris

in Great Britain, where variations in growth were associated mainly

With solar radiation, soil texture, and soil moisture content.
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The presence of variables light and radiation in the regression

model for the country arid zone 1, indicates that the species grows

better under open light conditions or areas with greater number of

hours of sunshine.

The variable age is important in the regression models because

the range varies widely for the plots of this species. In the case

of P. caribaea the variable is positively correlated with growth

which may indicate that the growth in the plots has not reached the

maxjmu point in its mean annual increment curve.

The greatest number of observations analyzed in this study was

for P. caribaea, not only throughout the country but also by zones.

For example, the number of plots included for zone 1 is larger than

the total number of plots analyzed for Alnus, Cupressus and Gmelina.

This should provide stronger results and more stable regression

models. This can be observed in Appendix 6d where the use of two

different approaches gives similar regression models.

Martinez (1981) found that the factor that was most closely

related to the diameter and height growth of P. caribaea was the

number of months of the year with precipitation greater than 100

(pluvioso). Eight soil variables included in his analysis were pH,

organic matter content, carbon/nitrogen ratio, available phosphorus,

cation exchange capacity (all of them from 0-5 cm depth) texture at

three different levels 0-5 cm, 5-10 cm, and the 20-40 cm depth.

Two other variables were the distribution of the precipitation

(pluvioso, interm and ecosecos) and altitude of the plots.

The three regression equations presented in Table 9 agree to
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certain degree with the findings of Martinez (1981). That is, the

variable precipitation and those variables related to its distri-

bution are present in the model from throughout the country and the

zone 1 model as well. However, in the present study it was

deternilned that more variables than those associated with precipi-

tation are related to the growth of this species.

The R2 value reported by Martinez (1981) is 0.31 for the

regression equation that used the mean annual increment in diameter

as the response variable, and 0.30 when height was used as the

dependent variable. The smallest value of R2 reported in the

present study is 0.75 for the regression model for the country, and

included five variables (table 9) The regression models for zones

1 and 3 had an R2 of 0.99 and very high significance.

A study conducted by Brito et al. (1975) in Venezuela showed

that soil texture and its distribution in the profile, as well as

soil drainage (Brito et al. 1975; Alterna, 1971) were the most

important parameters for the growth of P. caribaea. However, soil

texture was an important factor only or the regression model of

zone 1 (variable sand).

The general observation of my regression analysis is that

precipitation and its distribution through the years, the chemistry
of the soil (specifically the exchangeable bases), and an energy

factor (nimber of hours of sunshine and radiation received or

interaction of these two variables) are the factors most closely

related to the growth of caribbean pine in Costa Rica.



Table 10 suarjzes the results of

teak. Twenty one plots from throughout

and these were distributed as follows:

the regression analysis for

the country were evaluated

seven plots in ZOne 1,
eight in zone 3, and six plots in zone 4.

A review of Table 10 shows that climatic and

factors are strongly related to growth of this species, with soil
factors being

Particularly signifjc

The regression equation for data from throughout the country
indjcatas a balance between climatic and soil factors. Three
climatic arid five soil variables are present in the models. For
the other three regressjo models, soil variables dominate the
regress ion equatjon

The agreement among the variables in the
regression models is

However, the inclusion tF

soil chemistry

high, both directly and indirectly.

few new variables was also part of the regressjo analysis results
for T.

ion Analysis for Tectona grandis L.
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of teak within this particular region.

show only soil factors in the regression equatio It is Possible,

This agrees with the regression analysis results of zone 4, which

in the driest part of Costa Rica, which is zone 4 in the study.

therefore, that the climatic
factors are not limiting the growth

year (Caniacho, 1981). This optj.
precipitation is only reached

5000 mm/year.

The range of
precipitation for this species is between 300 and

However its best growth is between
1500 and 2000 rrtxn/
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Table 10. PIultiple Kureasion Mialysis fur Tectona goudIs using stepwise IIA)CR. for data
troia growth plots throughout the couutty as well as Individual zonea.

ldepnde.it
2/ 2varIable(s) clectcd Estluated regression equat Inn - K Pr(V >and order of entrance

1/ a. - Piantatloii age in years. aclay - Mean soil profile (0-40 cm) clay content. Expressedeco.ecoa - Nier of atha of the year with precIpitatIon In percent by volume.
lass tbau 30 millImeters.

asand - Mean soil profIle (0-40 cm) sand colitelit. ExpressedhlghL - Mean annual value for thin daily bourn of in percent by volume.
sisishlne.

ana Mean soil hrotile (0-40 ci.) odIui. Content. Expreseedevap Mean annual evaporation. Expressed in mlilhequlvulents per 100 grams uf soil.attlImetara.
ai Ilcan soil profile (0-40 Ca) poi5uiui. Cunteilt. Es-Imas - Mean annual maslaum temperature In degree In siilllcqislvateiits per 100 grams of soil.celcius.
ucani - Mean null profIle (0-40 ci.) carbon/nitrogen ratio.taed - Mean annual average temperature iii degree

Meati ProfIle (0-40 cm) soil pM.celciun.
Mean soil pauL ile (0-40 cm) phionluhiucue content. Es-sca Mean soil profile (0-40 Ca) cMlctu. content. Es- pressed as available iIioai.iiorus lii micrograms perpressed as ahllleqnivulentn per 14K) grams of soil. .iliIlltut.

asH t - Mean aol I prof I Ic (0-40 ci.) silt euiII.cnt. Es- asntb - Mean soil prof lie (0-41) cm) l,ase saturation. Ex-pressed in percent by volume. prenaud in perceult.
- Mean molt profile (0-40 cm) nItrogen content. Ee-

pressed in percent.
I... 32/ Y - Mean true growth huicremeiit Iii si /yr.

ZOne
g0. ot

obs.

(U)

Vatiables in
thin ailalyala

(p)

bepenilent
variable

A
(Y)

iii rounuut
21 211 volume

thu coiatry iruwthi

7 28 volume

growth

3 8 211 voLume

growth

4 6 2d volume

growth

aclay Itht evap 30-O.00U4(nu)10.l4(econeco)+
ecosecos ana ak ae 0.000S(Itglit)-0.0(lOti(eva1,)-
eicani O.00S(aclay)-0.42(ana)+0. 3ô(uk)+

0.02(acani) 0.7.3 0.0J4a
ai asaand age sca Y..2.631-0.13(age)-0.19(tiiax)+

(1.02d(aaansl)-0. ll(aca)+0.IC(ap) 0.99 0.1115

asilt aco ann age .7.89-0.03I(oge)-0.074(tiied)+
tgaid 0.OhS(asIIt)+0.037(aca)-

29. I? (ails) 0.9') 0.0001

an aiaatb aph .4.Ul-0.74(ai4i)+O.0'3l7(asaLb)*
I.2)(int) 0.99 0.0015
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These results agree with the results of Yadab and Sharma (1973)

for the region of Madhya Pradesh, India, where the c1iatic

conditions as well as the soil calcium content were found to be very

significant in the natural distribution of teak in the area. How-

ever, when the mean annual rainfall of the areas studied were in

the range of 1400 to 1500 mm/year, climatic factors assumed lesser

importance and the edaphic factors appear to be the greater value

in these particular areas.

Also related to the above results is the presence of the

variable ecosecos (dry months) which shows a very strong coefficient

in the regression model for the country. This suggests that the

species is well adapted to dry areas for a period of three to five

months, which is also what was mentioned by Cainacho (1981). Using

Appendix 5 it is possible to determine that the mean period of

dryness for the plots evaluated is less than 1.5 months. For zones

1 and 3, where the majority of plots are located, there are only

two dry months in the year. Teak, thus appears to grow best with

moderate precipitation (1500-2000 mm/year), and a period of

dryness lasting from 3 to 5 months.

The best growth temperature for teak is between 22°c and 27°c

(Camacho, 1981). The mean annual temperature for the plots

analyzed is 24.7°c, and the values of maximum and m.inimuxn tempera-

ture are still within the optimum range reported for the species.

It was therefore surprising that the variables mazimum and mean

temperaU
were iztcluded in the regression model of zone 1, and

Zone 3, with a negative regression coefficient. Results like this
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should be reviewed especially if more information is available for

the analysis.

Another noticeable trend is the presence of exchangeable bases

(sodium, potassium, and calcium) and the percentage base saturation

in the regression models. As mentioned, the occurrence of teak in

the south-west region of Madhya Pradesh is favored by a higher

exchangeable calcium level under drier conditions (Yadab and

Sharma, 1973).

Variables phosphorus and nitrogen in the regression model of

zone 1 and zone 4, respectively,also have a strong regression

coefficient. The significance of these variables is consistent

with the general observation that this species responds well in

fertile soils. Moreover, this also agrees with the results obtained

for this species in India and Nigeria (Ojo, 1973). T. grandis in

India showed responses to aiionium sulphate, superphosphate, or a

combination of the two. For early growth stages of teak in Nigeria

It was found to respond to superphosphate, often accompanied by a

nitrogen-phosphorus interaction.

A multiple regression analysis of the growth of T. grandis was

done by Martinez (1981) using twelve environmental factors. These

- twelve variables are the same mentioned for the analysis of P.

Sibaea. -He found that the variables most strongly associated

With growth in diameter were soil organic matter from the 0-5 cm

depth, soil cation-exchange capacity from the 0-5 cm depth, the

distribution of precipitation (nsic months), and soil texture in

the 5-40 cm depth. For height growth only soil texture from 5-40 cm
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was found significant.

The agreement between my regression models arid that of Martinez

is minimal. The R2 value reported by Martinez, using the mean

annual diameter increment as the dependent variable is 0.79, and 0.59

using the mean annual height increment. The smallest R2 value

shown in Table 10 is 0.78 for the regression model of the country

which uses the mean annual increment in volume as the dependent

variable. The regression analysis done by Martinez (1931) was

based on fewer environmental factors than used here, and those were

the variables more highly correlated between themselves. In ad-

dition, he used mean annual increments in diameter and height of

the trees as the dependent variables, while I selected the mean

annual increment in volume as the dependent variable.

The general observation that can be drawn from the regression

analysis for this species is that soil texture and exchangeable

bases are the factors most closely related to the behavior of the

teak in Costa Rica. More data would possibly reduce the number of

independent variables entered into the regression model or

increase the overlap between the different regression models for

this species in the zones as well as in the country as a whole.

General Observations from the Regression Analysis

Growth curves for the five tree species analysed in this

study were included in Camacho's (1981) study. These curves give

a graphical representation of the growth variation within and

between zones (see Figures 3 to 11 in Appendix 11). Some of
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these curves, as in the case of Figure 11, show a large variation

in tree growth in a given zone. foreover, the comparison of

Figures 10 and 11 seems to indicate that the growth variation

within zone 3 is greater than between zones 1 and 3. A possible

explanation of the above results is that soil characteristics vary

greatly within zone 3, and because of this, teak is responding to

changes in soil properties. This is in agreement to the general

regression analysis results of my study, in which the soil factors

were more frequently entered into the regression models than the

other variables.

The regression analysis produced useful equations for predic-

ting the growth of trees of interest in Costa Rica. It yielded

many statistically significant relationships (e.g., Table 4), and

the overall number of environmental factors was reduced from twenty

eight to twelve for the analysis of data from the entire country.

For the analyses by zones and by species, nineteen variables were

found to affect the growth of these five species (see Table 5).

However, the number of environmental factors that remained in the

regression equation for individual species was reduced to four for

Alnus, Cupressus, and Gmelina, five for Pinus, and eight for Tectona.

.The values of R2: fbr the regression equations ranged from 0.75 for

P. caribaea to 0.99 for C. luiitanica. In the regression analysis

by zones, the number of environmental factors that remained in

the regression equation was similar as those for the country,

however, the selection of a lower number of variables was also

frequent for species Alnus, Cupressus, and Gmelina.
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The variables selected for the regression models of the country

were not necessarily the same as those for specific zones. There

is no reason to expect the analysis for the country to select

the same variables that were selected in the analysis of a specific

zone. The variation of any given environmental variable within a

zone is likely to be quite different than within the country. For

example, in a zone with uniformly high precipitation, factors other

than moisture (nutrients, soil texture, etc.) limit growth; whereas

for the country as a whole, differences in precipitation may be the

dominant factor influencing growth.

The reduction in the number of variables selected in the

analysis by zones (compared to the analysis for the country), plus

a noticeable increase in R2 indicates that the variation in the

environmental factors is reduced if the regression analysis is done

by specific geographic regions. This makes sense statistically

and agrees with the results above. However, the small number of

observation considered in the regression analysis by zones does

not allow this to be presented as a strong conclusion. To draw

stronger conclusions re data must be obtained.

The four variables most frequently included in the regression

equations of these fve species in the cuntry were the distri-

bution of the precipitation, percent soil base saturation, soil

potassium content, and the age of the trees.

For the analysis of individual zones, the five variables that

most frequently entered the regression equations were soil sodium

content, soil cation exchange capacity, soil nitrogen content,
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soil silt content, and the age of the trees.

The overall number of environmental factors that entered the

regression equations of these species in the country was similar

for climatic and soil factors. In contrast, for the regression

equations by specific zones, the overall number of soil factors

greatly increased. Clearly the variation in climate is reduced if

the analysis is done by zones, however, the small nunther and

dispersed location of meteorological stations (particularly station

type A) results in extrapolations that introduce another source of

variation affecting these results.

Three different dependent growth variables (dbh, height, and

volume growth) were combined through a multivariate analysis. The

suniarizatjon of the data by the principal component analysis was

effective in reducing the number of environmental factors, although

the following step (canonical correlation) did not give satisfactory

results. In most cases the analyses were difficult to interpret

and did not follow a reasonable pattern. Despite this, multivariate

analysis could become a useful tool in the sunarization and

interpretation of such data, especially if the sample size is

increased.



CONCLUS IONS

Although cause and effect should not be assumed from a regres-

sion analysis, the consistency of the results obtained in this

study allows the following conclusions.

The relationships between the growth of these species and

environmental influences were successfully determined by

the regression analysis, in the sense that the selection

of variables, using different methods, was consistent

throughout the study.

Variation in climatic variables was reduced when the

analysis was done by zones, in such a way that soil

characteristics were the factors most frequently included

in the regression models.

Regression models with stronger relationships (R2 values)

were found when the analysis was done by individual zones

than for the country.

Environmental factors affecting the growth of the species

in a zone were not necessarily the same as those affecting

the species in the entire country..

For individual species in different grqwth zones, one or

more similar independent variables were frequently: selected0

However, the addition of other variables into the regres-

sion models was also coon, showing the response of the

species to changes in the environment.
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APPENDI CES



APPENDIX 1

Population statistics and correlation matrices for

climatic and soil factors used in the regression

analysis of iUnus acuminata

!/ For the description of the variables and unit of measurement
see appendix 7
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!/ For the descritiori of the variables and unit of measurement
see appendix 7

APPENDIX 2

Population statistics and correlation matrices for

climatic and soil factors used in the regression

analysis of Cupressus lusitanica
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APPENDIX

Population statistics and correlation matrices for

climatic and soil factors used in the regression

analysis of Gmelina arborea

1/ For the description of the variables and unit of measurement
see appendix 7
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APPENDIX

Population statistics and correlation matrices for

climatic and soil, factors used in the regression

analysis of Pinus caribaea

1/ For the description of the variables and unit of measurement
see appendix 7.
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APPENDIX 5

Population statistics and correlation matrices for

climatic and soil factors used in the regression

analysis of Tectona grandis

1/ For the description of the variables and unit of measurement
see appendix 7
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APPENDIX 6

Multiple regression analysis for Alnus acuminata,

Cupressus lusitanica, Gmelina arborea, Pinus

caribaea,and. Tectona grandis using stepwise

maximum R square improvent (MAXR)

1/ For the description of the variables and unit of measurement
see appendix 7,
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Appendix 6a. Multiple kegression Analysis for Alnus acuniinata using stepwise maximum R square improvement (!IAXR).
The analysis was done for the species in the whole country and individual zones. Two model were
used, one with the full set of variables (P.28), and one with a reduced set of variables (P.12)

No. of Variables in Dependent 1/
variable Independent -Zone

obe. the analysis variable(s) selected(p)

The 13 28 volume age pluvioso rhumCowtr-y growth
asatb

The 13 12 volume age alt precipcountry growth
acec

7 5 28 volume ana age
z row th

7 5 12 volume age ecosecos
growth

1/ age - Plantation age in years.
pluvioso - Number of month of the year with precipitation

greater than 100 millimeters.
rhum - Mean annual relative humidity. Expressed as

percentage.
alt - Elevation above mean sea level in meters.
precip Mean annual precipitation in millimeters.

2/

ecoseocos Number of month ot the year with precipitation lessthan 30 millimeters.
acec - Mean soil profile canons exchange capacity.

Expressed as milliequlvalent per 100 grams of soil.
asatb Mean soil profile base eaturation. Expressed as apercentage.
ana - Mean soil profile sodium content. Expressed as

millicquivalent per 100 grams of soil.A
32/ Y - Mean tree growth Increment in m /yr.

Estimated regression equation A
Pr(F >F)

A
Y..2.27-0.012(age)+0.035(pluvioso)-

0.029(rhum)+0. 0048(satb) 0.85 C. 1224

A
.-1.25-0.009(age)+0.0004(a1t)+

-
0.00033(precip)-0.0082(acec) 0.84 0.1336

A
0.014-0.012(age)+1.26(ana) 0.50 0.5046

0.29-0.012(age)+0.033(ecosecos) 0.50 0.5046



Zone

Appendix 6b. Multiple Regression Analysis for Cupressus lusitanica using etepwise matmum R square improvement QtXR).

Th. analysis was done for the species in the whole country and individual zones. Two model were used,

.One.with the full set of variables (P28), and one with a reduced set of variables (P12).

No. of
obs.

The 13
Country

The 13

Coun try

5 9

5 9

7 4

1/ age -

alt -

precip -

ecosecoa -

aclay -

asilt -

Variables in
the analysis

(p)

28

12

28

12

28

12

Dependent
variable

volume
growth

volume
growth

volume
growth

volume
growth

volume
growth

volume
growth

Independent
variable(s) selected

age alt asilt asatb

age precip ecosecos

acec aph amo

age alt asilt acec

age achy acec aph

an

an

Plantation age in years.

Elevation above mean sea level in meters.

Mean annual precipitation in millimeters.

Number of months of the year with precipitation.
lea. than 30 millimeters.

Mean soil profile clay content in percentage by
volume.

Mean soil profile silt content in percentage by
volume.

2/
2

Estimated regression equation P. Pr(F>)

58+0.013 (age )-0.000064 (al t+

0.021 (aailt)+0.0018(asatb) 0.99 0.0001

A
&1 .95+0.00(age)-

0.00031(precip)+0. 13(ecoaecos)+

0.59(acec)-0.30(aph)+0.009(anio) 0.99 0.0001

--0.40f-0.0093(age)-0.0001 (alc)+

0.024(asilt)-0.0027(acec) 0.99 0.0001
A
Y--0. 82+0.022(age)-0.0057(aclay)+

0.004(acec)+O. I 3(aph) 0.98 0.0008
A
Y--4.57+22. 13(an) 0.99 0.0023

--4.57+22. l5(an) 0.99 0.0023

an - Mean soil profile nitrogen content in percentage.
asatb Ilean soil profile base saturation. Expressed

as percentage.

acec Mean soil profile cations exchange capacity.
aph - Mean profile soil p11.

amo - Mean soil profile organic matter content as
percentage.

2/
A

Mean tree growth increment in 103/yr.



Independent
variable(s) selected

ana ak ap acani

age acec an ap amo

an ac

an alt

acec

acec

ai ap

a ap

Estimated regression equation

A.
Y-1 .46-2.005(ana)+0. 18(ak)+

2/

R2
A

Pr(F >F)

ana - Mean soil profile sodium content. Expressed as
m.illiequivalents per 100 grams of soil.

ak Mean soil profile potassium content. Expressed
as milliequivalenr per 100 grams of soil.

ap - Mean soil proffle phosphorus content. Expressed
as available phosphorus in micrograms per
mill imeter.

acani Mean soil profile carbon/nitrogen ratio
2/ Q.. Mean tree growth increment in m3/yr.

Zone
No. of
oba

Variables in
the analysis

(p)

Eependent
variable

c2

The
Country

12 28 volume
growth

The

Country
12 12 volume

rovth

1 5 28 volume
growth

1 5 12 volume
growth

3 3 28 volume
growth

3 3 12 volume
growth

4 4 28 volume
growth

4 4 12 volume
growth

0.013(ap)-0.06(acani) 0.98 0.0001

.0. 78-0.029(age).-0.0ll(acec)+

l.6(an)+0.012(ap)-0.06S(aino) 0.84 0.0216
A
Y-0. 444-2.49(an)-0. 2 7(ac) 0.95 0.0495
A
Y0. 11-1. 15(an)+0.0046(alt) 0.88 0.1195

,u3.05-0.074(acec) 0.99 0.0156

05-0. 074 (acec) 0.99 0.0156

-0.05+0.0045(amo)+0.091(ap) 0.99 0.0044

-O.O5+0.0045(amo)+0.091(ap) 0.99 0.0044

Appendix 6c. Multiple Regression Analysis for Cmelina arborea using arepwise maximum R square improvement (MAXPJ.

The analysis wa. done for the species in the whole country and individual zones. Two model were

used, one with the full set of variables (P28), and one with a reduced set of variables (P.12).

1/ age Plantation age in years.

alt Elevation above mean sea level in esters.

acec Mean soil profile cationa exchange capacity

an Mean soil profile nitiogen content. Expressed as
a percentage.

Mean soil profile organic matter content. Expressed
as a percentage.

ac - Mean soil profile carbon contunt. Expressed as a
percentage.



*1pandi5 64. itultipla lagrasslon Analysis for caribsoa using sisputs. oiai. I squats i.provsm.ut (MA'(R).

Tha analysis was don. fog tha sp.ci.a In ha itoh coitry mi Individual zone.. Iwo od.h ware

ussd on. iitth lb. full sac of varIable. (P.21). and on. with a gsduc.d sat of variable. (P.12).

lnd.paodaat
vatiabia(s) s.lsctsd

aga acoacce. lijht
aaatb ak

aga acosaces U .satb

a;. Intsra rid
apb asand sag

an. U

aga alt pracip acisy
as.tb an op

precip apis acac
acaui

pracip apis scat
auth

2/
Escisacad ragraaslon aquacion

A
Y-0.0l1+0. 0091 Lag.)-

A
Pr(7>F)Zoo. lie, of

eb.
óartabhaa a
Lbs analysis

(p)

Dspsod.nt
variabla

Tha. .26 2$ vol ona
growth

ma
Coitry

ad I2 voh.a
iro lh

I I' 2$ vo ion.
gra'ch

14 12 solon.
grouch

3 I so ion.
growth

3 I 12 veIns
growth

O.OBZ(acos.coa)+0.000I ?Utghc)-

0.0092 (asatb)+0. 26 Lab) 0.fl 0.0001

V0. 3I+O.0017(ags)-0.06&(atoaaco.)+
0. 33(k)-0.00tl(aatb)

lt5$a)+0. ltinters).

0.b 0.0001

0.O08(rad)-0. 29(aph)+

C.0In(saaod)t0.076(mg)+
0. 23(azsa)+I .03(al.) 0.99 0.0001

A
V3. 9+0.019(51S 1*0.00061 alt)-

0.0007(pracip)-0.0I 3tscl.y)-
0.023(saacb)-0. 72(an)4O.OlInp) 0.97 0.0002

A
V.1. 09-O.0003(prscip)+0.098(aph)-

0.00131 scac )-0. 011 (scant)

v.0. 91-0.0c103&(practp)-0.0l(ac.c).
0. 002i(isatb) 50. t3(aph)

0.99

0.99

0.0009

0.0011

1, ala Plantation a;. in past..
acoaacOa Nsbsr of moth ot lbs paar with praciptistion

lass (baa 30 .illi.stats.
Ught llaan annual valu. (or lbs 4aiiy hours of

sonihtfli.
totals - buabar of aenth of (ha vaar with pracipi cation

bstw.so 30 and 100 atthisatar..

tad lt.an annual radIation. Ispr.ssad as cisiartas par
squats raottaatsr p.r disy.

alt Ilavation .bova an sea laval in t.rs.
placip Pan anuual pracipttatiuu In stilts

hamS soil profils phosphorus content. !op 4

ss avsilsbla phoaphorss In s.Lcroglana per
.illilicar.

acani Sian sail prolt1. carbon/nitrogen ratio.

asatb Mama soil protlis b ion. Lop d a. a
p.,cant'ga.

U s.tl profils potastua contsnt. Lap d in
aillt.quivalents par 100 grass of soil.

apt P4.*o prof 11. anti p11.

anand - 55.50 soil prafla sand contoot. Lsprsssad as a
by volons.

sag snil profila ..gn.si content. Lopreased in
aihIt.quival.ot par 100 gras. of salt.

asia - Main soil profi. odioa cuncaoc. lap 4 in
sithi.quivai.nc p.r 100 grass of soil.

achy - Mean anti profila clay content. Ixprossad as a
pt.cancage by vul.wse.

an Main iou prolkla sltrogan contact. txp:essod as
5 pescentag..

mccc crass soIl prafila CstiOns esichongs capa:itp.
A

2/ V. Msan Itss arowth tncrsmant in s/vv.
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Tha analyata 'aa dons for lb. psctsa in lb. stiol. ccunlry and iudtvidual 000sS. 1bn .ot.1 wsc.

with lbs full sat of variabis. (?23). and en. with a r.duc.d mt of variabls. (P-12).

aga .co.sco. light .-0.3J-0.00$4(ag.)P0.l4(.coecu)+
soap aclay an. U 0.0005(1ibl)-0.000S(.vap)-
scant

a. pr.cip api
II:

5$. ISaS aaand

ap

ag. ak .c.c mph ap

age lssd asilt
aca an.

ag. pr.ctp .1
scan asalb ap

aph an

apI s.atb an

Indapudut I'
Vartabloli) i2.ct.d

2! 2Esltnatsd rsgr.ssiuu squalton I A
P(F >f)

lao. 01
nba

VartabiSa i.
lbs a.al7ata

ip)

Dsp.ndanl
vab1.

Th, 21 21 vo1s
iro.th

21. . . 21 12 vo1.

1 1 2$ . ynlii
growth

I 1 12 vol...
grout

) . I 2$ vol..

3 $ 12 vol...
growth

6 2$ vol..s
growth

9 6 12 vol...
growth

0.00)(acLiy)-O. 4Z(aca)sO. 36(ak)+

0.00 ( scant) 0.7$ 0.0041
A
Y--l.2+O.003b(.ge)fO.0000l(pracip)+

0.lb(aph)4O.UO2(ap)+0.0l9(ano) 0.1) 0.0030
A
T.2.6)+C.l)(aga)-0.19(taaz)+

O.O2$(a.aod)-O.11(aca)+0.18(ap) 0.99 (.115

-11.6 4O.l3(ag.)-l0.t9(ak)+
0.063(acac)+1.ó1(apni+0.4$(ap) 0.99 0.1191

Q..7.$9-0.031(ajIa)-0.07.(tr.4)f
0.011iaailti.O.03)(aca)-
29.1)1st.) 0.99 0.0001

A
-.-0.69-O.032(ags)+

0.0002l(prac1p)+&.0ak)-
0.00062 (acec)-0.00034(.iatb)+
O.0O2..(ap) 0.29 0.00)1

4.$l-C. I4laph)#0.00I7(saatb)+
l.2)(an) 0.99 0.00I

..4.lI-0.14(aph)+O.Q0i7(aaatb)+
l.zan 0.99 0.00l$

1! br lbs d.acripttou of lbs vartsbiss Sod nil 2! bean Iran grositi ncran.ot to 53/yr.
of msaaurant us .ppsndii 7.



APPENDIX 7

DESCRIPTION OF THE VARIABLES USED IN THE STATISTICAL ANALYSIS i%ND

UNIT OF MEASUREMENT.

Volume growth: The formula used for the calculus of tree

volume growth was diameter x height x age. The volume growth

obtained by the above expression is the mean annual increment in

volume growth per tree because it is calculated from mean annual

values of diameter and height of the trees. It is not the true

volume growth of the trees, but was used for practical purpose of

these data analysis.

DBH: Mean annual increment in diameter at breast height,

standarjzed to 1.30 meters above the surface of the soil. Measured

with a diametric tape and adjusted to the nearest m.illiineter.

Height: Reported as a mean annual increment in tree height

and measured as the distance from the soil surface to the terrn.tnal

bud. Measured with a Suunto clinometer and also with a stadia in

young plantations.

Basal area: Calculated from the expression

Where: G* Basal area per hectare In m2.

g- Basal area of individual trees at the breast height
mm2.

n Number of trees.

S- Area occupied for the stand in hectares.
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Considered since the day of the establishment of the

plantation and taken from the archives of the Forestry Department

and also directly from the owrter of the plantation.

Altitude: Elevation of the plots in meters above mean sea

level. Taken from the contour maps and corroborated with an

altimeter and adjusted for the closest meter.

Sand, Silt and Clay: Three major physical components of the

soil and are expressed as a percentage by volume. The sum of these

three parameter is equal to 100%. For those plots for which

information was not available in the files of the Forestry Depart-

ment, the analysis was done in the soil laboratory of CATIE. The

methodology used was the suggested by Forsythe (1975).

Temperature: Reported as a maxim, minimum and mean daily

air temperature obtained from hourly values. Expressed in degree

0
celsius (-C).

Relative humidity: Humidity of the air obtained from the mean

of hourly observations and is expressed as percentage.

Light and Global Radiation: Light', expressed as number of

daily hours of sunshine (full exposure). Radiation indicates the

total of calories per sqi are centimeter per day, received in a

horizontal surface.

Precipitation: The observation period of rainfull is the

twenty four hours, between 07:00 and 07:00 the following day.



The values are reported as total for daily, monthly, and annual

precipitation in millimeters.,

Evaporation: Measurement of the evaporation with the Pich

evaporimeter and also with the tank type A. The values are daily

and for the same period and wiits than that of precipitation (mil-

limeters)

Soil pH: Indicates the degree of acidity and/or alkalinity

of the soil. Range from 0-7 for acid soils, 7-14 for alkaline

soils. Specifically, pH is defined as either the negative

logarithm of H+_ion concentration or as the logarithm of tile

reciprocal of the if-ion concentration.

Pluvioso, Intermedium and Ecosecos: Variables also knowed as

moist, mesic and dry, respectively and indicates the distribution

or occurrence of rain. Method suggested by Aubreville (1975), and

is formed of three digits. The first indicates the number of

months of the year with precipitations greater than 100 millimeters

(pluvioso or moist months), the second, the number of months with

precipitation between 30-100 millimeters (intermediate or mesic

months), and the third for those months with precipitation less

than 30 millimeters (ecosecos or dry months)..

Chemical and physical properties: Forthe chenLical analysis

of the soil was used the methodology described by Diaz Romeü and

Hunter as mentioned by Martinez (1981). The values for organic

matter, carbon, and nitrogen are expressed as a percentage. Phos-
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phorus is reported as available phosphorus in micrograms per mil-

liliter of soil. The exchangeable bases (calcium, magnesium,

potasiuxn, and sodium) and cation-exchange capacity are reported as

milliequivalent per 100 grams of soil. Base saturation expressed

as a percentage.

Asand: Mean soil profile value for sand in the soil. Ex-

pressed as percentage of soil by volume.

Asilt: Mean soil profile value for silt in the soil. Ex-

pressed as percentage of soil by volume.

Aclay: Mean soil profile value for clay in the soil. Ex-

pressed as percentage of soil by volume.

Aph: Mean soil profile value of pil.

Amo: Mean soil profile value of organic matter content. Ex-

pressed as perceatage.

Ac: Mean soil profile carbon content. Expressed as percentage.

An: Mean soil profile nitrogen content. Expressed as per-

centage.

Acani: Mean soil profile carbon/nitrogen ratio.

Mean soil profile phosphorus content. Expressed as

available phosphorus.

Aca: Mean soil profile ca1citm content. Expressed in miii-



equivalents per 100 grams of soil.

: Mean soil profile magnesium content. Expressed in milli-

equivalents per 100 grams of soil.

Ana: Mean soil profile sodium content. Expressed in milli-

equivalents per 100 grams of soil.

Ak: Mean soil profile potassium content. Expressed in rnilli-

equivalents per 100 grams of soil.

Acec: Mean soil profile cation exchange capacity. Expressed

in milliequivalents per 100 grams of soil.

Asatb: Mean soil profile base saturation. Expressed as

percentage.
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APPENDIX 8 V

Species, site characteristics, growth indicators, arid other

enviroximenta.1. factors used in the regression analysis

1/ For the description of the variables and mit of iasurement

see appendix 7.
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15./SO
2S.2So
11.000
23.2S0
13.750
?6.SOO
?0.SO
31.125
/5.500

2'.iSo
I4.So
22.000
14.500
14./SO
2*..10
..I.50o
25.150
21.000
24.500
/4.250
IS.1So
13.000
I$.Soo
111.000
19.15u
19.e5o
/8.11 15
41./So
)2.2O
21.500
21.015
.11.000
31.000
.16.500
.5.5oo
21.150
34.1100
.10.500
2M.so
42.500
11.500
J$./5Il
29.15
.13.000
'.5.000
26.260
42.160
33. 150

33.250
1.000

45.500
5.2So
1.250

4.1.000
5.000

/4.000
?5.7
61./So
S8.15o
59.150

/5.000
S.Soo

66.000
55.150
IS.S0g
21.750
41.000
52./5ii
14.500
I7.000
41.150
41.150
%6.ISo
49.000
46.500
3
S0.S0u
I 3.000
16.150
2J.i1c
21.500
i1.Soo
/1.150
22.6/S
44.000
20.250
16.1St)
60.500
20./cO
13.000
19.500
J0.uoo
6.000

35.160
6.1)00

23.000
/3.500



2/ The information was taken from Camacho, (1981) and Martinez,
(1981).

APPENDIX 9

Nunierical code for the species in investigation in Costa

Rica and location of the plots inside the country
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CCDE FOR SPECIES IN INVESTIGATION IN CCT :CA

114

Clirici4ia ptua Jack} St
.1i,tm izbor.a lo
qviU.s uata A. CWw

Gu.t .a.tfe1ia La.
ljbjgua ..atu. '00.) Sv.rtz
ly...a.. cotorii L.
.TacarS.4a copsia Aub1) 0. Oso
.7acazuda riocitfe.ia 0.
JcgLio. Staodl Will

Xauca.om tkuc*aia CI...) d. Wit
NL.quartia q1.asnai. Aubi
Jbntaaoos 4.coi.a Ilatt
II'rcxytes b..Laa.w L.} 54xS.
P.otaci.thx. .aoiob. CWUJ.4) tz.
Pthus C. 5oi
Pious Garth var. ah oats AszT 7 04Xf
Pious Gart..a vax. caria.. Mrr 7
Pious Gar2a var. ,,duanaLs !..rr y
Pious siliottit rq..si L.trtU. y Ea5

Pious CarT.

Pious k.s.ya Roy.. 7 GordoS
Pious arps
Pious pstu..a ScI y .IJ..

Pious p.o A.itor

Pious pudoatua L..o4l
Pious :.4..ata .

Pious ru.t. tol.
pj
Pith.cLcus ;s.do-a.oa.ri-dus 9:itt
Pith.cojch.. eaoao (.ack S.ot.t
PL&tixysc sr.acvu or.o Es.

P tioys..r Duqaod

Pdocarp c.L!ol..s Do.
?a.udel...dia ;r.a is.ba.c
Qusr:uas w(
Sc ..ioC ax.liybus 7.tl) 5l..k.
$.s.oaojg q. ifoza L.) Pqrs.
SLasuub. qUaucs D.C.
Starculia ala .7sck) arrt.
Sir Ka.roa

S.irt.tis .tusis 5tth
RwistsoAahusilta Zuce
w..t.nLa acro;Itylt. . E.iog

?ib.buis etry.aotha (Jack)
?ab.buai. p.i.oSrt loss.
?sbebuL. ross. CYariol) DC.
7541O05 qwidta tto
7,rajjisj._a aaaronja (04.1) £z.U.
?.raios.lia ivrr.,usio A. s,
Tsz.zislia lucid. not Pa.
T.oas ci.ats II. loam
?ra piersoths (I..) Itus.
?ticho.p.ros ixfcanus OC.) .LlI.

001 ia aLcu.Ufia A. Cwi. .z MtA. 040
002 M.i aqL $.134 050
003 iarp&. fr i.ifoLiia Wiit 051

044 1k1t f&Ic.&zL. (X..3 Fesbs.rq 09$
00$ 41 L,i.ta ( 0. Etz 052
0% A.rd5 C)Srt a&) Sk..lg 053
007 2m- - .-'-- an.ii (1øi @q. 054
004 AcL qT..,cXe J40ç. 0%
000 MLJ145a y (ILak& at 055
0% i.p.j quoaa £7cq3 Duq.ad 056
010 &Liaa tztz 093
oil j1 .tt.i.z 100
012 _ CU S.zq. 057
013 e.Itt...4r. ctãya Msia 05$
014 ioy11, bxs.i1. Cob. 05$
015 q i..oia AuL 040
005 Cagdo .uJa..foLja X.. %T
01* Li Ct.) loS.. 042
017 Cs1 duuj CC.) 00. 043
010 04th. (I..) 04.rt 044
010 &L1odor (L&L, y Pa'6nj oa 045
020 dia aptaig 06*
001 da off. Gsruc.tha 007
021 047pS.x5.a j.poMoa 0. Oco. 044

42$ s 1isjtaajca LU 060
09* Oçrs rarp. (CArd) 070
023 CLse j.t-.tthjj S..rt 071
024 041.zqia c i2.qitze.tis Pi.t.r 072
02$ .rqis rt.a l.si.t 101

097 Ds1s rsqi. (3ocr) P..f. 073
02$ àypsix rototT.t LAb1) 0.c. v Ptajth 102

021 00y.a robir..ai.s Mnt ¶03

029 04toxsad .tarT..c.rai i 074
029 Dtptard..4zt. s1. Mdk 104

030 0074 çrwiLsL. (L.} 075
031 cc1ae.rp. Jack) Ci..b 07*
032 a1ptua a.1M 077
033 oI1.cua C D.fl 07$
031 citztodcrs Eoo 077
035 Xytii cL.zi..a ?. ,*X1 000
030 t1ypt d.c.pta 01ak.ly 072

010037 a.3pv 4sq1gt.i ll.
030 a.iyp çtobuZCa £..i1L Oil
D o3ypt* ..MLa 3.tUsz Naid.. 002
041 rpt lo,iii.2.1ia L&iiA 7 Otto ¶05
041 .iype crCcozps $ek 0*3
042 c.3ota lokA 004

043 .Iypt ..id.i.t 7. *.lt 005
044 oa1y rob.t. loAth 00*
045 s.ypCim s.Li. lofth 0*7
044 s3ypt. tar.tLc.rL. loAth 04$
047 ...M &i DOS

044 ?ruaou i4.t L.d.Wt 106



CCE FOR SITES IN INVESTIflQ.' I CCST RIC.,TCTA CF PLOT P. LCCACTICN. 1971.-19;1--
site
Code No. of pl.ot

per sit.
FO.ty Region 1: Atijt Zone

San

(4)
702 - Pcicvc: - :ns:tutQ ACOPi_je

(11)103 - Z.n6n laen4. Saita .ar
(4)

104 - Pccoc - Haca.nda ..a rana
(5)

105 CçL),, - - !utac Exp.r,j s Diar.a.,,109 - Ltar Xae7ifldi (.a osaa
(6)

107 Cuit - 1.n - flJcL.n4i L.a Caara
(7)

105 - -
(8)

109 - Pocoe - Haci.-cj,
(43r.ar. - Peoc - Loa AngEL., di
(6)Rlc de -
(3)

112 . - L.i
(4)

FO.3t Region 2: North Zoo.
201 .acv.ro - - "Inca di .aSn Rnas

(1)202 Cid,d - 2a- Ca:Ics Sat L. Jade (2)
203 Cu44 Quisadi - !art t - Ccl.aa.- roIt.:..-y .a, (3)
204 P1at..ar - San Carog - Oetrl, cc. ame)o :.

11)
205 - San Carte, - Fin.e

(1)204 Santa osa - - £ca a
73)

207 Cadral S - .jd_ad - Cec, di :- ,..rds (1)208 Vara Sij, di (i?ø':a Tnea cc
(1)209 Viz. ILarca di -
(4)

210 ra liar-a di flcr.da - Puca ..s
(1)21) L.a Iara di San Care, cca :. Mar,a 2)

212 iza )lanea di e-edaa - ?.nca £ :e e.213 Lc, Anqe:., di La - L& Carj5, Zoj Fja
(6)2'4 Ac.c.Iaz.,o i (aLa - .'.a;tiej
(3)

Forestry Region 3: South P&cijjt Zone

Forestry Region 4: Dry Pecific Zone

;,.; J

115

201
302

204
305
36
307
.108
309
310
311
312
314
315
316
317

ltnos eg - Pwtarcci,s -SLJitr. di Puanc, .:es - rari-.,Sue Iu,t Are, - rerasPa ?;rt, - :uA;r..1g
Rrc :a? - 0:.:- st,.t-3.e- - -:- ;.e:oVaicL-( - !'-c .: !i..Sin di Iui-, 'rii - ";r.,i 3anr.i Cc::..1Sir idr a A::es - Fs ..a irrJflc,aSt %se - H-az Z'cr - 'i.j:.ra E art!aA Ia:d: di !,za: - F.a de LaPedr.ç- di s :sdro di - F:ta di L.sSirti Mc:t di ?.røj A::.1 ::a SOniord. Zc_e5,- - Agropec.,,La, Anqa3.s di vri: Zeid.
loruca - Arei

.cr:.r

(9)
(23)
(9)
(15)
(8)
7')
(3)
(2)
(1)
14)
(1)
l)

(2)
(6)
(4)
(3)

401
402
403
404
405
405
407
401

410

41)
413
414

- f&Ca - £L .:najSeoya - V:vv,o rer.,.L de '(ACS.ta Cr..j - ce dtj.r- Cacajze'.ad.,L,, tr5 di, -:ijyn Scc:aPa,. 7et)Lsq,1 - F.p;a di ay,g Cu1nCeLaude . :arcz,.c va,.lT4 - Ls,ci z ;.:., Ca a I4IT4Ianae, - a) 'oc1, M:av:.,- 'l vr £
?ie'y. - aa, - E'1..,ntaj £nr&q..- .aña, - c.rci a AccaSan di ac.ur.car,g - rsnc.a di !nrzqJqL.b,rLa . flc:.-j4 ..a r:

mars.- ':-ez

(2)
(2)
(2)
(2)
(2)
(4)
(1)
(1)
(1)
(15)
(3)
(2)

415 era - 441.rca L) ?,-.:
La Cr.,, .(aeai., La "ar-, (2)

(1)



41$ Sin Lus 4. Li. :wltas di Acsiqsrss (4)417 Li Pij.i di is Junta. di Abaaastts (10)41$ - CaM. - !nq.no 7a.oçc (I)416 CaM. - IIacj.da Li .ivilL. di o4oLfo n,1.d6n (1)
420 Cifags- 45 L.a P&c!fics (2)421 - Csntzc Dniv.'ztazie di Gisaacagt. (6)422 Li Cris - rtrca PocosoL (1)423 PSL6 - rLls4.lfts - Coopsquinsca.t (1)424 Li PaLe. di Aanqsrsj (I)

Forestry Region 5: Central Picific Zone
391 tiabrsdtLj& 4. Dots - rinca 4. Sutisi6n lJr.a (10)
302 Santa I.rs 6. Dots - Fines 3. Pdx,.qc Sells (4)303 Mn Mscs 4. Tara.s0 - Ptnei 4. Ku,.rto Cr.ri (I)504 Sin Pablo d Li.5 Cor4z - Fines 3. .orq. rqu.4a. C')505 Li erts 3. Dots - HscJ..nda .1 Sobledaj 4. Jo. Pu. Castro (8)50$ ?a.rb.ca - tina ?srs 4. 0sat 'ueón (17$07 PsL.icb.al 4. ,ts - Line. ni (13)50$ Sin Cgst4j 45 Psisicbal di Aee.ta - Fica 6. JoTq 1ra P. 1)306 P.LascMl di Acosta !.r.ca £ Rjsl (2)510 Sin Pablo di ?urr.bar.. - Lnsttvto Aqrop.e.aarjo (6)511 Sin Lus 4. TUr!usr.. (3)512 San Frsnca di rrbazs. (3)313 Sin Juin 4. Ilita :.r-.br.s (3)514 Li C1ors 3. Pzse.l - st.:it Aqrop.cnarjo (6)315 Meipijo do Aq.r,. - :nttw Aio,cuaro (3)316 tspalo di Aers Lint, 3. Elc.r Cistro (2)$17 - C.ntro eo.a a?to.tsl (3)51$ Aco,ta - araqraj 4. aro Pivas Zel.n (1)Li Cie. 4. Dot.. - Fthc . :vi, 3elians (3)

Forestry Region 6: Central Valley Zone (East)
Si. puie.re. 20 dqto. . an ?es.rvadt pie. los nsayc. istalse.3os an .1

Agrom4.eo Tropical 3. Xnvst.cst_ón y (CtX3
621 - Finci 4. 1. Peipa4sd di Cireaqo (9)$22 Pie R,v.rttado - Pg:e, P.scrstivc 3. Prusa (197
623 Sin s. 3zc 3. .s - 3. Rs.-n Gonz.l (1)64 Sen Isi.4r: 3i esr F.r.c., Coee (1)625 i.rrs I.aCa - - Cartxe 3* Adiptac.ón S.t.a
62$ Tszsa - Carraqo - .js .s (3)

Forestry Region 7: Central Valley Zone (West)
701 &1a.la - harri' Ss Jes4 Sitac4.0 C irLwnra1 ?sbo (6)702 Sin Is;dro 3.. Ce.cta - ?tsei .s :-. (1)703 C.b.dfla 4. TltT1.ari - La CiLta LX.C.Z.' (1)704 Sir. .7.rdnieo 4. Prse. - 1.n:s di Oscir Puidr.qa (4)705 Sin Ii4re 4. Cerenaca - Tints 4. a. Ca.t (1)Sin 4. La ntsLa - - F.nca 4. Ic. St.nverth (1)O7 Cr.e.a - r.ca : Arcntna (3)70$ Si.to Tea 6 Sante rl.i,qo - set*10 Arzcns (4)706 Sin Serda..-o di Puorsvz.a - Finca de FriOdy Sell. 3)710 San J.rLzlir 4. 1rsvs Fine. di Ccrilia &pLzir (1)711 Cijd Co.$n - S.r Je, - iI.ci.n4. £1 acdan (2)712 S.rthf - &tsu.1s - Cscjn45 La Lisa (6)713 Sac Pa31, 4. 5.rst.a - Ccapa.Si ?3lter (3)
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APPENDIX No. 10.

Sites number, location in coordinate of latitude and longitude, elevation above meansea level, and corresponding meteorological station to which they were refered.

SITE 1ETEOROL0CICAL STATION

Number Latitude - Longitude Etev. Latitude - Longitude Elev. Name

101 10017, - 83°43' 90 10021, - 83°46' 70 La Mola

102 10°12' - 83°47' 260 10013 - 83°49' 249 Los Diamantes

103 1O°17' - 83°34' 150 10021 - 83°46' 70 La Mola

104 1O°13' - 83°44' 240 10013, - 83°49' 249 Los Diamantes

1o5 ioi3' - 83°46' 249 100131 - 83°49' 249 Los Diamantes

106 10°17' - 83°40' 70 100211 - 83°46' 70 La Mola

107 1O12' - 83°41' 100 100131 - 83°49' 249 I.o Diamantes
108 100121 - 83°41' 100 100131 - 83°49 249 Los Diamantes
109 10°12' - 83°37' 70 10013, - 83°49' 249 Los Diamantes
110 10018, - 83°40' 250 10021, - 83°46' 70 La Mola

111 LQ°05' - 83°25' 200 10006, - 83°23' 40 La Lola

112 09°55' - 83°01' 20 10°00' - 83°03' 3 Limon

201 1011 - 84°24' 1736 100131 - 84°23' 2010 Palmira

202 1O019 - 84°26' 580 10°21' - 84°24' 600 C0Rural Metodista

203 100191 - 84°26' 540 100211 - 84°24' 600 C.Rural Metodista

204 100251 - 84°28' 120 1O°21' - 84°24' 600 C. Rural Metodista

205 1O°28' - 84°27' 122 1Ii'21' - 84°24' 600 C.Rural Metodista



APPENDIX No. 10. Cont....

206 10036, - 84°29' 160 1002]It - 84°24' 600 C.Rural Metodista

207 10°22' - 84°26' 590 10021, - 84°24' 600 C.Rural Metodista

211 1O023 - 84°22' 410 10021t - 84°24' 600 C.Rural Metodista

212 10009t - 84°09' 1900 10013, - 84°23' 2010 Palniira

213 10027, - 84°34' 80 10021t - 84°24' 600 C.Rural Metodista

214 10°5(4' - 83°01' 30 10°21' - 84°24' 600 C.Rural Metodista

301 09°10' - 83°20' 380 09°11' - 83°20' 350 La Pinera

302 09°12' - 83°19' 500 09°11' - 83°20' 350 La Pinera

303 09°10' - 83°22' 500 0911' - 83°20' 350 La Pinera

304 08°58' - 83°27' 20 08°57' - 83°28' 16 Palniar Sur

305 08°41' - 83°04' 30 08°57' - 83°28' 16 Palmar Sur

306 09°12' - 83°28' 410 09°22' - 83°33' 1450 Cedral

307 09°13' - 83°27' 415 09°22' - 83°33' 1450 Cedral

308 09°15' - 83°31' 570 09°22' - 83°33' 1450 Cedral

309 09°16' - 83°22' 590 09°11' - 83°20' 350 La Pinera

310 09°17' - 83°38' 550 09°22' - 83°33' 1450 Cedral

312 09°23' - 83°40' 680 09°22' - 83°33' 1450 Cedral

313 09°23' - 83°43' 700 09°22' - 83°33' 1450 Cedral

314 09°10' - 83°23' 340 09°11' - 83°20' 350 La Pinera

315 09°49' - 83°43' 400 09°22' - 83°33' 1450 Cedral

316 09°29' - 83°46' 1110 09°22' - 83°33' 1450 Cedral



APPENDIX No. 10. Cont..

317

401

402

403

404

405

406

407

410

411

412

413

414

09°0O'

10°07'

100081

100141

100271

10°3O'

10°40'

10°33'

10°20'.

10°22'

10°15'

10°36'

10033, -

83°19'

85°17'

- 85°28'

- 85°36'

- 85°33'

- 85°34'

- 85°28'

- 85°23'

- 85°12'

- 85°06'

- 85°05'

- 85°33'

85°32'

650

2o

120

50

17

22

120

120

50

50

60

98

09°11'

10009,

10°09'

100091

100361

10036,

10036,

1Q°36'

10°21'

10°21'

10°21'

10°36' -

- 83°20'

- 85°27'

- 85°27'

- 85°27'

- 85°32'

- 85°32'

- 85°32'

- 85°32'

- 85°09'

- 85°09'

- 85°09'

85°32'

350

120

120

120

85

85

85

85

40

40

40

85

La Pinera

Nlcoya

Nicoya

Nlcoya

LIberia

LIberia

Liberia

Liberia

Taboga

Taboga

Taboga

Liberia

416 10°18' - 84°58'

30 10°36' - 85°32' 85 LIberia

417

418

419

10015, -

10°24' -

10°24' -

85°OS'

85°10'

85°05'

400

30

20

10°30' -

l0°21'

10°21' -

84°55'

85°09'

85°09'

580

40

40

Nueva Tronadora

Taboga

Taboga

420

421

10°28' -

10°37' -

85°07'

85°27'

50

50

10°21' -

10°21' -

85°09'

85°09'

40

40

Taboga

Taboga

422

423

10°53' -

10°24' -

85°36'

85°36'

140

250

10°36' -

10°36' -

85°32'

85°32'

85

85

LIberIa

LIberia

30 10°35' - 85°40' 3 Playa Panama
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424

501

100181

09°42'

- 85°03'

- 83°59'

50 10°21' - 85°09' 40 Taboga

502 09°39' - 83°58'

2100 09°50' - 83°58' 1400 Linda Vista

503 09°40' - 84°01'

1550 09°50 - 83°58' 1400 Linda Vista

504 09°41' 84°02'

1520 09°50" - 83°58' 1400 Linda Vista

505 09°42' - 83°6P

1750 09°50' - 83°58' 1400 Linda Vi8ta

506 09°49' - 84°07'

2380 09°50' - 83°58' 1400 Linda Vista

507 09°50' - 84°15'

1670 09°50' - 83°58' 1400 Linda Vista

508 O9°5O' - 84°13'

1110 09°50' - 83°58' 1400 Linda Vista

509 09°50' - 84°15'

1110 09°50' - 83°58' 1400 Linda Vista

510 09°54' - 84°26'

1000 09°50' - 83°58' 1400 Linda Vista

511 09°51' - 84°27'

350 10°01' - 84°16' 840 Fabio Baudrit

512 09°52' - 84°28'

300 10°01' - 84°16' 840 Fabj.o Baudrit

513 09°52' - 84°31'

250 10°01' - 84°16' 840 Fabio Baudrit

514 09°39' - 84°37'

100 10°oi' - 84°16' 840 Fabio Baudrit

515 09°20' - 83°57'

360 09°57' - 84°24' 450 E.C. Ganaderia

516 09°19' - 83°56'

10 09°58' - 84°50' 3 Puntarenas

517 09°49' - 84°12'

30 09°58' - 84°50' 3 Puntarenas

518 09°49'

900 09°50' - 83°58' 1400 Linda Vista

519 09°41'

- 84°08'

- 83°54'

1500 09°56' - 84°05' 1172 San Jose

621 09°55' - 83°57'

2500 09°50' - 83°58' 1400 LInda Vista

622 09°58' - 83°52'

1560 09°50' - 83°58' 1400 Linda Vista

2620 09°59' - 83°51' 3400 Volcan Irazu
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623 09°51' - 83°56'

624 09°50' - 83°58'

625 09°56' 83°53'

626 09°52' - 83°56'

703 09°56' - 84°21'

704 10°c,!' - 84°c,i'

707 10°c,!'. 84°22'

708. 09°59' . 84°05'

709 1000!, 84°oi'

710 10001, - 84°oi'

711 09°55' - 84°16'

712 1009', - 84°20'

713 09°59' - 84°07'

1350

1375

2350

1400

400

1420

700

1180

1450

1450

800

1400

1100

09°50'

09°5c,'

09°59'

09°59'

09°57'

10°02'

09°57'

09°59' -

10°02' -

10°02' -

10°c,!' -

10°07' -

09°56' -

- 83°58'

- 83°58'

- 83°5i'

- 83°58'

- 84°24'

- 84°0o'

- 84°24'

84°05'

84°oo'

84°0o'

84°16'

84°23'

84°o5'

1400

1400

3400

1400

450

1450

450

1172

1450

1450

840

1100

1172

Linda Vista

Linda Vista

Vo]can Irazu

Linda Vista

E.C. Ganaderia

s Josecito de H.

E.C. Ganaderj.a

San Jose

5 Josecito de H.

S. Josecito de H.

Fabjo Baudrit

Naranjo

San Jose



APPENDIX 11

Initial 10 years growth curves for the species

and study sites in Costa Rica
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AGE IN YL42.S

Fig. 3. IniUaj 10 years growth curves for differeot
fla5 study sites in zones 5 and 7of Coats Rica.

IndividaJ. curie (rtter
above the curwe) is based o the nasa of theSi trees msuure per plot.
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Fig. 4. Initial 10 years growtI curves for different
Cuprasaus lusitanica study sites in Costa
Rica. Individual curve (dumber above the
curve) is based on the mean of the 81 trees
measured per plot.
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Fig. 5. Initial 10 years growth curves for different
Cupressus Lusitanica study sites in Lone 5
of Costa Rica. Individual curve (number
above the curve) La based on the mean of the
81 trees measured per plot.
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AGE IN YILARS
Initi*l 10 ara rowEh curve. for ditferent
Gmelin! arbotea gtudy altos in zone
Costa Rica. IndivIdual curve (number shove
the curve) La based on the wean of the 81
tree. uaaured per plot.
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Fia. 1. Initial 11) years growth curvea for different
(.welina arborea study ite in zones 3 and 4
of Costa Rica. Individual curve (numbet
above the curve) is baced on the wean cf the
81 trees uuz*sured per plot.
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Fig. 8. IniLial 10 years growth curvi for different
Pinu caribaea 8tudy 8Lc.e in zone 1 of Coata
Rica. individual curve (number above the
curve) Lw based on- the mean of the 81 trees
meanured per plot.
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Fig. 9. initial 10 years growth curves fa different
pinus cri! study sites in zones 3 St
and 7 of Ci.sta Rica. Individual curve
(nwuDer above the curve) is based on the
mean of the 81 trees measured per plot.
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Fig. 10. Initial 10 yeare growth curves foi- different
Tectona atudy aLtec in zone 1 of
Coat* Rica. Individu&l curve (number above
the curve) is based on the mean of the 81
treesmeasured per plot.
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Fig. 11. Initial 10 yara growth curves for different
Tectona rndis utudy sites in zone 3 of
Coata Rica. Individu.d curve (number above
the curve) i based on the mean of the 81
trees iueasurd pr plot.
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