Site Index and Height Growth Curves for Pinus oocarpa Schiede in Central Honduras'

ABSTRACT

Polymorphic site index and height growtd equations are
provided for Pinus eocarps growing in pure and mixed
upland pine forests of central Honduras, Stem-analysis data
from 389 codominant/dominant site trees were used to
estimate site index and average height growth for 195
sampled plots. Site tndex was defined as the average totsl
height of site trees at an index age of 15 years located at
breast height. Weighted regression, with I 325 plot observa-
tions, was used to fit both models, A linear site index model
exphained 985 of the variability in plot site index and had
an unweighted 1.26 m standard error. A logistic height
growth modei fit with nonlinear regression explained 93% of
the variability in height with an unweighted standard ersor of
£.27 m. Precision curves are presented for determining
sample size, and ficld procedures outlined for applying site
index and height growth equations.

INTRODUCTEON

n Honduras most forest management activities
are concentrated in the pine forests, which
produce over 90% of wood exports A serious
impediment to forest management has been determin-
ing optimal land use. Honduran foresters are cur-
rently assessing site guality using & combination of
slope, soil depth. and present use While these factors
are cerlainly important. a system which predicis site
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COMPENDIO

Levaciones de Indice de Sitio y crecimiento en altura poii-
morficas fueron desarrolladas para Py vocarpa. creciende
en rodales mixtos y puros en los pinares de tieryss altas del
centro de Honduras, Datos de anialisis de {alfo obtenidos en
349 drboles dominantes ¥y codominantes, aptos para la deter-
minacion del Indice de Sitio (drboles sitio), se usaron para es-
timar {adice de Sitio y crecimiento promedio en altura en
una muestra de 195 parcelas. El Indice de Sitio se definid
come la altura total promedio de los drboles sitio (dominan-
tes ¥ codominantes) a Ia edad clave a [a slture del pecho igual
a 15 afos, Un total de { 325 observaciones se usaron para
ajustar ambos modelos medipate regresidon ponderada. Un
modelo tineal fue vsado para el Indice de Sitio, este modelo
explict el 953%de ta variabilidad del Indice de Sitio en fas par-
celas muestra con un error estdndar sin ponderar de 1.26 m.
Lin modelo logistico fue usado para ajustar Ja ecuacion de
crecimiento en altura, el sjuste fue reslizado usando regre-
sion no lineal y explicé un 95% de la variabitidad de fa altura
con un error estdndar sin ponderar de 127 m. Curvas para
determinar precision y tamafio de fa muestra requeridos para
et uso correcte de las ecuaciones, junto a instrscciones de
terreno para a aplicacion de fas curvas de Indice de Sitio y
crecimienfo en aitura se presentan como parte integral de
este trahajo.

quality and potential productivity is essential for the
rational aflocation of money and personnet, and for
prediction of future wood supplies

The ohbjective ol this study was to develop a site
classification system which could be readily applied
by Henduran foresters to Lhe multiple-use manage-
ment of pine forests in central Honduras (1), A major
feature of ihe sysiem was that sites were evalusted on
the basis of the growth and productivity of Piaus
ovcarpa Schiede

This paper presents equations which provide
estimates of Pinus oocarpa site index and height
growth (2} Site index curves predict growth potential
from height and age in existing stands, while height
growth curves express average height development
in stands of a given site index Precision curves are
also reported {or determining sample size, along with
field procedures for applying site index and height
growth equations
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Study area

About 17% of the interior highlands of Honduras
are covered with pinelands which are dominated by
Pinus cocarpa, but inciude Pinus maximinol and
Pinus recunumanii at higher elevations, and Pinus
caribaea in the dry valleys FPinus oocarpa, the
primary commercial species, covers about 1 8 miilion
ha at elevations ranging from 60C to 1 900 masl
where it often forms pure stands The study area,
centered within 100 km of Siguatepeque, included
nearly 500 000 ha of upland pine forests in central
Honduras (Fig. 1).

Interior pine forests vary from open and savanna-
like to dense with closed canopy, depending on site
and precipitation The terrain is mountainous, with
steep slopes being more common than gentle ones.
Undergrowth varies from low-density grasses to dense
mid-shrubs with scattered young broadleaf trees.
The presence of broadleaf species within the pine
forests leads many observers to believe the pine is
seral to a subtropical deciduous or semievergreen
forest. Geological materials and soils affect forest
composition and productivity in the upland pine
forests, but relationships are poorly understood.
The soils are generally nutrient-deficient. Fire may
well be the most important functional element of
the pine ecosystem, and is undoubtedly necessary
to retain the high level of pine composition

The climate of central Honduras is subtropical,
with moist summers and dry winters. The upland
pine forests have a wet season with two periods of
maximum precipitation (June-Tuly and Septembe:-
November), and a long dry season from December
to May The average annual precipitation is 1 190 mm
with only 60 mm falling from January through April
{3). Precipitation generally increases with elevation
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Fig. 1  Study area in Honduras (shaded), centering near
Siguatepeque Interior pine forests delimited by
broken line

Table 1. Number of sampled plots by site index class for
levels of slope, aspect, and elevation,

{evels of stape, Site index class
aspect and {m) atage 15

elevation
5 10 15 20 25 Total
Slope (%)
1-1¢ 1 11 13 [ 1 32
11-20 0 i3 19 8 0 40
21-30 1 13 16 7 0 37
3140 3 10 17 4 0 34
41-30 3 5 8 2 1 i8
51-60 P 7 6 ¢} 0 15
> 60 2 12 3 ¢} 0 19
Aspect
N 2 11 10 4 0 27
NE 4 9 15 3 0 31
E 3 15 8 2 ¢ 28
SE H 7 9 4 i 22
S H 8 1§ 4 0 28
SwW ¢ 8 11 3 1 23
W ¢ 5 8 2 0 15
NW 0 ] 8 5 0 21
Elevation (m)
< 1051 6 27 23 9 i 66
1058-125G 2 22 27 & 1 58
12511450 I 5 16 4 Q 26
1451-1650 0 9 5 6 0 20
> 1650 2 8 13 2 0 25
Totals i1 7t 84 37 2 195

but is rather localized, and adjacent areas may receive
very divergent amounts of rain in a given period The
highest average monthly temperature is 24°C in May
and June The lowest average monthly temperature
of 17°C occurs in December

MATERIALS AND METHODS
Plot selection

An ecological site classification was developed
which stratified the study area into small homo-
geneous site units with closely defined landscape
characteristics. Two hundred 04 ha sample plots
were subjectively distributed over the study area in
site units occurring on ignimbritic parent material
Plot size was chosen to more accurately describe the
divergent site and stand conditions observed within
the study area. Within each sample site, overstory
and understory vegetation, soil type, slope position,
and slope shape were nearly uniform Furthermore,



STIFF ET AL - SITE INDEX, HEIGHT GROWTH CURVES FOR PINUS OOCARPA IN HONDURAS 249

selected sites were fully utilized by the trees and
relatively free of recent disturbance such as legging.
fire, or insect infestation. Plots were located to cover
a wide range of aspects, slopes, and elevations: how-
ever, piot selection was not constrzined by species
composition, stand densily, or age structure. At each
plot, data were coilected regarding the physical
envirenment, understory vegetation. and  siand
characteristics

Sample plots were located only in stands posses-
sing suitable site trees of Pinus vocarpe Suitable site
frees were either codominant or dominant, and at
least 15 years old at breast height The trees had
healthy-appearing crowns with no observable top
damage, and no past history of suppression or damage
as evidenced by increment cores faken at 1 3 m. Since
Pinus oocarpa is shade intolerant. dominant and
codominant frees shoutd retain the same crown posi-
tion throughout their lifetime, thus minimizing the
vhance of sampling trees with past suppression

Stem analysis

Two site trees representative of the local growing
conditions within the stand were felled on each plot
Site trees were cut with a 0 3 m stump, and section-
ed at 0 8 and 1.3 m above the ground. Above 1 3 m,
tfrees were cuf inte ten eyguallength segments,
Diameters (inside and outside bark) and height
prowth were measured, and rings were counted for all
12 sections.

Pine species which dominate the Honduran forests
pose a specizl problem when evaluating site produe-
tivity because they do not always produce distinct
annual growth rings (4} Often, two or more rings are
produced in a given year due 10 two or more wet
seasons separated by dry periods. Fires slso influence
ring production, for crown scorching may affect
growth ring production for up to three years after
fire. Thus upland pines in central Honduras may
produce one of more or even no rings in a particular
year. For this study, it was assumed ihat ring-counts
recorded per section were equivalent to age

Plot site index and height growth

Total height was plotted against breast height age for
402 stemeanalysis trees. Tree records were deleted
from subsequent analyses if plotted daia indicated
evidence of past suppression This procedure reduced
the total number of trees and plots to 389 and 195,
respectively. The remaining stem-analysis trees averag-
ed 20.7 m total height, 31 8 cm dbh, and 37 years of
age at breast height. The range of measurements were

110 to 344 m, 161 to 781 cm, and 15 to 129
years Of the 389 trees, 232 were classified as domi-
nants and 157 codominants

An average height growth curve was determined
for each sample plot using the individual tree stem-
analysis data and a Richards’ function (5, 6):

HT =bo* [1 - exp(b,* A)D2 m

where HT is fotal tree height minus 1.3 m, A is
breast height age. exp i the base of natural
fogarithms, and B's are estimated by ploi using
derivative-lvee nonlinear regression (7) Eguation 1
wis then evaiuated at index age 15 years to estimate
plot site index. The number of sampled plots by 5 m
site index class and levels of slope, aspect, and eleva-
tion ate provided in Table ! Index age was set to
include trees lrom  highly productive 15-year-old
stands snd 1o avoid extrapolation of equation 1 when
determining plot site index Age was referenced at
breast height rathes than the base of the tree to
eliminate variability in early height growth due to the
intensity and timing of such factors as climate, com-
petition, lire, and prazing. The median number of
years for Pinus vocarpa o 1each breast height was 2,
3,4, 5, and 6 years for site index class 25, 20, 15, 10,
and 5 m, respectively Equation 1 was also evaluated
by five-year periods from age five to the five-year age
class less than or equal to the youngest stem analysis
tree on the plol This procedure produced 1470
chservations of total height, age, and site index by
five-year age class tor 195 plots.

A summary of stand and site variables for all 195
plots is given in Table 2. Data indicated z decline in
chserved plot site index with increasing average plot
age. This apparent decline is due to better sites being
harvestad at younger ages; consequently, older stands
are found only on the poorer sites Therefore, obser-
vations with age equal to or greater than 50 years
were omitted to eliminate the skewing effect of old
stands found on poorer sites

Polymorphic site index and height growth curves
were (it with the remaining 1325 plot observations
Both models were constrained such that height
equalled site index ai index age Heteroscedasticity
was handled by using the inverse of the empirical
residual variance for each five-year period as weights
in iteratively re-weighted regressions (8) Final para-
meter estimates were obtained in three to {our itera-
tions when successive parameter estimates changed by
less than one percent
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RESULTS AND DISCUSSION
Site index modet

Several nonlinear  model  tormulations  were
examined, bul all pertormed poorly Subsequently, a
procedure first described by Dahms (9) and later
moditied by Monserud (10} was used to desive a
linear site index model Fist. plot site index was fit
#s a lnear tunction of total height by five-year age
class (11}

Sh=hy, +b, *HT {2

where HT and SI are defined as HT — 1 3 and SI —
1 3 m, respectively. and by, and by are age-dependent
parameters, Regressions by age class accounted for
between 67% and 95% ol the vasiability in observed
site index The standard error was 70 m at age five,
declining to 0 m at 15 years (index age), and then
gradually increasing to 1.5 m at age 50

Mean height, mean site index. and b, from equa-
tion 2 were then expressed as functions of breast
height age Stepwise linear regressions, with observa.
tions weighted by the number of piots per five-year
age class, were used to screen functions of age The
mode! formulation for predicting site index at any
age was obtained by corsecting equation 2 for the
mean site index, and substituting age-specilic equa-
tions for mean height and b; Subsequently, the
transformed equation 2 was fit as a function of totai
height and age
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Fig 2. Site index curves for Pinus oocarpe in the upland
pine forests of central Honduras

Table 2. Means and runges for stand and site  level

variables,
Variable Mean Minimum  Maximum
Plot site index (m) 14 5 26
Plot age {vrs) 36 12 120
Basal arez (m* /ha) 22 6 40
Trees per hectare 536 71 1374
Slope (%) 31 0 S0
Elevation {m} 1212 600 1 900
Sail depth (dm)® 9 1 15
Precipitation (mm)® 1 360 900 2000
Temperature (°C) 20 it 24

a o Soil pitswere dug 1o a 1S dm maximum depth
[ Mean annual precipitation and temperature

e moditied Dahms' procedure produced the
fuilowing site index model:

SI=13+HT +b*[Iln(A) ~ Ia(15)*]
+hy*[A¥In(A) - 15%In (15)]
4 by [(HT/AY — (HT/15)] {(3)

where Sl is predicled site index in m, HT is total
height minus 1.3 m, In is the natural logarithm,
by = —076119, b, = 601473, and by = 696787

The mode! explained 95% of the variability in site
inclex, and had an unweighted 1 26 m standard esror
Equation 3 is plotied as total height versus age at
breast height for tive site index classes in Fig 2

Residuals plotted by predicted 3 m site index class
indicated significant but small {< 05 m) under- and
overpiedictions for the 5 and 20 m clagses, respec-
tively. The 25 m site class had a sigaificant 2 m ove:-
prediction, which is most likely due to the lack of
observations in the ofder age classes (12) A similar
bias was observed for residuals by 5 m total height
class. In this case, however, zll mean absolute
residuals were less than 8.5 m Numerous functions of
age and total height were attempted, but there was no
significant improvement in observed bias for the site
index model. Residuals plotted against other site and
stand variables indicated that important predictor
variables were not excluded from the model

Groothousen {13) used a puide-curve technique
and temporary sample plot (TSP} datu to construct
anamorphic height growth curves for Pinus oocarpa
in Honduras. Comparisons with equation 3 produced
expected resuits, in that Groothousen’s curves were
steeper at younger ages and flatiened out more
rapidly. Stem analysis data, along with polymorphic
curve-fitting, reduce or eliminate these bisses associ-
ated with anamorphic curves.
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Heiglit growth model

A logistic height growth model was [it alter con-
sidering a modified Dabms™ model and several alierna-
tive nonlinesr model lormulations  The resultant
height growith model was:

HT =13+ 51" | +explby +b¥ In(15)
A by i (S1)) /1 exp by
+ by F in(A) 4 ba® In (S} (4)

wiere HT is the sverage height of codoninant/domi-
manis, S1 iy the observed plot site index minus 1 3 m,
A is age st breast height. by, = 675433 b, =
—1 23093, and by = -1 18605, The fitted mode]
explained 93% of the variability in height with an
unweighted standard error of |27 m. Height growth
curves are plotted against breast height age for five
site index classes in Fig 3 Residuals for the height
growth model plotted against predicled height. age st
breast height, and site index. revealed no problems
with bias Residuais plotted against other site and
stand variables did not indicate that additional vari-
ables would improve model performance

Further data analyses indicated that Pinus vocarpa
keight growth was not suppressed by increased stand
density To the contrary, significant positive correla-
tions showed that higher site index values were
associaled with higher densities. This results suggests
that factors such as precipifation snd scil depth,
whicl: determine the site’s innate productive capacity,
were also influencing observed density

Application

Differences between Figs 2 and 3 illustiate the
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Fig 3 Height growth curves for Pinus oocarpa in the
upland pine forests of central Honduras.
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Fig 4. Precision curves of the (A) site index, and (B} height
growth equations for Pinus oocarpa in the upland
pine forests of central Honduras

behavior that Curtis e af {2) and Monserud (10)
described for a systemt of sile index and height
growth curves As stated earlier, the models answer
two different questions For instance, the sile curve
labelled 25 (Fig. 2) passes through 40 m height at age
43 years. If a tree were sampled with that particular
height and age, the best estimate of site index would
be 25 m However, 40 m trees were not ohserved
during this study and are probably not in the popula-
tion. An alternative objective would be to estimate
the averape height growth for codominant/dominant
trees within a stand of known site index In that case,
Fig: 3 would provide an estimated 35 m height for &
43-year-old tree in 2 stand with a 25 m site index.
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‘This estimate, which answers a ditferent question.
{alis within the observed range of total height

There will be error associated with applying the
height growth and sile index models. even if measure-
ment error iy ignored This overalt vartance, or error
resulting from variability unaccounted tor by the
models, arises from two sources: the error which was
minimized for each of the 195 plots summarized with
the Richards function, and the error which was
minimized while {ilting the height prowth and site
index models Precision curves for caleulating sample
size for a desired standard error and known stand age
were developed for the height growth and site index
models (14},

The relationship between the overall error and
sample size {n) as age varies from five to 50 years is
illustrated in Figs 4-A and 4.8 The precision curves
are based on the sumpling vaviability in the data per
five year period Values on the curves labeled n = o
are the overall errors assoviated with titting the height
growth and site index models Site index or height
astimates can be no more precise than these values, no
matter how many trees are sampled on a plot For
example, it would be impossible to ebain a standard
error of less than two meters when estimating site
index with five-year-oid trees As expected, site index
is more difficult to predict at ages less than 15 years
in comparison, height growth is more predictable at
younger ages and less predictable as age increases

The correct procedure for estimating site index or
height growth depends on the methods used for
constructing the curves (15). The following lield
mrocedures should be used for determining FPinus
vocarpa site index in central Honduras:

I First, determine the sample size (n) needed to
attairn a desired standard eryor using Fig. 4-A For
example, il a 1.5 m standard error is desired and
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