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

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

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 whgie. 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 stﬁdy 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 Qereuusgd as dependent variables.
Data for twel;e clihétic va?i;bieé wére 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 m)
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
general observation from this regression analysis and experience
in other countries is that Gmelina fequires fertile soils and
favorable physical properties for optimum growth. However, this
species is growing satisfactorily in all areas below 500 meters of
elevation in Costa Rica; no data is available above this elevation.

Amount and distribution of precipitation, exchangeable potas-
sium, magnesium, and sodium, soil textufe, and an energy factor
(number of hours of light;and'fédiation; or lﬁﬁériétion of tbeée
two variables) were the facto;; most cldéely relatéd 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 most



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 analysis.
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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 ;ountries of Africa, Asia and America as
well as Costa Rica are involve4 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 (Martine;, 1981; Camacho, 1981)
have already made fecomﬁendations about ﬁhe more appropiate species
to p;ant;i# Costa Rica’gggédfén a prelimigary analysis of the
forest plots in th.e;country°

Evaluatiaﬂ of environmental factors affecting the growth of

introduced tree species has not been commonly 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
Agronomic 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 (ITCO, 1967), followed by 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. (Camacho, 1981).

The General Forestry Direction Unit (DGF) of the Ministry of
Agriculture and Animal Husbandry (MAG), initiated a program in 1971
of study piot 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 tﬁe investigation, the Forestry
Department and more recently the feghndlqgical Institute of Costa
Rica (ITCR), ha&é begﬁ'using différént»silviculturél_practices in
order to protect and-prbvide fof 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



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 important. In
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 deternine the effect of major
environmental factors on gfowth 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

acuminata (HBK) 0. Ktze, Cupressus lusitanica Mill.,Gmelina arborea

Roxb, Pinus caribaea var. hondurensis Bafr.-&’Golf., and Tectona
grandis L. Specific objectives were:

1) To test and compare the behavior of the species in Spécific
climatic zones of Costa Rica and in the country as a whole.

2) To select the set of environmental factors that best
explain the species behavior in the country and in specific
growth zones,



LITERATURE REVIEW

1
Silvics of Alnus acuminata (HBK) 0. Ktze. -

The common name of this species in Costa Rica is Jaul. Uhereas
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 3etulaceae family.

Species description

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

30 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 plantations. (Combe, 1979b).

Geographical range

Jaul is widely distributed througﬂout Central and South
America specifically from Mexico through Central America to

Argentina. Holdridge (1951) mentioned that A. acuminata is

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



common in Central America.

Climatic range

Alder grows well in places where precipitation ranges between
1500 and 3000 mm/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 moisture and
having many cloudy days.

The species is found in the Lower Montane Moist Forest and

Lower Montane Wet Forest life zones (classification 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 swamps.

Silvicultural characteristics

Alder is a pioneer species that needs a lot of 1ight_for good
development, it requires the soil to be free of weeds at lea;c during'=
the time of establishment, and it also needs,a high moisture level

in the soil. The tree grows fast and fixes atmospheric nitrogen.

Use

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).

1/

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 2-4bmm long. The fruit is a globose
strobile of 6 to 8 scales from 10 to 15 mm in diameter. It is

maroon in color.

Habitat

C. lusitanica is an exotic species that has become naturalized 4
in Costa Rica due to its adaptability to the soil:éﬁd climate:of -
thé country. The optimum altitudinal belt for cyp}ess in ngta
Rica is from 800 to 3000 m but it can grow at higher of lower

altitudes.

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 Argentina. 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 mm/year, but can survive long periods of drought. The mean
annual temperatures in its habitat are generally greater than 12°%¢
with occasional frost or critically low tempereratures. The tree
is well adapted to the Lower Montane Wet 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 canAtolerate sqmg'
shade, During its first two years it does not survive 1ongaperiéd$
of dryness. Little is known about the development of this tree in
natural éonditions; however, our limited data for Costa Rica shows

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



Use .8

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. Thelleaves are opposite, from 10 to
25 cm 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 trials.

It grdws in lowlands of the country to a maximum of 600 m where the
species has demonstrated very rapid growth and an adaptability to a

variety of soils.



Geographical range

The species is distributed geographically throughout India,
Nepal, East Pakistan, Thailand, Laos, Cambodia, Vietnam and the

southern provinces of China.

Climatic range

In its natural habitat, Gmelina grows best under temperatures
between 16°C and 38°C with the presence of a dry season and

precipitation between 1800 and 2000 mm/year.

Edaphic range

Gmelina 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 recommended

that the trees be protected from it.

Use

The tree has been utilized as a nurse crop for the caoba
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(Swietenia macrophylla). 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.

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

The tree is commonly 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
. mm 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 cm wide.

Habitat
Ihié species is naturalized, with a very wide range of distri-
butiqﬁ-in Costa Rica, extending from the Atlantic Zone to the

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

(1981) reported that it does well also at 1100-1200 m of elevation.
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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 mm/year, requiring a pronounced dry season

and 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

trunks,_Which is a very common problem in windy areas.

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.
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Silvics of Tectona grandis Linn.

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

naceae family. 1In 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 mm/year. Its optimum 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
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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 commonly results in higﬁer-than-average 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 687 of the sites the effects of precipi-
tation varied from season to season. Temperature was found most
cgmmonly inversely related to ring width during autumn, spring, and
summer. éite factors appeared most responsible for variations in
;the growth response. Aspect appeared to be the most critical,
.féllowed 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 nmultiple
regression analysis to relate environmental factors and vegetation
to postjharvest 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 1is known to depend on the
‘i;amount of solar radiation intercepted, which is itself determined
by the leaf area of the crop (Bis;oe and Gallagher, 1977). Early in
the growing season small leaf area indices.cause low radiation
interception by the crop and this 1limits 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 summer 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, assume increasing impor-

o tance as determinants of growth in woody species with increasing

age.
In conjunction 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 more than 25 percent, and in
consequence, Larix, because of its deciduous habit, lost most of
the advantage of its fast growth 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 temperatures
upon growth of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco)
seedlings were studied by Lavender and Scott (1972). Plants from

varieties glauca and menziesii made maximum growth with soil and

air temperatures between 18°C and 24°¢ during the twenty weeks of
the study. Low soil temperatures greatly reduced growth and
hastened dormancy of plants grown under all the thermoperiods
tested.

Growth of western hemlock and Douglas~fir seedlings was also
studied by Brix (1971) under eleven controlled day-night tempera-
ture regimes ranging from 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 optimum 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 hemlock 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 andé night tem-
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 leai-
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 optimum, and populations from Quebec,
New Jersey, and Tennessee all nad 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 ﬁerm 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 and 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.
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METHODS 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 instruments were used in the measurements of all
plots (diameter type and Suunto clinometer for the height of the
trees) (Figure 1). One of the irregularities of the project is
the lack of an initial statistical design (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)
summarized and measured all the plots older than five years. One

' year later, Camacho (198l) made a general measurement, analysis,
and reorganization of the information including all the plots for
Ewhich 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
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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 (1931). This
division of the country 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 information 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 Meﬁeorological
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



used in the regression analysis were maximum temperature, ninimum
temperature, mean temperature, relative humidity, hours of light,
radiation, évaporation, precipitation, and the distribution of
precipitation (pluvioso, intermediate, and ecosecos). These
three later variables also known as moist, mesic, and dry months.
The altitude of the plots was another variable used in this
regression analysis. For more details see Camacho (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 (1981l) and also complemented 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-
m§xiied by Camacho (1981) pages 215-222. See also Appendix 8. The
séil variables used in the regression analysis were percent sand,
silt, and clay by volume, soil pH,  drganic matter content, carbon,
nitrogen, carbon/nitrogen ratio, available phosphorus, calcium,
magnesium, potassium, sodium, catioﬁ 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 Rica.

NAME ELEVATION ~  LONGITUDE ~  LATITUDE
(meters)
Nicoya 120 85°27" 10°09'
Liberia 85 85°32" 10°36"
Puntarenas 3 84°50" 09°58"
Limon 3 §3°03" 10%00"
San Jose 1172 84°05" 09°56"
F. Baudrit 840 84°16" 10%01’
Palmar Sur 16 - 83%8" 08°%57"
La Pinera 350 . 83%20° 09°11'
Palmira 2010 84°23" 10°13"
C.R. Metodista 600 34°24" 10°21°
N. Tronadora 580 84°55" 10°30"
La Mola 70 83%46" 10°21°
Playa Panama 3 85°40" 10°35'
CATIE 602 83°38' 09°53"
Los Diamantes 249 83%49" 10°13"
Linda Vista 1400 83°58" 09°50"
Pacayas 1735 83%49" 09°55"
Cedral 1450 83°33" 09%22°
Coliblanco 2200 83°48" | 09°57"
Volcan Irazu 3400 83°51" 09°59"
ELl Carmen 15 83°29" 10°12"
La Guinea 40 85°28" 10°25"
Taboga 40 85%09" - 10%21"
La Lola 40 83°23" 10%6"
San Josecito de H. 1450 84°00" . 10%02"
Naranjo 1100 ' 84°23" 10°%07"
Esc. C. Ganaderia 450 84°24" 09°57!

Rio Negro 955 | 82%2" 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 names used for the

weighted profile values.

Growth Indicators

The growth indicator variables used were volume growth, height,
and 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. Di;;eter 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 follo;s:
Spacing of trees: 2x2 meters

Initial density : 169 trees per plot (13x13 trees)
Area of the plot: 676 square meters (26x26 meters)
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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.

. 1/ Variable Level of Weighted
Independent variables = name observation profile

1 age age 1 -

2 altitude alt 1 -

3 maximum temperature tmax 1 -

4 minimuym temperature tmin 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 mo 3 amo
19 carbon c 3 ac
20 nitrogen n 3 an
21 carbon/nitrogen cani 3 acani
22 phosphorus P 3 ap
23 calcium ca 3 aca
24 magnesium mg 3 anmg
25 sodium na 3 ana
26 potasium k 3 ak
27 cation-exchange capac1ty cec 3 acec
28 base. saturation satb 3 asatb
1/ For ‘the description of the variables and units of measurement

see Appendix: 7.
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Twenty seven env1ronmental factors (twelve climatic variables
and fifteen soil variables) and one age varlable 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 Wasserman,

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 environmental factors plus age,
while in the second highly correlated independent variables were
discarded. Thie seconﬁ approach was complemented with the more
meaninful 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 (1930)
agreed that a stepwise procedure is one of the‘most convenient
methods in nultiple regression analyses° L used'ehfs 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 end Council (1979),
and also complemented by the method of multiple regression analysis

technique (Neter and Wasserman, 1974; Snedecor and Cochran, 1980).
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An analysis of the species by zones was done using the same
methods 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 summarization 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 principal componeat

and canonical correlation is reported by SAS (1982).
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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 acuminata to ten for Cupressus lusitanica.

Regression analyses were done using the results 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 re;ults obtained from the
canonical correlation were difficult to interpret and in somé cases
did not follow a reasonable pattern. Therefore these results were
not utilized in this study.

One of the reasons why the canonical correlation did not 3ive
satisfactory results could be the small sample size that was u#ed
in the analysis. It is suggested that the relation bgtWeen numbef .
of observations and number of indepeﬁdent variabies sﬁduld be'ZQ;i

(Stafford, 1983 personal communication), In this case, and based

[ S —

Stafford Susan. 1983, Forestry Projects Data Analysis. Course
offered by the Forest Science Department. Oregon State
University. Corvallis, Oregon 97331,



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 speciles
included in the analysis.

Tree Species Cupressus Alnus Gmelina Pinus Tectona Frequency
1/
Climatic factors - precip precip - - - 2
tmed - tmed tmed - 3
tmax - - - - 1
tmin tmin - - - 2
rhum - - rhum - 2
pluvioso - interm ecosecos interm 4
- rad rad - - 2
- - - - light 1
1/

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

Number of variables 10 ' 5 6 8 8

selected by species

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

[4%
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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 and canonical cor-
relation, I believe that with a larger sample size, these two
methods could be useful tools in the interpretation and summari-

zation of such data.

Multiple Rezression Analvsis

Tables 4 through 10 summarize the results of the multiple
regression analysis (using HMAXR approach) for predicting the growth

of Alnus acuminata, Cupressus lusitanica, Gmelina arborea, Pinus

caribaea, and Tectona grandis 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 and 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 surmarizes

these results.,

Regression Analysis for Alnus acuminata (HBK) 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
specles. Varlable selection was based on stepwise MAXR approach.
Species Alnus Cupressus Gmelina Pinus Tectona Frequency
. Y
Climatic factors - rhum - - - - 1
pluvioso : - - ecosecos ecosecos 3
age age - age age 4
- alt - - - 1
- - - light light 2
- - - - evap 1
Soil factors 1/ 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 3

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

9t



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

Species ' Alnus Cupressus Gmelina Pinus Tectona Frequency

Zone Number

Climatic factors l/ age 7 5 - 1 1 3 5
alt - 5 - - - 1
rad - - - 1 - 1
interm ' - - - 1 - 1
precip - - - 3 - 1
tmax - - - - 1 3 2
1/
Soil factors =~ ana 7 - - 1 3 3
asilt - 5 - 1 1 3 4
acec - 5 3 3 - 3
an - 7 1 - 4 3
ac - - 1 - - 1
ap - - 4 - 1 2
amo - - 4 - - 1
ak - - - 1 - 1
"~ aph - - - 1 2
amg - - - 1 3 - 2
acani - _ - - 3 - 1
aca - - - - 1 3 2
astb - - - - 4 1
Zone evaluated 7 5 7 1 3 4 1 3 1 3 4
Number of variables 9 4 1 2 1 &4 8 4 5 5 3

selected by zone

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

ce
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were analyzed, with five of these located in zone 7. The results
of the analysis of regression are recorded in Table 6.

The four variables included in the regression model from all
eight plots are relative humidity, the number of months with
precipitation over 100 mm (pluvioso), age, and 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 not greater than 0.83.
The lower F value found here could be due to large variation among
the sites that cannot be easily explained by the low number of
observations used in the regression analysis.

Relative humidity and the months 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 (Camacho, 1931). 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 regression equation. In other words, with
gn increase iﬁ relative humidity, there will be an expected de-

Véréase in grgwth. However, some intefactions between relative
huﬁidity, prédipitation, and mean teﬁperature should be reviewed‘
since in some plots the precipitation (3759 mm/year) is greater
than that geqerally required for the species, and mean annual

temperature (15.2°C) is lower than that nonmaliy suggested for the



Table 6. Multiple Regression Analysis Results for Alnus acuminata using stepwise MAXR, for data

from growth plots throughout the country as well as from sn individual zone.

No. of Variables in Dependent Independent Y 2/ 2 A
Zone obs. the snalysis variable variable(s) selected Estimated regression equation = R Pr(F >F)
. : A
(a) ) @ and order of entrance
Throughout
8 28 vo lume rhum pluvioso sge 'Q\Z.27-0.0l2(ase)+0.035(p1uvloao)-
the country
growth asatb 0.029(rchum) +0.0048(asathb) 0.85 0.1224
7 5 28 volume ana age ﬁmo.OIk—0.0IZ(age)+l.26(ana) 0.50 0.5046
growth
L/ age = Plantation age in years. asaltb = Hean soil profile (0-40 cm) base saturation.

pluvioso = Nu-ber'of months of the year with precipitation

greater than 100 millimcters.

rhum = Mean annual relative humidity.

percent.

Expressed in

Expressed in percent.

ana = Mean soil profile (0-40 cm) sodium concentration.

Expressed in milliequivalents per 100 grams of soil.

= Mean tree growth increment in njlyr.

LE
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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 wnen the relative humidity decreases. Similar results as
these above mentioned were found for El Verde forest in Puerto Rico
(0dum, 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 increment curve. That is,
the mean 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.

Percen; 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 reg:ession equations_could be due to a high correla-
tipn_between-baseAsaguration and tﬁe exchangeable bases (calcium,
m&gﬁésium, gb;hsgium; ;ﬁd sodiuﬁ}=(;ee Appendix 1). This is
assﬁmed becauée the element sodiﬁm: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 sodium 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 the 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.

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

studies found in the literature (Holdridge, 1951; Alvarez, 1956;
Budowski, 1957; and Combe, 1979b) only give a general description
of the behavior of A. acuminata in Costa Rica.

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

Central Valley_of Costa Riéé, ;ha; Alnus acum;nata is a fast
growing tree;fédapted ﬁdimésf 6f ;he soilsléf the area. BDecause of
its nitrogen—éixing cha;acteristic the pasﬁufe grasses also grow
as well or better beneath a stand of Alnus than in the open.

Since 1922 tﬁis 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 make 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 in 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 fourtﬂ 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 in the regression equation of zone 5.

For zone 7, only the vari;ble nitrogen enteres into the
regression equation. The_R2 value (0.99) is quite high and
probability of a larger F value (0.0023) is low. However, the
limited number of observations in thg zone limits the drawing of
strong conclusions. |

Soil in the Centiél Valley'of C§;t; iica (zone:7):originated
from volcanicrasﬁ. Th; reg;essiaﬁ analysis results-fdr this zone
agree with those of Fassbender and Tschinkel (1974) for plantations
of C. lusitanica on volcanic ash soil of Colombia. The best

equation found by the authors explained 52% of the



Table 7. Multiple Regression Analysis Results for Cupressus lusitanica using stepwise MAXR, for data

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

No. of Variables in Dependente Independent ll 2/ 2 A
Zone . obs. the analysis variable variable(s) selected Estimated regreaaion equation - ‘R Pr(F >F)
7o) and order of entrance
(n) » )
Throughout A
13 28 volume asilt age alt asatb ¥=0.5840.013(age)-0.000064(alt)+
the country .
growth 0.02)(asi1c)+40.0018(asath) 0.99 0.0001
5 9 28 volume age asilc alt acec R=0. 40+0,0093(age)~0.0001(ale)+
growth 0.024(asilt)-0.0027(acec) 0.99 0.0001
7 &7 - 28 volume an ¥=4.57422.15 (an) 0.99 0.0023
' ‘srowth
1/ age = Plantation age in yeéars. asatb = Mean soil profile (0-40 cmu) base saturation.
alt = Elevation above wean ses level in wmeters. Expressed in perceut,
asilt = Mean soll profile (0-40 cm) silt content in percent. acec = Mean soil profile (0-40 cu) catlon exchange
: capacity, in m:q/100 g of soll.
an = MHean soil profile (0-40 cu) nitrogen content in percent.

2/ T = Mean tree growth fucrement in malyt.

17
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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 587 of the variation in cypress growth. These results 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 céefficient
of the variable altitude seems to indicate that tﬁe yield of
cypress will decrease with an increase in elevation. However,
altitude typically has a direct effect on temperature and it;is
very possible that an interaction of the two vaf;ables 154océﬁrfin§.
The range of elevation of cypréss included in Ehe‘analy§i$ is from-
1100 to 2620 meters and its altitudinal range feporged in the
literature is from 800 to 3000 meters. A possible explanation of
this negative effect of elevation on the growth of C. lusitanica

could relate to the effect of temperature. It was mentioned by
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Camacho (1981) that cypress grows better where temperatures are
greater than 12°c. Over the range of minimum temperature 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 uncompacted 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 tﬂe means.of sand.
and silt is greater thamn 79% of the total volume of the soil. This
is a loam, which 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 Qqcupied
by bases such as calcium, magnesium, potassium; and sq&ium ;.
(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 m depth),
pluvioso, interm, ecosecos, altitude, and the texture of the soil
from the 0-5 cm, 5-20 cm, and 20-40 cm depths. The dependent
variables used were dbh or height. The author found 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 cm 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 differénce beﬁweeé -
the analysis done by Martinez and the one reporfed here is the |
number ofAindependent 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, and 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 number 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

33% 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 hitrogeno
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Regression Analysis for Gmelina arborea Roxb.

Gmelina is currently being grown in three different zones of
Costa Rica. Five plots were evaluated in zoneyl, 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 R2 are nigh and the
significances of the F values are above 95% (Table 8). These four
regression models indicate that only the soil chemistry factors are
related to growth. This species prefers deep moist soils, with
good drainage and nutrients (Camacho, 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
porous, 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



Table 8.

Hulciple

from growth plots throughout the country as well ag

Regression Analysis for Gmelina arborea using stepwise MAXR,

for data

from individual zZones.

o, of Variables in bLependent Independent LY 2/ 2 A
Zone oba, - -the analysia variable variable(s) selected Estimated regression equation < R Px(F>F)
(n) ) %) and order of entrance
Throughout A
12 28 voluge ap ana acani ak Y-l.46—2.005(ana)+0.l&(nk)+
the country
growth 0.013(ap)-0.06(acant) 0.98 0.0001
1 5 28 volume ac an 40, 44+2. 49(an)-0.27 (ac) 0.95  0.0495
growth
3 3 28 voluae acec ¥=3.05-0.074(acec) 0.99  0.0156
growth
4 4 28 volume ap amo ‘?;0.05+0.0045(nm0)+0.09l(ap) 0.99 0.0044
growth
I/ acec = Mean goid profile (0-40 cm) cat10h-exchange capacity. na = Mean soil profile (0-40 cm) sodium conteat. Expressed
an = Mean soll profile (0-40 cam) altrogen content. Expressed in milliequivalents per 100 grams of soil.
in percent. ak = HMean soil profile (0-40 cm) potassium content. Ex-
amo = HMean goil profile (0-40 cm) orgenic matter content. pressed in millicquivalents per 100 grams of soil,
Expreased in percent. ap = Hean soll profile (0-40 cmu) phosphorus content. Ex-
4¢ = MHean soll profile (0-40 cm) carbon content, Expressed in Pressed as available phosphorus In micrograms per
percent.. ' williditer.
acani = Mean goil profile (0-40 <) carbon-nitrogen ratio. ~
L 3 ~I
2/ Y = Mean tree growth fncrement in m7/yr.
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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 caﬁion-exchange capacity present in the regression
equation of zoﬁe 3.

Available phosphorus is present in the regression model for
the country and zone 4. In addition, the agreement 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,

O0jo 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
wheﬁ‘phosphate was also applied. The authors also found that

ppfassium.had little effect on the growth of this species.

in geheral thei;egression analyses done for the species in
Costa Rica agree with those done in Brazil, Nigeria, and Nicaragua
(Gomeg,.l981); 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 "stability' 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
vériables that Martinez found to be most strongly related to the
growth in diameter of the species were the soil organic matter
content which eﬁtered only one of my regressions, and the variable
interm (nuﬁber of months with values of precipitation ranging from
30-100 mm), which did not’appear at all in my regressionms.

_ Iﬁeqregfgssion equation developed by Martinez (1981) showed
an R?iValhe of 0.77 and ;as significant at the 1% level. The
" smallest value of R? reported in Table 8 is 0.95 and the lowest
significaﬁce 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
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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 300 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 planﬁation species in Costa
Rica and is currently growing well even at 1200 meters of elevation.
Table 9 presents the regression models for the plantations. Twenfy
six plots were evaluated for the country, fourteen plots in zone 1,
and eight plots in zone 3.

Tbe variables selected for the regression model for data from
throughout the country are po;éssium, percentage base saturation,
the distribﬁ;ion of the precipitation (ecosecos or dry months),
light, and age. The R? Qalue (0.75) indicates a relatively good
relationship, and the significance of the F value (B<D.0001)
is ve:yijﬁigh. qugver;;:che regression models for zones
1 a;d 3 hafe'bettét §alﬁes of R? (0.995 and F values comparable to
that for the fegression model from throughout the country. Various
factors could contribuge to the strong values of R? and F test.
White (1982) found for P. silvestris in Great Britain that the varia-

tion in climatic factors within zczes was smaller than for the country.



Table 9. Multiple Regression Analysis Results for Plous cacibaea using stepwise MAXR, for data

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

No. of Variables {n Dependent | Independent LY .
Zone obg, the analysis variable variable(s) selected Estimated regression equation 2/ kz Pr(F >G)
(n) ® (Q) and order of entrance
Throughout N
26 28 volume ak asatb ecvaecos 410.05+0.009l(age)-
the country Co
growth light age 0.082(ecosecos)+0.00017(llght)—
0.0092(usatb)+0.26(ak) 0.75 0.0001
1 14 28 volume  ak rad fnterm aph ?n).l.am.ou(age)w.75('1ncem)-
growth amg asand ana age 0.008(rad)-0.29(nph)+
0.006(asand)+0.076(amg)+
0.25(ana)+l.03(ak) 0.99 0.000}
3 _ 8 ..'“ 28 volume precip acec aph 'Q;l.09—0.0003(preclp)+0.098(aph)-
growth acanl 0.0003(ucuc)-0.0ll(ncanl) 0.99 0.0009
————— ————— . e 0TI S ————
1/ age Plantation age in years. ak = HMean soll profile (0-40 ¢m) potasaiwa content, Ern=
- . i 00 .
ecosecos Humber of months of the year with precipitation preased In milliequivalents per 100 grams of sot1
less than 30 milllmeters, aph = Mean proffle (0-40 cm) sofl pH.
light Hean annual value for the daily hours of asand = Mean soll proflle (0-40 cm) sand content. Expressed
sunshiné. N in percent by volume.
interm Number of wontha of the year with precipitacion amg = HMean soil profile (0-40 cm) magnesium content. Ex-
between 30 and 100 millimeters. pressed in milliequivalents per 100 grams of soil.
rad Mean annual radistion. Exprcssed in calories per ana = Hean soil profile (0-40 cm) sodium content. [Ex-
8quare centimeter per day. pressed in milllequivalents per 100 grams of soil.
precip Mean annual precipitation in willimeters, acec = Mean soll profile (0-40 cm) cation-exchange capacity.
acani Mean soil profile (0-40 cu) carbon/nitrogen ratio. 2/ - Mean tree growth fncrement fn ad/yr.
apath Mean 801l profile (0-40 cuw) base saturation. Expressed

in percent.



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 interm. 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
regression equation with negative coefficients. As previously
mentioned, the variable ecosecos indicates the distribution of the
Precipitation, specifically the number of months ef the year in
which the precipitation is less than 30 millimeters. Based on the
negative coefficient of regression of the variable ecosecos, it can
be assumed that the growth of P. caribaea will be unfavorably affected
by extended periods of drymess. It was mentioned by Camacho (1981)
that the species in its natural habitat could still grows in areas
with only 500 millimeters of precipitation 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

°f 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 mm per annum) areas of the
country at altitudes below 1200 meters (Barmes et al. 1977)

An interesting situation can be observed in Table 9 in
relation to the variable precipitation and its distribution (interm
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 distribution on the growth of

P. caribaea. That is, the species seems to prefer a balance.
between extremely wet and dty conditions.

It is also known ﬁhat’?inu; caribaea grows naturally in a

wide vargety:df_sqils,'réggiég fr;m poor séils to fertile soils,
Ifrom coéstal go 50;15 in}the mountains. It.aiso grows in sandy
and infertile soil as well as: in deep granitic soils with good
drainage (Camacho; 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
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and cation-exchange capacity in the regression model of zone 3 have
a negative coefficient of regression. However, the cations
magnesium, 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 (Fahlrman, 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 claye§ 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. Tﬁe future
addition of more information will allow the drawing of stronger
conclusions in relation to the effect of soil pH on growth of
caribbean pine in Costa Rica.

Another overlap between regression modelszis'tﬁe variables-.-
age and light in the regression model for the counéry, and |
variables age and radiation in the regression model of éﬁne 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 and 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
maximum point in its mean annual increment curve.

The greatest number of observations ahalyzed 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 mm
(pluvioso). Eight soil variables included in his analysis were pH,
organic matter content, carbon/nitrogen ratio,-avﬁilable'ﬁhosébarus,
cation exchange capacity (all of them from 0;5 cm depth) texture étr
three different levels 0-5 cm, 5-10 cm, and the 20-40 cm depth.

Two other variables were the distribution of the precipitation
(pluvibso, 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
determined that more variables than those associated with precipi-
tation are related to the growth of this species.

The Rz value reported by Martinez (1981) is 0.3l 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 RZ 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
l 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, aé 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 for 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 cﬁemistrye
of the soil (specifically the exchangeable bases), and.an energy
factor (number 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.
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Regression Analysis for Tectona grandis L.

Table 10 summarizes the results of the regression analysis for
teak. Twenty one plots from throughout the country were evaluated
and these were distributed as follows: seven plots in zone 1,
eight in zone 3, and six plots in zone 4.

A review of Table 10 shows that climatic and soil chemistry
factors are strongly related to growth of this species, with soil
factors being particularly significant.

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

The agreement among the variables in the regression models is
high, both directly and indirectly. However, the inclusion of a
few new variables was also part of the regression analysis results
for T. grandis.

The range of precipitation for this species is between 300 and
5000 mm/year. However its best growth is between 1500 and 2000 mm/
year (Camacho, 1981). This optimum precipitation is only reached ‘
in the driest part of Costa Rica, which is zone 4 in the study.
This.agrees with the regression analysis results of zone 4, which
show only soil‘factors in the regression equation. It is possible,
therefore, thag the climatic factors are not limiting the growth

of teak within this particular region.
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"Table 10. Multiple Regression Analysts for Tectona grandls using stepwlse MAXR, for data

frow growth plots throughout the country as well ae ludividual zones.

Ho. of Vartables ta Bependent Independent i
Lone obe. the sualysis varlable varlable(s) selected
) » (’Y\) and order of entrance
Througaout 21 28 vo | uiae aclay light evap
the country prowth ccosecos ana ak ape
acan)
1 7 28 volume ap asand age aca
growth tmax
3 8 23 vo lume asilet aca ana age
growth taed
4 6 28 vo lunw an asath aph
growth
1/ age Plantation age in years. acluy =
ecosecoa Number of ths of the ycar with preclpitation
less thaa millimeters, asand =
light Hean snnual value for the dutly hours of
sunshine, . ana =
evap Mcan annual evaporation. Expressed in
mllllmeters. sk -
tmax Mean annual msximum tewperature In degree
celcius, ’ acond =
tmed Hean annual average tumperature In degree aph =
celctus, ap -
aca Mean soll profile (U~40 ca) caleium content. Ex-
presued aa allflcquivalents per M0 grams of soll.
asilte Hean soll profile (0-40 cw) sidt content. Ex- asath =
pressed In percent by volume.
an Hean soll profile (0-40 cw) nltrogen content. Eyx- 2/ ,Y\'

pressed In percent

in millicquivaleats per 100

Hesn woll profile (0-40 cm)
predded In willlequivalents

Hean soll proflle (0-40 cm)
Mean profile (0-40 ca) soil
Mean soll profile (0-40 cw)

Estinated regresslon equation U R2 Pr(F>‘-\')
Lo
Y=, 30-0, 0084 age) 0. 14 (ccosecos )+
0.0005(1 1ght) ~0.0008(cvap) -
0.005(aclay)-0.42(ans)+0. 36 (ak) +
0.02(acani) 0.73 0.0043
P=2.6340. 13(age) -0. 19(tmax)+
0.0238(asand)-0. Li(aca)+), 18(ap) 0.99 0.1115
9-7.89-0.031 (age) ~0.074 (ted) +
0.015(as11t)+0.037(aca)~
2947 (ana) 0.99 0.000)
ey
Yol U1-0. 74(aph)+0. 001 7 (asatb) +
1.25(an) 0.99 0.0015
Hean soll profile (0-40 ca) clay content. Expressed
in percent by volume,
Mean soil proflle (0-40 cm) sand content, Expredsed
In percent by volume.
Mean soll profile (0-40 cw) sodliunm content. Expressed

prams of sol),

potass lum content.  Ex-
ver 100 gramy of woltl,

carboa/nitrogen ratlo.
pil.

phosphorus content.  Ex-

pressed as avallable phosphorus ia micrograms per

mildidlcer.

Hean soll proflle (0-40 cm)
pressed in percent.,

base saturation, Ex-

Mean tree growth Increment In m]/yr.

es
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These results agree with the results of Yadab and Sharma (1973)
for the region of Madhya Pradesh, India, where the climatic
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 ngl adapted to dry areas for a period of three to five
months, which is also what was mentioned by Camacho (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
l(Camacho, 1981). The mean annual temperature for the plots

};qélyzed is 24.7°C, and the values of maximum and minimum tempera-
" ture are still within the optimum fange reported for the species.
It was therefore surprising that the variables maximum and mean
temperature were included 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, respectivelyyalso 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 (0jo, 1973). TI. grandis in
India showed responses to ammonium 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
:E;twelve va;iables are the same mentioned for the analysis of P.
'caribaea;é=He found that the variables most strongly assoclated
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 (mesic 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 and 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 9.59
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 regreseion analysis done by Martinez (1981) 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 ;he 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 Obeervations 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
2 graphical representation of the growth variation within and

between zones (see Figures 3 to 1l 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. Moreover, 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 zonme 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
eightrto twelve for the analysis of data from the entire country.
For the analysés by zones and by species, nineteen variables were
found to affect the_growth of these five specieé (see Table 5).
Héwever, the number of envirommental factors that remained in the

regression equation for individual species was reduced to four for

Alnus, Cupreﬁsus, and Gmelina; five for Pinus, and eight for Tectona.
':;fhe values offRz;fBr the reg;eséion equations ranged from 0.75 for

i 2,.cariﬁééé té 0.99 for C. lusitanica. In the regression analysis
by iones, 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 spgcific gquraphic regions. This makes sense statistically
and agrees with the resﬁlts above. However, the small number of
observation conéidered in the-regression analysis by zones does
not allow ﬁhis to Be presented as a strong conclusion. To draw
stronger conclusions mofe data must be obtained.

The four variablés most frequently included in the regression
eqqatiéns-of these .five S§eé1es in thg country were the distri-

' bution of the prédiﬁitétion; percent §oil base saturation, soil
potassiﬁm coﬁtent, 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. 1In 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 number 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
summarizatién of the data by the principal component analysis was
effective in reducing the number of environmental factors, although
the following step (canonical corrglation) 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 summarization and
interpretation of such data, espe;ially if the sample size is

increased.
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CONCLUSIONS

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.

1)

2)

3)

4)

5)

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 éffecting the growth of the species
in a zone were not necessarily thg same as those affecting
the species in the entire countryg

For individual specieé in diffgrent gquth zones, one Or
mofe similar i;depenaent vafiéﬁleé were frequenﬁiyzselectedg
However, the addition of other variables into the regres-
sion models was also common, sﬁowiﬁg the response of the

species to changes in the environment.
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APPENDIX 1 l/

Population statistics and correlation matrices for
climatic and soil factors used in the regression

analysis of Alnus acuminata

1/ - For the description of the variables and unit of measurement
_see appendix 7,
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APPENDIX 2 &/

Population statistics and correlation matrices for
climatic and soil factors used in the regression

analysis of Cupressus lusitanica

1/ For the description of the variables and unit of measurement
see appendix 7,
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APPENDIX 3 v

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 4 1

Population statistics and correlation matrices for
climatic and soil factors used in the regression

analysis of Pinus caribaea

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

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 l/

Multiple regression analysis for Alnus acuminata,

Cupressus lusitanica, Gmelina arborea, Pinus

caribaea,and Tectona grandis using stepwise

maximum R square improvement (MAXR)

i/ For the description of the variables and unit of measurement
see appendix 7,



Appendix 6a.

Multiple Regression Analysis for Alnus acuminata using stepwise

maximum R square improvement (MAXR).

The)anulyais 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),

<>

' Dependent 1/ 2/ :
No. of Variables in Independent = 2 £
Zone P Estimated i ti F>F
obs, the analysis Va;é;ble variable(s) selected stimated regression equation R Pr( )
(r) .
A
The 13 28 volume age pluvioso rhum Y=2.27-0.012(age)+0.035(pluvioso)~
1
Comntry growth asatb 0,029 (rhum)+0. 0048 (asatb) 0.85 c.1224
A
The 13 12 volume age alt precip Y=-1,25-0.009 (age )+0.0004 (alt)+
t -
Country grovth acec 0.00033(precip)-0.0082 (acec) 0. 84 0.1336
A
7 5 28 vo lume ana age ¥=0.014~0.012(age)+1.26(ana) 0.50 0.5046
srowth
A
7 5 12 vo lume age ecosecos Y-O.29—0.012(age)+0.033(ecosecos) 0,50 0.5046
growth
1/ age = Plantation age in years. ecoseocos = Number of month of the year with precipitation less
= h 0 .
pluvicso = Number of month of the year with precipitation than 30 millimeters
greater than 100 millimeters. acec Mean soil profile cations exchange capacity.
E ;
thun = Mean snnual relative humidity. Expressed as Xpressed as milliequivalent per 100 grams of soil.
percentage. asatb Mean soil profile base saturation. Expressed as a
alt = Elevation above mean sea level in neters. percentage.
precip = Mean annual precipitation in millineters. ana Mean soil profile sodium content. Expressed as

millicquivalent per 100 grams of soil.

Mean tree growth increment in mJ/yr.

%6



Appendix 6b. Multiple Regressionm Analysis for Cupressus lusitanica using stepwise maximum R square improvement (MAXR).

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).

Dependent 1/ "2
No. of Variables in vari Independent = 1 clon - 2 >A
Zone obs. the :1r1y.1‘ az?;bla variable(s) selected Estimated regression equation R Pr(F>F)
p
’ A
The 13 28 volume age alt asilc asath Y=-0,.58+0.013(age)~0,000064 (alt)+
Country grovth 0.021(as11t)+0.0018(asacb) 0.99 0.0001
A -
The 13 12 voluma age precip ecosacos Y=1.95+0.005 (age)-
Country groweh acec aph amo 0.0003)(precip)+0.13(ecosecos)+
0.59(acec)~0.30(aph)+0.009(anc) 0.99 0,0001
S 9 28 volume age alt asilc acec Q--0.40+0.0093(age)—0.000](alt)+
grovth ' 0.024(asilt)=0.0027(acec) 0.99 0.0001
A
5 9 12 volume age aclay acec aph Y=-0,82+0.022(age)~0.0057 (aclay)+
grovth 0.004(acec)+0.13(aph) 0.98 0.0008
. e : A
? 4 28 volune an Y=-4.57+22.15(an) 0.99 0.0023
growth A
? 4 12 volume an Y=-4,57422,15(an) 0.99 0.0023
growth -
1/ sge ®= Plantation age in years, i an = Mean soll profile nitrogen content in percentage.
alt = Elevation above mean sea level in meters. asatb = Mean soil profile base saturation. Expressed
precip = Mean annual precipitation in millimeters, as percentage,
ecosecos = Number of months of the year with precipitation. acec = Mean soil profile cations exchange capacity.
less than 30 millimeters. aph = Mean profile soil pH.

aclay = Mean soll profile clay content in percentage by amo = Meun sotl profile organic matter content as
volume, percentage.

asile *= Mean soil profile silt content in percentage by 2/ Q. Mean tree growth increment in ma/yr.

volunme,

66



Appendix 6c-

- Md1t1p1a Regression Analysis for Gmelina arborea using scepwise maximum R square improvement (MAXR).

Ihejanaiyiit’wa. done for the species in the whole country and individual zones. Two model were

used, one with the full set of vériables (P=28), and one with a reduced set of variables (pP=]12),

.. 2/
Dependent 1/ £
No. of Variables in Independent - 2 A
Zone oba the analysis variable variable(s) selected Estimated regression equation R Pr(F >F)
(p)
’ A
The 12 28 volume ana ak ap acani Y=1.46-2.005(ana)+0.18(ak)+
Country ' growth 0.013(ap)-0.06(acani) 0.98 0.0001
A
The 12 12 volume age acec an ap amo Y=0.78-0.029(age)~0.011(acec)+
Country arowth 1.6(an)+0.012(ap)~0.065 (amo) 0.84 0.0216
A
1 5 28 volume an ac Y=0.44+2,49(an)-0.27(ac) 0.95 0.0495
growth A
1 5 12 volume an alt Y=0.11-1.15(an)+0.0046(alt) 0.88 0.1195
growth
3 3 28 voluse acec £=3.05-0.074(acec) 0.99 0.0156
growth . A
3 3 12 vo lume acec Y=3.05-0.074(acec) 0.99 0.0156
growth A
4 4 28 volume amo ap Y-—0.05+0.0045(amo)+0.09l(ap) 0.99 0.0044
growth A
4 4 12 vo lume amo ap Y--0.05+0.0045(amo)+0.091(ap) 0.99 0.0044
growth :
1/ age = Plantation age in years. ana = Mean soll profile sodium content. Expressed as
= milliequivalents per 100 grams of soil.
alt = Elevatlon above mean sea level in meters,
‘ ak = Mean soil profile potassium content. Expressed
acec = Mean soll profile cations exchange capacity as milliequivalent per 100 grams of soil,
an = Mean soll profile mitrogen content. Expressed as ap = Mean soil profile phosphorus content, Expressed
a percentage, as available phosphorus in micrograms per
amo = Mean soil profile organic matter content, Expressed millimcter.,
as a perceutage. acanl = Mean soil profile carbon/nitrogen ratio
ac = Mean soil profile carbon content. Expressed as a 2/ ’ 9= Mean tree growth increment in ma/yr.

percentage.
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Arpcud.il,s 6d4. Multiple Regression Anslysis for Pinus

caribaea using stepwise caximum R square improvement (MAXR).

Ths aunalysis was done for ths spaciss in the whole country and individual zones. 7wo model ware

used, ona with the full ast of variables (P=28), and one vith a rsduced set of variablea (P=12).

2/
Zoas " '.b;b:‘ :;:‘::::;.:: D::::::l;: vu:::::::‘)’.::li:nd Esiimated regrassion equation - Rz Pr(F >$)
(»
The . 26 28 volume ags ecosecos light ;-0.05100.009](-..)-
ovatry proveh sastb sk 0.082(scosecos)+0.00017(11ghc)~
0.0092(asach)+0.26(ak) 0.75 0.0001
'nn' " 26 12 ] volude sge escosecos ak asatdb '\\'-0.JH0.00S'I(uc)-0.0“(.couco.h
Comntry grovih 0.33(ak}-0,0085 (ssatb) 0.67 0.0001
3 14 28 vo lums ags intars rad Q-J.LM.OH(-..)W.75(lnnu)-
srovth sph ssand ang 0.008(rad)~0.29(aph)+
ana sk 0.006(asand)+0.076(ang) +
0.25(ana)+1.03(ak) 0.99 0.000}
1 U 12 volume age alt precip aclsy Q-J.M.ON(...)W.OW(-I:)-
grovth asath an op 0.0007(precip)-0.011aclay)=
0.023(asatb)-0.72(an)+0.05(ep)  0.97 0.0002
3 28 volune precip aph acec ‘\\'-l.09—0.0001(9u:lp)ﬁ!.OD!(.ph)-
groveh acaut 0.0083(acec)-0.011(scant) 0.99 0.0009
3 [ ] 12 volune pracip aph scec 'Y\-O.9l-0.090)‘(pu:lp)-0.0](!:‘:)0
srovth sesch 0.0024 (asatb) +0. 13(aph) 0.99 0.0011
1) ege = Plantation sga in years, asatb = Mean soil profiie base ssturation. Expressed as s
ecoascos = Mumbar of month of the year with precipitation percentage.
less than 3O millimacers. ak « Mean 5211 profils potassium content. Expressed 1o
LMghe e Mean annusl valus for the datly hours of ailliequivalents psr 100 grams of soil.
sunshine, aph ~ Mean profils woil pM.
‘lnun = humber of month of ths vear with precipitation asand = HMsan soil gprof:le sand content. Expressed as s
bacween 30 and 100 millineters. patcentage by volime.
red = pean snnual radiation. Expressed as calories per . aag = Mean soil profile magnesiica conrent. Expressed in
square centimater per day. milliaquivalent per 100 grams of eoil.
alt « Elevation above mcan aea lavel in saters. ana = Mean soil profile sodiua content. Expressed in
pracip © MHean anaual precipitatioa in williseters, milliequivalent per 100 grams of soil.
ap ® Mean soil profila phosphorus coarent. 2xpressed sclay = :::.:::l P:““‘l cisy contunt. Expressed o6 o
ss avallable phosphorus in micrograms per 3¢ by volume.
ailliliger. an = Mesn scil profile nitrogen content. Expiesscd as
acant « Mean soil profile carbon/nitrogen ratio. & peccentage.
acec = Mean s0i) profiie cations exchange capazity.
2/ ?- “zan trwe erfuwth increment in m’/vr.

L6



Appendix oe. Multipls Regrsseion Analysis for Tac:oma grandls using stapuviss saximsm R square improvement (MAXR).
Tha analysis vas done for the species in the vhole country and individusl zones. Two mods] were

used, one with the full ast of varlables (P=23), snd ono with & reduced set of variablas (P=12).

Dependent 1/ 2/
No. of Varisbles im lndspeadent = H 2 A
Lona oba the analyais vn:gblc vardable(s) salected Estimacsad ragression equation R Pr{F>F)
{p) :
... The . 21 l 28 vo lizze ags acosecos light Q-—O.JG—0.00lk(lgc)ﬁJ.Ii(ccoucus)f
Contry groveh evap aclay ana ak 0.0005(14ght)-0.0003(evap)=~
acani 0.005(aclay)-0.42(aza)+0.36(ak)+
0.02(acand) 0.78 0.0048
. ‘ - A
The . . 21 12 volume aye precip aph Yo-1.240.0036(8ge)+0.00007(pracip)+
oty groveh oF &0 0.16(aph)+0.0052(ap)+0.019(x20)  C.67 0.0030
: A
) ? 28 vnhn:l ege taux asand Y¥o2.634C.13(ags)-0.19(cmax)+
growe ace ap 0.028(ssand)-0.11(aca)+0.18(ap) ©.99 c. 115
A
1 ? 12 wl-oh ags ak scec aph ap ¥oe11.6940.13(age)=10.53(ak)+
t
rov 0.063(acac)+1.67(apn)40.48(sp)  0.99 0.1198
b § 8 8 volune age tmed asilt ?-I.l9-0.01l(np)-ﬂ.ﬂH(med)o—
srovth aca ans 0.015(aal16)40.033(aca)-
29.17(ana) 0.99 G.0001
3 ] 12 voluxe age precip ak ?--0.69—0.0]2(:;-)0
grovth acac asath ap 0.00021(praclp)+l.0isk)~
0.00062(acec)-0.000)4(asatb)+
0.0024(ap) 0.33 0.0058
A
[} 6 28 vo luoe sph asatb an Yu4.8)—C. 74taph) 40.00) 7(asatb)+
groveh 1.25(¢an) 0.99 ©.0015
A
4 6 1] voluns aph asath an Ye4.81-0.74(aph)+0.001 7(aaatb)+
groveh 1.25(an) 0.99 0.0015

Y * hean trae growth incrament in -]/yr.

1/ Por tha dascription of tha variablas and unit
" of massuramant sae sppandiz 7.
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APPENDIX 7

DESCRIPTION OF THE VARIABLES USED IN THE STATISTICAL ANALYSIS AND
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,
standarized to 1.30 meters above the surface of the soil. Measured

with a diametric tape and adjusted to the nearest millimeter.

Height: Reported as a mean annual increment in tree height
and measured as the distance from the soil surface to the terminal
bud. Measured with a Suunto clinometer and also with a stadia in

young plantations.

Basal area: Calculated-from;the expression

G= 2: g
"L i/
Where: G= Basal area per hectare in m2.

g= Basa% area of individual trees at the breast height
in me.

n= Number of trees.

S= Area occupied for the stand in hectares.
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Age: Considered since the day of the establishment of the
plantation and taken from the archives of the Forestry Department

and also directly from the owner 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 dona in the soil laboratory of CATIE. The

methodology used was the suggested by Forsythe (1975).

Temperature: Reported as a maximum, minimum and mean daily
air temperature obtained from hourly values. Expressed in degree

celsius (QC).

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 sunsh}ne‘(fﬁll exposu;e)i ‘Radiation indicates the
total of calories per square 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.
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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 units than that of precipitation (mil-

limeters).

Soil pl: Indicates the degree of acidity and/or alkalinity
of the soil. Range from J-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 the

. + .
reciprocal of the H -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 iOO millimeteré
(pluvioso or moist monthsj, the second, the number of months with
precipitation between 30-100 millimeters (intermediate or mesic
months), and the third for those months with precipitacion-less

than 30 millimeters (ecosecos or dry mopths); 

Chemical and physical properties: For the chemical analysis

of the soil was used the methodology described by Diaz Romeu 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,

potasium, 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 pi.

Amo: Mean soil profile value of organic matter content. Ex-

pressed as percentage.
Ac: Mean soil profile carbon content. Expressed as percentage.

An: Mean soil profile nitrogen content. Expressed as per-

centage.
Acani: Mean soil profile carbon/nitfogen ratio.

Ap: Mean soil profile phosphorus content. Expressed as

available phosphorus.

Aca: Mean soil profile calcium content. Expressed in milli-
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equivalents per 100 grams of soil.

Amg: 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 milli-

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 Y

Species, site characteristics, growth indicators, and other

environmental factors used in the regression analysis

1/ For the description of the variables and wnit of measurement
see appendix 7.
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APPENDIX 9 2/

Numerical code for the species in investigation in Costa

Rica and location of the plots inside the country

2/ The information was taken from Camacho, (1981) and Martinez,
(1981).
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CCDE FOR SEECIES IN INVESTIGATION IN CCITA RITA

Maacis auriculifemmis A. Cunn. ex Senth.
Acecia sangius willd

Acvecarpus fraxiaifolius wight

Albdais falcataria (L.) Fosbery

Alsuas acomineta (IIX) O. Ktze
Amammardium exceleous (Bért y Baid) Skeels
Aathocaphalue chisensis (Roxd) Miq.
Astronium graveclens Jecyg.
Ballecheeidis anay (BDlaxe) Xosterm
Sombacopeis quinatue (Jacql Dugamd
esimm alicastrum Swarts

Sregimm gtile (XRF; Pectiar

Srears aimarabs {i.)! Sarg.

Callispden callathyTsas Meissa
Calophyllue breeil ense Camb.

Carups guisnensis Aubl

Casvarina equisetifolia L.

Cuirela maxicana (L.) Roea.

Cedrels tooduzii (C.] DC.

Caibs pantandra (L.) Goereh

Cordia alliodors (Ruls y Pawvin) Chas
Condla apurensis

Gixdia Gareascanthus off. Gerascanthus
Orypoomaria faponica D. Dowo.

Cupressus lusitanica mill

Qupresscs macrocarpa (Gord)

Cybiseax doonell-emithii (Rose) Seidbert
Daldergia cubilquitzensis Plzzier
Oalbergia retusa Nansl

Dalonex regia (Bojer! Paf.

DMAywopanaxs morotosent |Aubl) Decne v Planch

Dizhysa robirioicdes Bench
w cosearricensis Radlk
Dipterndendrum elegans Radlx
Drymnis gTanadiensis (L.)
Tataruiohiun cyclocarpue 'Jack) Grised
Secalyptus alba Asiow

-:Axntu camallulensis Zeanh
Rucalyrreus citriodors Ecok
Bucalyptus cloesiaca F. Moell
fecalypcws decepta Slahely
Sucalystes deglupta Slume
Suoalyytus ¢lobulus Lakill
Eucalyptus graadis Eilllex Kaidem
Sscalypiae longifells Link y Otto
Becnlyptos macrocarpa Aokk
Iusalyrtus maculata Sokk
Secalypevs maidaaii P. Muell
Lucalyptus robusea Smith
Decalyptus saligna Eafth
Buoelyptes tereticornis Saith
Iagenis jmmbos Lism

Frazinue undet Lisdelsh

082
033
034

oss

069
aq70
a7y
072
10.1
073
102
13
74
104
o7
07%
o7
a7e

Gliricidia sepius !Jack) Stead
Gaelina arborsa Roxd

Crevilles =ubusta A. Cuan

Guazuma ulaifolis las

fibiscus elatus 2C.} Swares
Eymansea courdaril L.

Jacarands copaia (Aubl) D. Doa
Jacaranda Eicosifolia D. Doa
Juglane olanctamum Standl y will
phala (Lam) de Wit
Rinquartis quianensis Aubl
Nonzapoa dmicola Klatt

Wyroxylon balsama (L.) Harss
Pantacletira macrolobe (Willd) Ktze

L 1

Pinus canariensie C. Smith i
Pinus caribaea var. bahsrensis SarT y Galf
Pirus carideea var. caribaea Barr Yy Golf
Pinus caritaes var. bondureasis Barr y Golf
Pinus allicttil (Ingeim) Littils y Dorman
Finus engslmannii Carr.

Pisus kas:ya Rovie y Gordon

Pinus cocatpa -Schieds.

Plous patiia Schl y Cam.

Pinus pinaster Aitor

Plnus pseudostosbus Lindl

Pinus zediata . Don

Pinus rucls Endl.

Pinis taeda L.

?ithecoletium fseudo-casarindos Britt Stanil

Pithecolcbiu= saman (Sack: bGentd
Platizysc. 3 glsisstacEywr Dern Sa.
Platimyss:ue zioratse ‘Jasg) Dugand |
rodocarpus .e:n.'o.l;\.-s boa
Peaclolmedia spiria (Sw.) Grisaebach
Quessus cczrcTata weel
Schizelol:> sewraliybum (Jell) Blake
Seasamisa gTandifloza L.} Pers.
Simarouha g-auca DC.

Starculia spactala (Jack) Karss.
Seryphnodesdson exzelscr Hates
Svartzis pa~acensis Senth ’
Svietenia namilis Zuee

Swietenia racyozhylla G. King
Tabebuis chrysentha (Jack) kiehel.
Tabebuia palseri Rose.

Tabaduis roses (Vortnl) DC.
Tectona qrandis Lina

Terwinalia amazonia (Gesl) tzell.
Terninelia ivcrensio A. Chev
Terminalia lucida doffws.

Toons cil.ata N. Aces

Trema micrantha (L.) Slume
0C.) Baill.

Tuichospersa wexi



SE FOR SITES IN INVESTIGATION Iiv COSTA RIS~ anld

TCTaL CF Fill PZ LCCaCTICHK. 1971-

1951

site No. of pleot
code per sice
Forestry Region 1: Atlantic Zome
101 San CristSbal-Moxana-Pococ! (4)
102 Guigiles - Pocoel - laElituts Aaropecuario (1)
Q3 Guicimo - Linda ~ Hacienda Santa varfa (4}
04 Guipiles - Pococl - Hacienda .a Sramya (8}
108 Gulgiles -~ Pococ! - Estac.dr Ixper mental Lcs Diarasnzes (4%)
106 Cuicimo - Limdn Haciends Ls Rosa.ia {6)
107 Guicimo - Lisén - Haciends la Cavata m
w08 Guicimo - Limdn - Instituto Agropecuario (8)
109 focora - Pococf - Maclends Sremen [CV]
11Q Cariar: - Pococf - Loa Angeles da (6)
111 ®Rio Nands - Siquirres (3
12 -4 Scaba - LimSn (<}
Forestry Ragion 2: North Zoue
201 Zarvero - Alfaro Rufz - Pinca de .edn Ralas (&)
2 Ciudad Triesacda - 3a~ Casles - ‘ctcigue Bar EX Jade (2)
203 Ciuvdad Quesada - Barrio Ei Zarme= - Ccledis Agrolni.c<r.as (3)
204 Platanar - San Carios - Detrds ce. Temolo el iugar t1)
205 Muelle - San Carlcs - F-ense Ase¢rraderc 1)
206 Santa Rosa - Cuzris ~ Fisca Faryil:a Quesada t2)
207 Cedral Sur - Ziudad Quesedi - Fimca EL Cecral de [°sé  Lirés 1)
208 Yara Blanca da Here2:a - Finca ce Rogelio Azuilar (1)
139 Vara Blarca “e Heredwa - F.rza ALras (4)
2% Vara 8larza de MHeredia - Fincs 4 legua 1)
2 La Mari=a de San Tarles - <acienia L3 Marinma 2)
212 Vara Blarca de Heredia - Tincs Zi Torziic ie icuel Tam: t2)
213 Lcs Anqe_es ds 1a Fura - Sa~ Carlcs, Zoma Fluca TTCT {6)
24 INSTITLES AGIUPRCIALLIO e Ufaia - Alajuela i3)
Forestry Reglon 3: South Pacific Zone
01 SusnOS Alles - PUNLACENAS -~ AETITUGLTO (9
Jo2 Salitre e Buencs A.res - 23
) Baye Terso - Sueras Aires (37
p -2 Paiaar lirte - Iag2izutt A3 (18)
308 sz {8}
3T I (&3]
37 valcs - 2uacs A.ves - Tinca 4e Lo teits (2}
o8 San Fecrr de Buercs i,res - Tirzé Santa Celi.ls )
09 Sar. Fedrc ce Buercy Aizes - T.nzy La Terrancva (1)
19 San Is.3:0 - PErez 2eleddr - _azacers Ei Sarts {4)
311 San Is.4:> Ze Z! Zrneral - Finca le la U.NLA. (N
312 Pedregeez Ade San I3.c:0 de Tl Generdi - Finca de L.i.s Jorzers t1)
14 Sants Mazta Ze 2uernOs Airez - FlrTa Kon-—for 2)
s Pejibaye de PErez Tclexfr - lngt.tuts Agropeciar:is (6)
ns o8 Ancelew de Férez Zeledss {4)
37 Boruca - Suenos Alres ~, Pumareras N
Forestry Reglon 4: Dry Pacific Zome
-1 Mang: % - Micoya - Kacienda £l L:ronal )
402 EioUya - Vivers fForestal dei MAC {2)
403 Santa Sr.d - Fonza ce Zduarar Casalzets (2}
404 r.:ade.f.4 - Cesrls 20 343urm Sccise ()
403 Paso Terjisque - F.rua de Cuan Carlos Guillla (1]
406 Colorade - Finca 2 %arcisc “ivas (23]
©? Liver:s - Finca Tl 7elén ca la Basura 183
08 Ss3aces - Puca al valcln Mirsvaellies [R])
« Cafas - Yiverv El Pochotc (1}
410 TaLo7s - Zatas - fecacifn Extmrimental Earigom Jiménac Ner [R5}
41 TadoGa - Cahas - Hacierza .a Raca 3
412 San Jouwguls 3e Azdncares - fi1aca e Enrigue dasev:icnes (2)
413 Liberia - Hacieads la flzr 13)
o Lizef:a » NaZaencs Il Pesl ﬂ;
(3]

4%

La Cruz - Aaziends La Vary

2



Forescry Region 6: Central Valley Zone (East)

Cost....
site No. of plot.
code psr site
‘e San Luis de las Suntas d¢ AdanGares 4)
417 La Palma de las Juctas de Abancares (10}
418 3ebederv - Caflas - Ingenio Taboca (N
419 Calas - Hacienda La Javilla de Rodolfo Seledén (3]
420 Cafias~ Racier2s La Pacfifica 2)
421 Lideria - Centre Universitario de Guanacaste (8)
422 La Crus - Fincs Pocozol [Q1)
3 Balén - Piladelfia - Coopequanacaste 4]
Qe Le Palas de Abangares (n
v

Forestry Region 5: Central Pacific Zome
o1 Cuabradilla de Dota - Pinca de Sucesiln Ureda (10)
sa02 Sants rarfa de Dota - Finea de Rodrige Solfs 4)
503 San Marcos de Tacrazi - Finca de Humberto Crefa [&})
S04 San Pablo ds Lesn Cor=fz - Finca 3e Jorge Argquedas m
508 w Chonea de Dovs - Haciends el Fobledsl de Josd Ma. Castro (8}
S0 Tarbaca - Firca Tara de Oszar Thacdn (17
so7 Palmickal de Accsta - finca de Senito Meza (13
sos San Czistfbml de Paimichal de Accsta - Panca de Jorge Mora P. [&)]
509 Palmichal 2¢ Acos:a - Firca £l Rizial (2)
S0 San Pakblo de Turrubares - Instituts AQropeciario (6)
L2 ] San Luis de Turrudares 3
s12 San Franciics de Turrlbares (&3]
$13 San Juan de Mata - Jurruadares t3)
b 12 ] La Cloria de Puriscal - Iastituto Aqropecuario (6)
L3121 Macapalo de Aguirre - InStitits AsTopecuario (3)
S16 Mazapalo Ze Aguirse - finza de Sliécer Cascro 2)
517 Acosta - Centro Acrico.s Zarntonal (1]
518 Acosta - Gansdeza Zaragral ds =ario Rivas Zeledon (1)
Sty L4 Cima de Dota - Finca de Ivin Deliems (3)

tos primeros 20 digitos se “an Teservadc pava los ensaycs establec:dos en el

Cantro Mrandcico Tropical ds Investigac:or y Enseranza (CATIE)

621 Ochomogs - Finca de la M=ucipai:dad de Tarzago ()
$22 R{o Revertado - Puzque Pecreative e 2rus:ia (9
623 can Isiiye de Tes = Ffzza de Ra¥n Gorzilex [3})
624 San Isiérs 23 Tesar - Finca Cocerd . (1)
625 Tierra Blazcs - Zircata - Certro Jde Adagsac:dn Scs:ial )
626 TaZas - Carwsgo - Lus Zigues (%)
Forestry Region 7: Central Valley Zone (West)
01 Alajuela - %arrin Sam José fseacidn Cxperimental Pabio baudzrat (6)
2 Sas Isidro de Grecia - Fiaca La Ihés ’ [4}]
703 Cabad.lla de Turruzares - La Gar:za (I.C.E.' (R3]
T04 tar terdcamo &0 MerTatia - Finsa de Qscar Medrigal (4)
708 sar. Is.dro de Cercaads -~ Tinca de 2. Castso (1
7 San Josd de La rcruaia - Herediag - Piaca de los Steinverth (41
n? Crecia - F.uca (3 Argenctina (2)
ne Samzo Toads de fante Nomungo = Mantho Arizons {4)
09 San Jerén o de Moravia - Finca de Fready Sclis 13)
10 San Jerinicz de Meravia - FPines e Coralia Alpfisar (&}
711 Civdad Calsn - Sar José - MNeciends E1 Kodeo 2)
hat! Serchi =« Alajueia - ¥acienda La Luiss (3]
73 - Saa Padls de Furedia - Cocagails 2Titer 2y

116



APPENDIX No. 10,

Sites number, location in coordinate of latitude and longitude, elevation above mean
gea level, and corresponding meteorological station to which they were refered.

SITE

Number Latitude -~ Longitude Elevy.
101 10°17' 83%3" 90
102 10°12' - 83%7 260
103 10°17' - 83°34° 150
104 10°13' - 83%¢° 240
105 10°13* - 83%e" 249
106 10%17' - 83%0" 70
107 1012 - 83%1" 100
108 10%12' - 83%71 100
109 10°12' - 83°37' 70
110 10°18' - 83%0" 250
111 10°%05' - 83°%5! 200

112 09°s5' - 83°%1" 20
201 10°11' - 84°24" 1736
202 10°19' - 84°26' 580
203 10°19' - 84°2¢' 540
204 10°25' - 84°28' 120
205 10°28' - 84%27" 122

METEOROLOGICAL STATION

Latitude - Longitude Elev. Name
10°21' - 83%e’ 70 La Mola
10°13' - 83%g9’ 249  Los Diamantes
10°21' - 83°%6" 70 La Mola
10°13* - 83%9" 249  Los Diamantes
10°13" - 83%9' 249  Los Diamantes
10°21' - 83%¢6" 70 La Mola
10°13' - 83%9' 249  loe Diamantes
10°13' - 83%9 249  Los Diamantes
10°13' - 83%g9" 249  Los Diamantes
10°21' - 83%s6" 70 La Mola
10°06' - 83°23' 40  La Lola
10°%00' - 83°03" 3  Limon
10°13' - 84%23 2010  Palmira
10°21' - 84%24" 600  C.Rural Metodista
10°21' - 84%24° 600  C.Rural Metodista
1021 - 84%24° 600  C.Rural Metodista
13721 - 84%24° 600  C.Rural Metodista

L11



APPENDIX No. 10.

206
207
211
212
213
214
301
302
303
304
305
306
307
308
309
310
312
313
314
315
316

10°36"

10°22*
10°23*
10°%09*
10°27°
10°54"
09°10°
09°12"
09°10"
08°58!
08%41"
09°12*
09°13"
09°15"
09°16°
09°17°
09°23'
09°23'
09°10*
09°49*
09°29*

Cont,...

w"84029'
84°26"
84°22¢
84°09*
84°34"
83°01°
83%20'
83°19"
83°22°
83°27'
83%4"

o}
83°28"
83%27"

83°31"

83°22¢
83°38'
83°40'
83°43"
83°23"
83°43"
83°46"

160
590
410
1900
80
30
380
500
500
20
30
410
415
570
590
550
680
700
340
400
1110

10%21"
10°21"
10°21°
10°13"
10°21"
10°21"
09°11"
09°11°"
09°11"
08°57'
08°57"
09°22¢
09°22°
09°22"
09°11°
09°22¢
09°22°
09°22'
09°11°
09°22'
09°22*

©C © O ©

84°24"
84°24"
84°24"
84°23'
84°24"
84°24"
83°20"
83°20"
83°20'
83°28"
83°28'
83°33'
83°33'
83°33"
83°20'
83°33"
83°33"
83°33"
83°20'
83°33'
83°33"

600
600
600
2010
600
600
350
350
350
16
16
1450
1450
1450
350
1450
1450
1450
350
1450
1450

C.Rural Metodista
C.Rural Metodista
C.Rural Metodista
Palmira

C.Rural Metodista
C.Rural Metodista
La Pinera

L.a Pinera

La Pinera

Palmar Sur

Palmar Sur

Cedral

Cedral

Cedral

La Pinera

Cedral

Cedral

Cedral

La Pinera

Cedral

Cedral
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APPENDIX No. 100 -Cont.'...

317
401
402
403
404
405
406
407
410
411
412
413
414
416
417
418
419
420
421
422
423

09%00"
(o] -
10°07" =
10%s8'

10°14"
1o°z7'

10°30*

10°40"
10°33'

10°20".
10°22°

10°15°
10°36"
10°33"
10°18'
10°15°
10°24"
10°24°
10°28"
10°37'
10°53*
10°24"

'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!

- 84°58"

85°05"
85°10"
85°05"
85°07"
85°27"
85°36"
85°36"

650
20

120

50
17
22
120

120

50
50
60
98
30
400
30
20
50
50
140
250
30

09°11"
10%09°
10%09'
10°%09'
10°36"
10°36"
10°36"
10°36"
10°21°
10°21'
10°21"
10°36*
10%36'
10°30"
10°21°
10°21"
10°21"
10°21°
10°36"
10°36°
10°35°

83°20"
85°27'
85°27*
85°27'
85°32¢
85°32"
85°32¢
85°32"
85%09"
85°09"
85°09"
85°32"
85°32"
84°55"
85°09'
85°09"
85°09'
85°09"
85°32"
85°32"
85°40"

350
120
120
120
85
85
85
85
40
40
40
85
85
580
40
40
40
40
85
85

La Pinera
Nicoya
Nicoya
Nicoya
Liberia
Liberia
Liberia
Liberia
Taboga
Taboga
Taboga
Liberia
Liberia
Nueva Tronadora
Taboga
Taboga
Taboga
Taboga
Liberia
Liberia

Playa Panama

611



APPENDIX No. 10+  Cont, ...

424
501
502

503

504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
621
622

" 10°18"

09°42"

09°39"
09°40""
09°41:'~
09%42"

09°49"
Ocnt
09°50

09°50*
09°50*

09°54"
09°51°
09°52°
09°52"
09°139*
09°20"
09°19"
09°49°
09 49'
09°41"

© ©0 © ©O

09%55°

09°58*

85°03"

- 83%59¢
- 83%58"
841"

84°02"
83°67°
84°07"
84°15"

84°13

84°15"
84°26"
84°27"
84°28"
84°31"
84°37"
83%57"
83%56"
84°12"
84°08"
83°54"
83°57"
83°52"

50
2100
1550

1520 .

1750

© 2380

1670
1110
1110
1000
350
300
250
100
360
10
30
900
1500
2500
1560
2620

10°21°
09°50"
09°50"
09°50°
09°%50"
09°50"

- 09%50"

09°50"
09°50°
09°50"
10°01"
10%1*
10%1°
10°%01°
09°57°
09°58"
09°58"
09°50°
09°56
09°50"
09°50°
09°59"

© © O o

85°09"
83°58"
83°58"
83°58"
83%58"
83°58"
83°58"
83°58'
83°58"
83°58"
84°16°
84°16*
84°16"
84°16"
84°24"
84°50"
84°50"
83°58'
84°05*
83°58"
83%58"
83°51'

40
1400
1400
1400
1400
1400
1400
1400
1400
1400

840
840
840
840
450

1400
1172
1400
1400
3400

Taboga
Linda
Linda
Linda
Linda
Linda
Linda
Linda
Linda
L.inda
Fabio
Fablo
Fabio
Fabio

E.C, Ganaderia

Puntar
Puntar
Linda
San Jo
Linda

Vista
Vista
Vista
Vista
Vista
Vista
Vista
Vista
Vista
Baudrit
Baudrit
Baudrit
Baudrit

enas
enas
Vista
se

Vista

Linda Vista

Volcan

Irazu

0zl



APPENDIX No. 10, Cont....

623
624
625

626

703

706

707

708.

709
710
711
712
713

09°517

09°50" -
09%56"

09%52°

09°56"
10%01"
~ 10%01" -
- 09%9" -
10%01"*

10%1°
09°55°*

10°09".
09°59"

83°56"
83°58°
83%53°
83%56"
84°21"

84%01°
34°22'.
~. 84 05"

84°01"
84°01"
84°16"
84°20"

o
o
o

84%07"

1350
1375

. 2350

1400

400
1420

700
1180
1450
1450

800
1400
1100

09%50"
09°50!
09°59°¢
09°59°
09%57¢
10%02°
09%57°
09%59°
10%02°
10%02°
10%01"
10%07°
09%56"

(=}

©

o ©0 ©

83°58"
83%58"
83°51"
83%58"
84%24"
84°00"
84°24"
84°05°
84°00°
84°00°
84°16"
84°23¢
84°05"

1400
1400
3400
1400

450
1450

450
1172
1450
1450

840
1100
1172

Linda Vista
Linda Vista
Volcan Irazu
Linda Vista
E.C. Ganaderia
S. Jpsecito de
E.C. Ganaderia
San Jose

S. Josecito de
S. Josecito de
Fabio Baudrit
Naranjo

San Jose
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APPENDIX 11

Initial 10 years growth curves for the species

and study sites in Costa Rica



WIANEIER IN HILLIMETERS
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Fig. 3.
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AGE IN YEARS

Initial 10 years growth curves for different

Alnus acuminata study sites in zones 5 and 7

of Costa Rica. Individual curve (nuwber
above the curve) is based on the mean of the

81 trees measured per plot.’”
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DIAMETER 1N MILLIMETERS

160

Cupressus lusitanica study. sites in Costa
Rica. Individual curve (number above the

curve) 1is based on the mean of the 81 trees
measured per plot.
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Fig. 4. Inictisl 10 years growth curves for different Fig. 5.

Initial 10 years growth curves for different

Cupressus luaftanica study sites in zone 5
of Costa Rica. Individual curve (number

above the curve) is based on the mean of the

81 trees measured per plot.
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Fig. 6. 1Injtial 10 yeara growth curves for different Fig. 7. Iaicial 10 years growch curves for differenc
Cmelina arborea study sites in zone 1l of

Coata Rica. Individual curve (number sbove
the curve) 18 based on the mean of the 81
traes measured per plot.

Gmelina arbores study sites in zones 3 and 4

of Costa Rica. Individual curve (number
above the curve) is based on the mean cf the
81 crees wcasurcd per ploc.
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DIAMETER IN MILLIMETERS
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Fig. 8. 1Inicial 10 years growch curvas for dif J
y Pinus carlbien atﬁdy sites in zo:: 1 o:ezzgza Fig. 9. Initial 10 years growth curves for different

Rica. Individual cyrve (number above the
curve) i@ based on the mean of the 81 trees

measured per plot,

Pinus caribaea study sites in zones 3, §
and 7 of Custa Rica. Individual curve
(numper above the curve) is based on the
mean of the 81 trees measured per plot.
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DIAMETER IN MILLIMETERS
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Fig. l0.

Inicial 10 years growth curves for different
Tectona grandis study sites in zone | of
Costa Rica. Individual curve (nuober sbove
the curve) is based on the mean of the 81
trees measured per ploc.

Fig. 11. 1Initial 10 ycars growth curves for different
Tectona gruandis astudy sites in zone 3 of
Costa Rica. Individual curve (number above
the curve) L3 based on the mean of the 81
trees weasured per plot.
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