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Ponderosa pine (Pinus ponderosa Dougl. ex Laws.) is the most widely planted
species in the Patagonian Andes region of Argentina for economic development.
However, information on site quality and yield is so limited that potential forest
investors and managers do not have a reliable basis on which to make sound
decisions. To ameliorate this problem | completed five silvicultural studies in
Nequén, the northernmost province where ponderosa pine is planted. Data
were collected in 127 stands throughout Neuquén. 1) Four height(H)-diameter(D)
equations were tested and H = 1.3 + e®*610*M) 4 ¢ was selected to predict
individual tree H at the stand level. 2) Nineteen volume (V) equations were fitted
withV=8,+ 8, D’H+B,D+¢ and V=8, +p, D+, D?+¢ selected to predict
total inside-bark tree V when H data are and are not available respectively. The
effect of crown ratio was not significant when added to D and H. A comparison
demonstrated that trees of the same D and H appeared to have more volume in
Neuquén than in western United States. 3) The ability of 13-growth intercepts to
predict stand top height and crop height was examined between ages 12 and 20
years. A growth intercept index (Gll) was developed to determine site quality
based on the length of the five internodes starting at or above breast height. 4)
The ability of needle length, measured around the bud on the terminal leader
(TNL) and on the tip of first order lateral branches (LNL), to predict top height at

age 20 was tested. A preliminary needle length index to determine site quality



based on LNL was developed. 5) Yield equations based on stand age, Gl|,
trees/ha (or basal area), and longitude, were developed. These equations predict
higher volumes for Neuquén stands than those attained by highly productive
California ponderosa pine plantations of the same age, dominant height, and
trees/ha. Neuquén stands support very high stocking and they exhibit negligible
mortality despite their very high basal areas and relative densities by North

American standards.
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PONDEROSA PINE PLANTATIONS IN NORTHERN PATAGONIA

Ponderosa pine (Pinus ponderosa Dougl. ex Laws.) is the most widely
planted species in the Patagonian Andes region of Argentina, where it grows
vigorously and without any serious pest problems. Preliminary studies suggest
that the average yield of these stands would be similar to or even higher than
those growing on highly productive regions in the United States, such as in
northern Califomia (Gonda and Lomagno 1995, UrzGa 1991).

Even though there are currently only about 30,000 hectares of ponderosa
pine plantations (Urzaa 1991), there are approximately a million hectares of
grasslands suitable for commercial afforestation throughout the piedmont of the
Patagonian Andes (Enricci 1993, Ferrer et al. 1990, Mendia and Irizarri 1986).
However, information on site quality and yield of ponderosa pine in Patagonia is
so scarce that potential forest investors and managers do not have a reliable
basis on which to make sound decisions.

Distribution

Ponderosa pine is mainly planted between 37° and 44° south latitude
throughout the provinces of Neuquén, Rio Negro and Chubut (Figure [.1). At
higher latitudes, the area of land suitable for commercial afforestation is
dramatically reduced. The isohyet of 500 mm/year of precipitation (considered
the minimum necessary to support ponderosa pine), is located near the Chilean
border, leaving an extremely narrow piece of land with enough precipitation for
ponderosa pine to grow succéssfully. At latitudes below 37° the possibility of
growing commercial stands is doubtful because of the lengthy summer droughts.
Most of the plantation forest area is located in Neuquén, since it is the province
that first and most aggressively started planting about 20 years ago (Figure I.1).

In the eastem foothills of the Patagonian Andes, the primary source of
moisture is humid winds blowing from the Pacific ocean. These mountains
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Figure I.1. From left to right: maps showing the position of Argentina in South
America, Patagonia within Argentina, and the current distribution of the
ponderosa pine plantations in the provinces of Neuquén, Rio Negro, and
Chubut. The number of pine trees is proportional to the plantation area.

produce a rain shadow effect that results in a strong annual precipitation
gradient. Ponderosa pine is typically planted between the lower edge of the
native forests on the west, down to the beginning of the steppe in the east. Thus
stands are established almost exclusively on grasslands, mainly between the
isohyets of 1000 and 500 mm/year of precipitation. Stands are generally not
established where the annual precipitation is below 500 mm/year, because
growth rates are not expected to justify the investment.

Replacing commercial native forests with ponderosa pine plantations is not
proposed. Patagonian governmental organizations, as well as the general public
want the native forests to be preserved and properly managed (van



Konynenburg 1995). Rapidly expanding environmental groups also raise their
voice in favor of conserving and enlarging the native forests. Government
subsidies and loans for afforestation with exotic species are only available for

planting on grass or low-shrub occupied lands.

Some of the grasslands on which ponderosa pine plantations are established
could have been covered with native shrubs before they were cleared for
agricultural or grazing purposes. In most cases this is difficult to determine
because the land use conversion occurred almost a century ago and there are

no records about it.

Ecological Conditions

The environmental conditions in northern Patagonia are similar to those where
ponderosa pine (variety ponderosa) forests grow naturally in the western United
States. The piedmont of the northern Patagonian Andes and the interior Pacific

Northwest share the following main characteristics:
1. The latitudinal ranges are similar in the respective hemispheres (Figure 1.2)
2. Moisture is provided by humid winds blowing from the Pacific Ocean.
3. A rain shadow effect is produced by the Andes as well as by the Cascades
and the northern Sierra Nevada ranges.
4. A Mediterranean climate prevails, imposing a well-defined dry season.

5. A high proportion of the soils are of volcanic origin.

Perhaps the most distinctive feature of the Patagonian Andes is the strong
westerly winds that sweep the region almost constantly. Given their volcanic
origin, a high proportion of the soils where ponderosa pine is planted contain
volcanic ash with a high water holding capacity. In Neuquén, some of the most
common soil subgroups are: Argixeroll vitrandic and calcic, Haploweroll vitrandic,



Hapludand thaptic, Udivitrand thaptic and humic, Vitrixerand humic, and
Xerorthent typic (Girardin and Broken 1995).

Pm

Figure 1.2. A map superimposing the Patagonian Andes (Argentina) over the
Cascades and northern Sierra Nevada (United States). The rectangle includes
the current distribution area of the ponderosa pine plantations in Patagonia.
The latitude of both countries match, and they are drawn at the same scale.

Seed Sources and Planting Stock

Only a few ponderosa pine stands in Neuquén were planted with the
scopulorum variety (Rocky mountain ponderosa pine), as it was defined by
Oliver and Ryker (1990). Trees of this variety are no longer established because,
even though they have a superior cold resistance, they also typically have much
slower growth rates, as it was demonstrated by some provenance trials in

Patagonia (Enricci et al. 1995). Individuals of the ponderosa variety grow much



faster, and have so far been able to withstand the low temperatures on most

planting sites.

Tree nurseries buy the seed from commercial suppliers in the Western United
States, or from local dealers. Foreign seed sources are typically from the eastern
side of the Cascades in Oregon and Washington, and from the Sierra Nevada in
northern California. The quantity of local seed collected every year is increasing
dramatically, and a tree selection project to establish a seed orchard is being
completed (Cortés and Tarifa 1995).

The most successful stock type is the 1+1 transplant (Davel et al. 1995).
Occasionally 1+0s, 1+2s, or 2+0s are also planted (Tarifa et al 1995). Typically,
these seedlings have an adequate top-root ratio and abundant fine roots, but
seedling quality varies noticeably among nursenes. Survival rates are usually
acceptable (70-80%), but in drier areas replanting is often necessary. Hare
browsing can be a serious problem in some places (Cwielong 1992). Sites do not

receive any kind of preparation before planting.

Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) is the second most widely
planted species in Patagonia, but the planting area with ecological conditions
suitable for this species is smaller than that for ponderosa pine (Enricci 1993,
Girarden and Broken 1995). Small stands of other exotic species such as
western white pine (Pinus monticola Dougl.), grand fir (Abies grandis (Dougl.)
Lindl.), and lodgepole pine (Pinus contorta Dougl. ex Loud), etc., have also been
planted in the region with promising results.

Objectives and Products

The area planted annually with ponderosa pine is rapidly increasing as a
result of subsidies and credits that the Patagonian provinces and the federal

government provide for planting fast-growing exotic species. The primary



objective of this support is to promote afforestation as a means to improve the

socio-economic conditions of the region.

Afforestation with exotic species such as ponderosa pine may make a
significant contribution toward ameliorating the troubled economy of the
Patagonian Andes countryside. Ranchers and farmers of the region have
traditionally relied on wool and beef production. In spite of the recent
improvement in world wool prices, sheep raising is not nearly as profitable as it
used to be a few decades ago. Sheep and cattle have been traditionally
managed in such an extensive manner that it often led to severe cases of soil
erosion, with the consequent decrease in land productivity (Marcolin and Fiorio
1995, van Konynenburg 1995). In addition, some small land owners and native
Indian communities raise goats, whose eating habits almost always leave the
land susceptible to erosion processes.

The population of Patagonia is so small that it could only consume a small
portion of the timber to be potentially produced from the ponderosa pine
plantations. Thus, lumber will have to be shipped either to Argentina's large cities
(2000 km distance) or exported through the Atlantic ocean ports (700 km
distance). These long distances call for the production of good quality lumber
with the highest possible value. Intensive management practices such as pruning
and thinning are strongly encouraged by all Patagonian institutions as well as the
federal government (Laclau 1995). Preliminary studies on thinning (Gonda and
Lomagne 1995), pruning (Gonda and Cortés 1995), and proper bucking
techniques (Cordone 1995), have been recently published. Other important
issues such as wood density, ring width, and certification are also starting to be
taken into consideration.

Environmental Benefits

An important proportion of the grasslands suitable for afforestation have been

overgrazed, showing different degrees of erosion. Erosior can be effectively



halted by establishing fast growing frees. Thus, planting ponderosa pine would
not only be commercially feasible but also environmentally beneficial (Marcolin
and Fiorio 1995, van Konynenburg 1995).

Planting commercial native tree species on grasslands is currently difficult for
two main reasons. First, the technology to successfully outplant their seedlings is
not available (van Konynenburg 1995); some trials suggest they would require a
moderate to high degree of protection to ensure establishment. Second, native
species grow more slowly than ponderosa pine, and thus landowners are less
inclined to invest in them. First-rotation ponderosa pine trees could provide the
protection needed to establish some of the commercial native species, as well as
the cash flow to enable landowners to wait for the longer second rotation. Hence,
afforestation with exotic conifers may provide a means to expand the area
covered with valuable native trees.

Covering large areas of steppe land with trees could produce some impact on
the environment. For example, pine forests could potentially transpire large
quantities of water from the ground that could affect the water table and perhaps
the level of the rivers and streams, which in tum can produce an effect on some
wildlife species. The assessment of those potential impacts should be carried out
as the plantation area increases. On the other hand, increasing the woodland
area with exotic tree species will enlarge the habitat suitable for forest wildlife
species, with the potential of increasing biodiversity.

Main Factors Preventing a More Rapid Increase of the Planted Area

Afforestation is limited for the following reasons: landowners’ reluctance, lack
of confidence in the subsidies and credits available for afforestation, high fire
hazard, and insufficient knowledge of tree growth.

Patagonian landowners are usually uncertain about growing trees; it is a new

activity they are not familiar with and the economic benefits are hard to



demonstrate since none of the stands have reached rotation age and timber
markets are undefined. It will take extension education efforts and time for
afforestation with ponderosa pine to become a customary practice in the foothills
of the Patagonian Andes.

Govermment subsidies and low interest loans are currently available for
afforestation with ponderosa pine and make it affordable to almost any
landowner in northemn Patagonia. However, during the political turmoil in
Argentina during the 1960's and 1970's, these subsidies and credits were
sometimes mismanaged by delaying the payments or lowering the amounts
originally offered. Despite the dramatic political and economic improvement of
the country since the beginning of the 1980's, it is going to take potential

investors some time to feel more confident about public financial aid.

Argentina has been politically stable since 1983 and has experienced rapid
economic growth since 1990. These improvements, as well as active forestry
extension campaigns carried out by several institutions, such as the provincial
forest offices, the Patagonian Andes Forest Research and Extension Center
(CIEFAP), the National Institute of Agricultural Technology (INTA), the School of
Forestry at University of Patagonia, and those in many cities, make it reasonable
to assume that the problems stated above will be progressively solved in the
near future.

Dry summers and the presence of tourists make fire a real threat to
ponderosa pine plantations in most areas. Only a hand full of communltles have

effective fire protection systems and fire insurance policies are not available.

The main technical problem affecting a more rapid expansion of the planted
area is the limited quantitative information on the growth and yield of ponderosa
pine. This insufficient knowledge can dissuade potential investors from planting
trees and frustrate efforts to develop sound management plans. Because
species that are grown outside their native range typically exhibit growth and
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developmental pattemns that differ significantly from those of the species within its
native range, it would be risky to extrapolate growth predictions from other
geographic areas, such as the ponderosa pine forests of Western United States
(Zobel et al. 1987). To ameliorate these problems CIEFAP, the University of
Comahue Forest Technical School, and the government of Neuquén have
started quantitative silvicultural studies on ponderosa pine plantations throughout
Neuquén province, covering an area that includes about 80% of the present
plantation forests of this species in Patagonia (Figure 1.1). These studies
constitute the Neuquén Ponderosa Pine Site Quality and Yield (NPPSQY)
project.

THESIS OBJECTIVE

The overall objective of this thesis is to build yield equations for the ponderosa
pine forests of Neuquén province, enabling prediction of total volume production.
In order to accomplish this objective, several supporting studies were also
conducted. These included the development of height-diameter and volume
equations, as well as two systems of site quality determination based on the
growth intercept method and needle length.

LITERATURE AVAILABLE

Information on the yield and growth of ponderosa pine in Patagonia is limited
and only a few papers have béen published. Fortunately, this situation is
changing rapidly and researchers from different Patagonian institutions are
completing numerous studies that will soon provide knowledge of the growing
habits of this exotic conifer. However, information on plantations older than 25
years is scarce, since only a very few and small stands (usually 1/2 ha) have
reached that age.
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Ponderosa pine plantations in Patagonia are distributed throughout a long
latitudinal range of about 1000 km (Figure 1.1). Thus, most research studies
involve either the northern or the southemn range of these forests. This ihesis
deals with the plantations located in Neuquén province in the northern range of
the species (Figure 1.1). For this range, Colmet Daage (1989) and Ferrer et al.
(1990) presented classification systems to determine the capacity of large areas
to grow ponderosa pine trees based mainly on soil characteristics. Girarden and
Broquen (1995) studied height and volume growth in plantations from 2 to 16
years of age on three transects running east-west in northem, central, and
southern Neuquén. They defined site quality based on the dominant height of the
stands at age 14, and looked at the relationships between growth and soil types.

More literature on site quality determinatidn and height growth is available for
the southern range of the ponderosa pine plantations located in the provinces of
Rio Negro and Chubut (Figure 1.1). Mendia and Irisarri (1986) presented a
classification system to determine the capacity of large areas to grow ponderosa
pine trees based on soil characteristics. Andenmatten and Letourneau (1996b)
developed a site index equation to predict top height up to age 35 from age at
breast height based on the stem analysis of 57 trees collected in 22 plots. They
also examined the ability of different growth intercepts to predict site index on
data collected from 22 dominant trees (Andenmatten and Letourneau 1996a).
Andenmatten and others (1995) developed outside bark volume functions.
Letourneau (1996) fitted stem profile equations to predict outside bark diameter.
Andenmatten and Letourneau (1996c) demonstrated that stand volume can be
computed reasonably well when it is based on height-diameter data collected

from only the three largest and the three smallest trees per plot.
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THE USEFULNESS OF FOREIGN LITERATURE

Yield Comparisons

In the Western United States where ponderosa pine is a native species,
abundant literature exists concerning its yield and growth up to advanced ages.
This information provided useful references for designing our studies, and made
it possible to compare the productivity of the species in both countries.

Main References

In the Western United States, most height(H)-diameter(D) functions have
been fitted to older stands, and thus they cover a wide range of Ds and Hs (e.g.
Dolph et al. 1995, Larsen and Hann 1987, Moore et al. 1996). However, Wang
and Hann (1988) developed H-D equations for young ponderosa pine trees in
Oregon’s Central Willamette Valley. These smaller trees were similar in size to
those in Neuquén province.

In United States most ponderosa pine volume equations were also fitted to
larger trees than those growing in Patagonia (e.g. MacLean & Berger 1976, and
Walters et al. 1985). But two functions developed for younger stands (Chaprnan
et al. 1982, Oliver and Powers 1978) allowed us to make more meaningful
comparisons with the Neuquén functions.

In Neuquén most ponderosa pine plantations are still young, so we
considered that the growth intercept method was a more appropriate approach
to determining site quality than the traditional site index (SI) method, as has
been demonstrated for several tree species (e.g. Alban 1979, Beck 1971, Day et
al. 1960, Ferree et al. 1958, Wakeley and Marrero 1958, Warrack and Fraser
1955). Oliver (1972) demonstrated that growth intercept can accurately estimate

Sl in young ponderosa pine plantations and natural stands in northern California.
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Literature about the use of needle length as a site quality indicator was the
most scarce. However, a few papers that discuss the capacity of tree needles to
reflect the application of different treatments provided some basis for our study
(Tappeiner et al. 1987, Harrington and Tappeiner 1991, Fritts et al. 1965,
McDonald et al. 1992, MacDonald and Fiddler 1990).

Several models have been developed for ponderosa pine growing in different
regions of the westem United States, such as the Forest Vegetation Simulator
(FVS) (formerly PROGNOSIS) (Wykoff et al. 1982), CACTOS (Wensel et al.
1986), and ORGANON (Hann et al. 1993). However, we considered the yield
functions developed by Oliver and Powers (1978) as the most useful because
they were based on data collected from young plantations growing on high
quality sites.

THESIS CONTENT

The thesis contains an introduction, five technical chapters, and a
comprehensive discussion (Table 1.1). The results from Chapter Il make it
possible to estimate the height of the sample trees whose heights were not
measured. Results from Chapter lll provide an equation to compute the volume
of each sample tree. The H-D relationship, as well as the volume equations, will
be useful tools for Neuquén foresters. Chapter IV provides a method to
determine site quality based on the growth intercept concept. Chapter V explores
the potential of needle length as site quality indicator. Chapter VI presents
whole-stand yield equations to predict the volume of the ponderosa pine
plantations in Neuquén.

The results from this thesis will provide Neuquén foresters with simple models
that can accurately predict the current yield of the ponderosa pine plantations in
the Province. Up to the current ages of existing plantations, these models are
expected to produce an important part of the information needed to develop



sound management plans, and to allow potential investors to forecast the
productivity of different sites.

Table |.1. Topics of the seven chapters of the thesis.

14

Chapter Content
I Introduction
I Stand level height-diameter equations
]| Tree volume equations
v A growth intercept index
\ Needle length as site quality predictor
Vi Variable density yield equations
VI Summary and synthesis

A group of INTA researches led by Emesto Andenmatten, has been carrying

out yield and site quality studies in the ponderosa pine plantations of Rio Negro

and Chubut provinces, the southern range of the ponderosa pine pIantatiohs.

Thus, this thesis and their studies complement each other by providing models to

predict the productivity of ponderosa pine along the whole range. The

differences in methodology will be resolved over time in order to make both

approaches compatible.

Alban D.H. 1979. Estimating site potential from the early height growth of red
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ABSTRACT

Two linear and two nonlinear height-diameter models commonly used in the
Westem United States were tested for the young ponderosa pine (Pinus
ponderosa Dougl. ex Laws.) plantations of northern Patagonia, where it is the
most widely planted species. The equations were fitted to each of 127 plots,
scattered throughout the whole range of the species in Neuquén province. The
four equations were compared using Fumnival's (1961) index of fit. Even though
there were no important differences among models tested, the nonlinear model
previously applied by Wykoff et al. (1982), H= 1.3 + e ®*61/0* 1)) 4+ ¢ wag
preferable because it converged more efficiently than the other nonlinear
equation and was more flexible than the linear functions. Differences in the
behavior of plot-level and region-wide equations demonstrated the biases

possible if region-wide equations are applied to estimate missing heights within a
plot.

INTRODUCTION

The Importance of Ponderosa Pine in Patagonia

Ponderosa pine (Pinus ponderosa Dougl. ex Laws.) is the most Widely
planted species in the Patagonian Andes region of Argentina, where it grows
vigorously and without any serious pest problems. Preliminary studies suggest
that the average yield of these stands could be similar to or.even higher than
those growing on the more productive regions of the western United States
(Gonda and Lomagno 1995, Urzda 1991). The environmental conditions in
northem Patagonia are similar to those where ponderosa pine (variety
ponderosa) forests grow naturally in the westemn United States. The piedmont of

the northern Patagonian Andes and the interior Pacific Northwest share the
following main characteristics:
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1. The latitudinal ranges are similar in the respective hemispheres (Figure
11.1).

2. Moisture is provided by humid winds blowing from the Pacific Ocean.

3. A rain shadow effect is produced by the Andes as well as by the Cascades
and the northern Sierra Nevada ranges.

4. A Mediterranean climate prevails, imposing a well-defined dry season.

5. A high proportion of the soils are of volcanic origin.

P\

Figure Il.1. A map superimposing the Patagonian Andes (Argentina) over the
Cascades and northem Sierra Nevada (United States). The rectangle includes
the current distribution area of the ponderosa pine plantations in Patagonia. The
latitude of both countries match, and they are drawn at the same scale.
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The area planted annually with ponderosa pine in Argentina is rapidly
increasing due to the subsidies and credits that the Patagonian provinces and
the federal government provide for planting fast-growing species. The primary
objective of this support is to promote afforestation as a means to improve the
socioeconomic conditions of the region. Currently there are about 30,000
hectares of ponderosa pine forests (Urzﬂa 1991), with about a million hectares of
grasslands suitable for commercial afforestation throughout the piedmont of the
Patagonian Andes (Enricci 1993).

Information on site quality and growth of ponderosa pine in Patagonia is
scarce. This incomplete knowledge can dissuade potential investors from
planting trees and frustrate efforts to develop sound management plans.
Because species that are grown outside their native range typically exhibit
growth and developmental patterns that differ significantly from those of the
species within its native environment, it is also risky to extrapolate growth

predictions to new geographic areas (Zobel et al. 1987).

To ameliorate these problems the Patagonian Andes Forest Research and
Extension Center (CIEFAP), along with the University of Comahue Forest
Technical School and the government of Neuquén, have started quantitative
silvicultural studies on ponderosa pine plantations throughout Neuquén province,
covering an area that includes about 80% of the present plantation forests of this
species in Patagonia (Figure 11.2). These studies constitute the Neuquén
Ponderosa Pine Site Quality and Yield (NPPSQY) project.

Height-Diameter Equations

Several linear and non-linear height(H)-diameter(D) equations have been
developed for ponderosa pine and other coniferous forests in the United States.
Linear equations typically rely on logarithmic transformation of the response
variable, H. Hence, they imply a different error structure that their non-linear
counterparts.
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Figure 11.2. From left to right: maps showing the position of Argentina in
South America, Patagonia within Argentina, and the current distribution of
the ponderosa pine plantations in the provinces of Neuquén, Rio Negro, and
Chubut. The number of pine trees is proportional to the plantation area.

Linear Equations

Linear models are more familiar to most foresters (Curtis 1967), can be fit with
almost any statistical package or spreadsheet program, and are much easier to
fit if data sets are small and do not represent the range of the D distribution. On
the other hand, when linear models contain a logarithmically transformed
response variable, they introduce some log bias that should be corrected
(Baskerville 1972, Dolph et al. 1995, Payandeh 1981). Yet, this correction
theoretically cannot be performed if the residuals are not normally distributed
(Baskerville 1972, Bell et al 1981), and the choice of altemative correction

factors is not always easy (Flewelling and Pienaar 1981).
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Height-diameter curves should pass through the origin and have a positive
slope that approaches zero as D becomes large (Curtis 1967). The sample
available as the basis for the height-diameter curves is often quite limited, thus
the equation selected should produce a reasonable relationship when data are

inadequate to fully define the shape of the curve.

Among the most widely used linear equations, the following two are simple
and yet give reasonable results when complying with the conditions above
(Curtis 1967):

log (H-1.3) =B, + B;logD +¢ [Equation 1]
log (H-1.3)=B,+ B, D°+¢ [Equation 2]

Equation 1 does not possess an inflection, but it works well for young stands
(Curtis 1967). In equation 2, the ‘c’ parameter can be -1 for older plantations, but
other values may give better results for younger plantations (Curtis 1967).
Logically, constraining the height-diameter curve to pass through (0, 1.3) by
specifying log(H-1.3) as the dependent variable, is especially important when
measurements include very young trees (Curtis 1967), as it is the case in this
study. When dealing with older trees forcing the origin is of almost no practical
importance (Curtis 1967).

Nonlinear Equations

Many nonlinear equations have been used to explain height-diameter
relationships of the commercial tree species of North America (e.g. Huang et al.
1992, Zhang et al. 1995), but two of them are preferred for ponderosa pine and
other conifers in the Pacific Northwest. The first one is used in the Forest
Vegetation Simulator (FVS) (formerly Stand Prognosis Model), a growth and
yield model that is widely applied in the Inland Northwest (Wykoff et al. 1982):

H=13 + exp Bo+(B;/(D+1)))+ ¢ [Equation 3]
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The second one showed good prediction performance when compared with
other nonlinear equations (Zeide 1989, Zhang et al. 1995):

H=13+8, *exp (B, *DP) + ¢ [Equation 4]

On the western side of the Cascades, Wang and Hann (1988) and Larsen and
Hann (1987), fitted equation 4 to ponderosa pine and other tree species in the
Central Willamette Valley and in the mix-conifer zone of southwest Oregon
respectively.

In northeastern California, Dolph et al. (1995) fitted equations 3 and 4 to
several conifers on the Forest Service Blacks Mountain Experimental Forest.
Ponderosa and Jeffrey pines were combined for growth and yield modeling
purposes because they grow at about the same rate and have similar form
(Hallin 1957). Equation 4 gave the best result since it had the smallest residual
mean square for each species. Both equations had to be weighted since the

variance increased with increasing values of D.

Moore et al (1996) fitted equations 3 and 4 to data from ponderosa pine
forests covering a wide range of site productivities throughout northern Idaho,
western Montana, northeastern Oregon, and eastern Washington. The two
equations fit equally well and unequal error variances were not found. The main
result was that either equation could be used for trees less than 50 cm in D since

the models predicted virtually identical tree heights.

The main advantage of the nonlinear models is that their flexibility allows
biologically reasonable shapes (Huang et al. 1992). This feature is highly
desirable since users often extrapolate them (Vanclay 1994). Also, they do not
require any log bias correction like the widely used logarithmic linear models,
although nonlinear height-diameter curves often need to be weighted in order to
correct for departures from homoscedasticity.
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Regional vs. Stand Level Height-Diameter Equations

Curtis (1967) stated that when computing the volume and periodic increment
on permanent plots, fitting the same H-D equation to all the remeasurement data
for that plot will provide a more accurate and consistent estimate of H than can
be obtained by fitting separate H-D equations to the data of each individual

measurement.

In contrast, we hypothesize that region-wide H-D equations tend to present a
biased stand structure at the plot level because the instantaneous slope of the
curve would typically be shallower for plot-level curves (Figure 11.3). The height-
diameter relationship has a tendency to differ among sites, stand densities, ages
and other factors; hence allowing the relationship to vary by stand (or plot) and
growth period may yield more accurate results.

Equation based
on all trees.

Height — Equation based on
trees from a single
stand.

Diameter at breast height

Figure 11.3. Diagram depicting the theoretical differences in slope of an
equation based on data pooled over a wide range of stand conditions and
equations built with data from each individual stand.
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Objectives

The first objective of this paper is to identify height-diameter equations
capable of accurately describing plot-level height-diameter relationships for
ponderosa pine plantations in Neuquén Province, Patagonia. These models will
make it possible to estimate the height of trees when this parameter is missing.
The selected equations will be used to develop the volume and yield equations

for Neuquén province, and will represent a useful tool for Neuquén foresters.

The second objective is to compare the preferred equations with similar

functions developed for ponderosa pine forests in the Western United States.

METHODS

Data Source

The height-diameter data utilized in the study were collected from 5263 trees
located in 127 stands scattered throughout the current range of the ponderosa
pine plantations in Neuquén province. The eight southernmost plots were
located in Rio Negro province, only a few kilometers from the Neuquén border;
no ponderosa pine plantations were located in Neuquén province at those
latitudes (Figure 11.4). One plot was randomly located in each stand. All 127 plots
were circular, but had different area in order to include at least 40 trees.

The sampled stands covered most of the age and number of trees/ha ranges,
as well as the geographic distﬁbution, of the ponderosa piné plantations in
Neuquén province. Thus, sampled plots included the entire range of main factors
that can be associated with tree growth and form, i.e. latitude, longitude,

elevation, slope, aspect, precipitation, soil depth, age, and density (Table I1.1).
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Figure 11.4. Location of the 127 plots where the height-diameter data were

collected in Neuquén province.
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Table Il.1. Minimum (min), maximum (max), and mean values of latitude, longitude,
elevation (elev), slope, aspect, annual precipitation (precip), soil depth (soil d), age,
and density (ir/ha) ranges of the 127 plots sampled throughout Neuquén province.

Latitude  Longitude Elev Slope Aspect Precip Soil D Age Tr/ha
(m) (degr) (degr) (mmiyr) (m)

Min 36°30'00" 70°3522" 650 0 0 400 04 10 307
Mean 38°47'58" 71°04'18" 1059 8.6 140 929 1.0 17 1314
Max 41°05'657" 71°33'15" 1715 30.0 350 2229 1.8 41 2500

Sampling Procedures

Choice of the best model form for describing height-diameter relationships is
typically clouded by sampling error associated with selection of a subsample of
trees within a plot to be measured for both diameter at breast height and total
height, as used for fitting a relationship. This data set largely eliminates
uncertainties due to within-plot sampling error, because in 83 of the plots D and
H were taken on all trees; hence the total population within the plots was
measured. In the other 44 plots, the Ds of all trees were recorded but, due to
time constraints, the Hs of only 2/3 of the individuals were measured for the site
classification and yield studies. This procedure resulted in at least 25 trees being
measured for H from each plot, with three exceptions: in one plot H was
measured on 16 individuals, and in two others on 19 trees. in order to sample
the whole range of Hs in each plot, Hs were measured on trees from all diameter

classes, paying special attention to include the tallest and shortest individuals.

The vast majority of the 5263 sample trees were healthy and undamaged.
Only 55 individuals, scattered among 30 plots, were forked below 6 meters, bent,
or had broken tops. None of these 30 plots contained more than 3 "abnormal”
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trees, except for one plot that had 6 individuals bent by the snow. The 55
abnormal trees were included in the analysis and their impact on the tested

equations was evaluated.

One of the plots contained 43 ponderosa pine and 10 Jeffrey pine (Pinus
jeffreyi Grev. & Balf.) trees. The Jeffrey pines were retained because the
proportion of the latter species was low, and because these pines exhibit similar
growth characteristics (Hallin 1957).

Some of the sample trees had been pruned, but it was assumed not to affect
tree shape since the standard pruning procedure consists.of eliminating no more

than 1/3 to 1/2 of the live crown, and most stands had been pruned recently.

The H of trees less than 12 meters tall was measured directly with a
telescopic fiberglass pole to the nearest cm. Taller trees were measured
indirectly with clinometer (either Blume-Leiss or Suunto) to the nearest 5 cm. The
D was measured to the nearest 0.1 cm with diameter tape at 1.3 m from the
ground.

Data Analysis

The four most widely used H-D equations presented in the Introduction were
fitted separately to data from each of the 127 plots. For equation 2 the power “c”
was allowed to vary between -4 and 2, and the model with the lowest mean
square error was selected for each plot. The most frequent “c” values varied
between -1 and 1, most of them being negative. The four equations were
compared using Fumival’'s (1961) index of fit. This index has the advantage of
reflecting both the size of the residuals and possible departures from linearity,
normality, and horhoscedasticity (Fumival 1961).

The coefficients of the 30 plots that contained bent, forked, or broken top
trees were recalculated without including the affected individuals, in order to

determine whether those trees produced a significant effect on the preferred
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model. Equations 3 and 4 were also fitted to the whole data set containing the
height-diameter data in English units in order to compare the coefficients of
these two equations with the ones fitted by Dolph et al. (1995), Larsen and Hann
(1987), Moore at al. (1996) and Wang and Hann (1988) in the Western United
States.

RESULTS AND DISCUSSION

Characteristics of the Sample Trees

In Neuquén most plantations are less than 25 years of age, so the ranges of D
and H were typical of young stands (Figure 11.5) and hence much smaller than
the ranges used to fit H-D equations for ponderosa pine stands in the western
United States (e.g. Dolph et al. 1995, Larsen and Hann 1987, Moore et al. 1996,
and Wang and Hann 1988) (Table 11.2).

The 5263 sample trees used in this study constituted a large sample size
when compared with the number of trees used to build similar functions for
ponderosa pine in the western United States; Dolph et al. (1995), Larsen and
Hann (1987), Moore et al. (1996), and Wang and Hann (1988), used 2844, 1327,
1856, and 61 trees respectively.

Height-Diameter Equations

No important differences were observed among the four equations tested in
terms of their indices of fit, when either comparing them for each stand
(Appendix), or when comparing means from all stands (Table [1.3).

Equation 3 was easy to fit since it converged for all stands using the same
initial coefficients. On the other hand, equation 4 was rather time consuming to fit
since at least 5 or 6 different sets of initial coefficients per plot often had to be
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entered before the model converged. Even so, this equation never did converge
for three plots (41, 83, and 123).

25 30
T

H (m)
15 20
|
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0 10 20 30 40 50 60
D (cm)

Figure 11.5. Total tree height (H) plotted over diameter outside bark at breast
height (D) for the 5263 trees measured to develop plot level height-diameter
functions for unthinned ponderosa pine plantations in Neuquén province.

Table 11.2. Ranges of total height (H ) and diameter at breast height (D) of the
sample trees measured for the present study and four others carried out for
ponderosa pine in the Western United States by Dolph et al. (1995), Larsen and
Hann (1987), Moore et al. (1996), and Wang and Hann (1988).

Neuquén inland Northwest . USA Western Oregon, USA
Gonda et al. Dolph et al. Moore et al. Larsen & Hann Wang & Hann

Min Mean Max Min Mean Max Min MeanMax Min Mean Max Min Mean Max

D(cm) 1.8 15.7 569 9.1 36.1 1364 05 442 2220 0.2 34.8 135.1 2.3 31.2 50.5

H(m) 1.7 72 205 27 174 448 15 244 594 14 220 586 27 173 25.5




Table 11.3. Mean, minimum, and maximum Fumival index values for each
equation.

Fumival's index of fit

Equation Mean Minimum Maximum
1 0.65 0.17 2.01
2 0.62 0.16 1.60
3 0.64 0.16 1.74
4 0.63 0.16 1.83

The fitting of equation 3 resulted in unequal variances in only 10 plots. The
initial coefficients that we used for the 127 stands were: p,= 2, p,= -3. Final

coefficients did not result in a very wide range in values (Table 11.4).

Table I1.4. Mean, minimum and maximum values of the converging coefficients of
equation 3 for the 127 plots.

Coefficient Mean Minimum Maximum
Bo 247223 1.63331 3.562815
B, -11.81193 -19.86992 -3.80778

Equation 3 behaved well when the respective regression line was drawn over
the H-D scatterplot of each plot, even in the plot with the Iaréest D range (Figure
11.6) and in the plot with the smallest number of trees (Figure 11.7).

The coefficients of equation 3 associated with the 30 plots that contained
forked, bent, or broken top trees showed negligible changes when the function

was refitted without the abnormal individuals.
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Figure 11.6. Height (H)-diameter at breast height (D) data and regression line
based on equation 3 for the plot with the largest D range.

When fitted to the whole data set using English units, equations 3 and 4
exhibited unequal error variances. Weights of 1/D, 1/D? 1/D?, 1/D* and 1 (un-
weighted) were tested. Fumival's index of fit indicated that 1/D? provided the best
weight for both equations (Table 11.5).

Selected Model .

Overall, equation 3 was judged the preferable model since it converged much
rore efficiently than function 4. Function 4 is non-asymptotic (Garman et al.
1995) and thus may present extrapolation problems for trees whose Ds exceed
the D range for the modeling data set, primarily in cases where the equation will
be applied to forests with old-growth individuals (Garman et al. 1995). This is not
the case in industrial plantations such as the ponderosa pine forests of Neuquén,
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Figure 11.7. Height (H)-diameter at breast height (D) data and regression line
based on equation 3 for the plot with the smallest number of trees (16).

Table II.5. Parameters and selected weights for equations 3 and 4 fitted to the
whole data set using English units.

Equation 3 , Equation 4
Bo B, weight Bo B B> weight

4.3437 -9 .3981 1/D? .0159 5.1987 .1689 1/D?

where the mean D would seldom be allowed to exceed 50 cm, the upper
diameter of our data set.

Equations 1 and 2 have to be adjusted for bias associated with logarithmic

transformation of the response variable. This represents extra work and
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performing any one of several possible corrections will not necessarily eliminate
all bias (Bell et al. 1981, Flewelling and Pienaar 1981). However, for foresters
who do not have access to statistical packages with nonlinear estimation
capabilities, models 1 or 2 can produce satisfactory results. Equation 2 is
preferable for this data set because it tends to have slightly lower maximum
Furnival index values (Appendix 1).

In most plots the D range of the trees was narrow because sample stands
were young. Hence, H was basically directly proportional to D and a straight or a
slightly curved line would have produced a good fit (Figure 11.7). Nevertheless,
the temptation to apply a quadratic model was and should almost always be
avoided because it would not behave well in plots with wider D ranges where
higher flexibility is required (Figure 11.6). Extrapolation of quadratic functions also
tends to lead to unrealistic height predictions (Huang et al. 1992).

The most effective application of these height-diameter equations is achieved
by computing parameter estimates with height-diameter data from the stand
where the models will be applied. In the case of equation 3, the coefficients
given above can be helpful as the initial estimates. The height-diameter data
should be collected throughout the whole range of stand Ds, making sure to
sample the smallest and largest trees, in order to estimate the parameters of the
equation most accurately (Figures I1.6, 11.7). The minimum number of sample
trees required for an accurate estimation of the equation coefficients will depend
on the variability of H.

For the southern range of the ponderosa pine plantations in Patagonia (Rio
Negro and Chubut provinces) (Figure 11.2), the coefficients of the equation H = f,
+ B, log D, may be properly estimated by fitting the model to as few as 12 or
even four trees per stand (Andenmatten and Letourneau 1996). These
individuals should be sampled across the whole range of Ds, including the tallest
and shortest trees.
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Individual Versus All Stand Analysis

A plot showing the regression lines for individual plots and the regression line
for all plots pooled (comprehensive line) clearly shows that the slope of the latter
equation is steeper, and a lack of fit at small Ds suggests that this function may
be insufficiently flexible for region-wide curves (Figure 11.8). The differences in
slope tend to be larger for stands with trees of small D. The coefficients of the
comprehensive line are more extreme than the ones of the individual stands
(Table 11.6). Hence, significant estimation errors would have resulted if the data
were pooled to fit one region-wide equation, especially since most of the stands
have young small trees (Figure I1.8).

Table I1.6. Coefficients for equation 3 fitted to pooled data and individual stand
data.

Coefficients  Pooled data Individual stand data
Mean Minimum Maximum
Bo 2.88839 247223 1.63331 3.52815
B, -17.90739 -11.81193 -19.86992  -3.80778

In the western United States, some of the published height-diameter functions
for ponderosa pine that are based on pooled regional data do not include
explanatory variables to-account for site and basal area differences. Therefore,
the potential exists to produce estimates of tree H that are biased on a stand
level when such regional curves are used to estimate missing heights on
individual stands, if the coefficients are not recalculated with local height-
diameter data. For the northern Patagonia data set, the smaller the trees, the
stronger the bias (Figure 11.8).



39

| "(aul yo1uy) 18s ejep Q-H ajoym ay} 0} paylj uonenba awes ay) 1o} aul| uoissaibal e pue (saulj ulyy)
sjo|d |enpiAlpul wody elep (ghubiay isealq je tajawelp-(H)ybiay o} payy ¢ uonenba 1o} saul| uoissaibay 'g’|| @inbi4
(wo) g
09 0S or o€ (114 (] 8 0

1]

Gl
(W) H

0¢c




40

Regional Nonlinear Functions in the Western United States

Applying H-D equations to data pooled from different stands proved not to be
an appropriate procedure for the ponderosa pine plantations in Neugquén (Figure
I1.8). Nevertheless, both nonlinear models (equations 3 and 4) were fitted to the
whole data set, with the sole purpose of comparing their parameters with those
based on ponderosa pine data from the western United States.

The paramneters that Moore and others (1996) estimated by fitting equation 3
to ponderosa pine trees in northeastern California were different from those we
estimated for Neuquén data (Table 11.7). Their taller H predictions are the result
of a much wider range of data that includes larger trees (Table [I.2), since the
shape of the curves is almost the same (Figure 11.9).

Table 11.7. Coefficients and selected weights of equations 3 and 4 when fitted to
ponderosa pine data in English units in northern Patagonia (Gonda et al. 1997),
northeastern California (Dolph et al. 1995), southwest Oregon (Larsen and Hann
1987), eastern Washington and Oregon (Moore et al. 1996), and the Willamette
Valley (Wang and Hann 1988).

Equation 3 Equation 4
Bo B, weight Bo B, B2 weight
Gondaetal. 4.3437 -9.3981 1/D? .0159 5.1987 .1689 1/D?
Moore et al. 5.1094 -11.9354 1 1769.17** 57742 -2197 1
Dolph et al. -— — — 666.8066 -6.1361 -3410 1/D
Larsen & Hann — —_ — 3591.9841 -6.6532 -2035 1D
Wang & Hann  —- -— — 446.6744 -4.4854 -3000 1/D

* = Decimal place not reported by the authors.

The coefficients for equation 4 fitted to ponderosa pine trees in southwest
Oregon (Larsen and Hann 1987), and northem Idaho, eastern Oregon and
Washington (Moore et al. 1996) overestimate the H of Neuquén trees (Table 11.7,
Figure 11.10). Coefficients of the same equation fitted to the same species in the
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Willamette Valley (Wang and Hann 1988) and northeastern California (Dolph et
al. 1995) overestimate the H of Neuquén trees with a D below 6 cm, and
underestimate the H of trees with larger D (Table 11.7, Figure 11.10). These
differences in the coefficients for equation 4 can be caused by numerous factors
such as size of the sample trees, site quality, stand density, etc., and confirm
that height-diameter equations, especially those with only one-parameter, should
not be extrapolated to different regions. |
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Figure 11.9. Neuquén height (H)-diameter at breast height (D) data, and two
regression lines based on equation 3: one fitted to Neuquén pooled data (Gonda
et al. 1997) and the other one fitted to regional ponderosa pine data in
northeastern California (Moore et al. 1996). The thicker portion of the lines
correspond to the D range for which the model was more intensively tested.
Moore and others (1996) fitted model 3 to a much wider range of Ds than this
figure represents.
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Figure 11.10. Neuquén height (H)-diameter at breast height (D) data, and
regression lines for equation 4 fitted to Neuquén pooled data (Gonda et al.
1997), northeastern California data (Dolph et al. 1995), northemn Idaho, eastern
Oregon and Washington data (Moore et al. 1996), southwest Oregon data
(Larsen and Hann 1987), and Willamette Valley data (Wang and Hann 1988).
The thicker portion of the lines correspond to the D range for which the model
was more intensively tested. Except for Wang and Hann (1988), the other
authors fitted model 4 to a much wider range of Ds than this figure represents.

If H-D equations based on pooled data were ever to be used in Neuquén,
within the inferential range of our data set (2-50 cm), equation 4 would behave
better than equation 3 because the latter model tends to underestimate the H of
trees with larger Ds (Figures 11.9 and 11.10).
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CONCLUSIONS

The nonlinear equation developed by Wykoff et al. (1982) (equation 3) is the
recommended model form for fitting height-diameter equations in Neuquén
ponderosa pine stands on which heights have been subsampled. It converged
much more efficiently than the other nonlinear equation (equation 3), and it was
more flexible than the two linear models tested (equations 1 and 2). The selected
equation will accurately predict the H of trees when fitted to stands with Ds
between 2 and 35 cm. In stands where the Ds of the largest trees are between
35 and 50 cm, H predictions should be still satisfactory as suggested by the few
sample plots with the largest Ds. This research provides no information on how
well the recommended model would perform in stands with tree Ds beyond 50

cm.

Because the sample trees were obtained throughout the current range of
ponderosa pine plantations in Neuquén province, this province is the primary
geographical region for application of the equation. Hence, the results are valid
for stands within the same latitude, longitude, elevation, annual precipitation,
soil depth, age, and density ranges, and with the same current health conditions.
However, if a pest, heavy snow, or other agent ever significantly affects tree
shape, the recommended models should be revised.

The recommended equation could be made "regional”, that is applicable to
any plot in Neuquén with the same coefficients, if tree form differences related to
site, or site and density, are accounted for by including some explanatory
variables in the equation, as it was demonstrated by Larsen and Hann (1987),
Garman et al. (1995), and Wang and Hann (1988) in ponderosa pine forests of
the Westem United States. When the results from additional ongoing yield and
site quality studies for the ponderosa pine plantations of Neuquén become

available this will be a main topic for further research.
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APPENDIX

Furnival Index of fit for the Four Tested Models by Plot

Model 1: log (H-1.3) =B, + B,logD +¢

Model 2: log (H-1.3) =B,+ B, D¢+¢

Model 3: H=13 + exp B, +(B,/(D+1))) + ¢
Model 4: H=13 + B, *exp (B, * DF2) + ¢

Where: H = total tree height
D = diameter at breast height
Bo. B4, and B, = coefficients

C = exponent of Model 2

Plot Model 1 Model 2 C Model3 Model 4

1 1.34 1.27 1.2 1.33 1.24
2 1.55 1.48 -4.0 1.36 0.89
3 0.45 0.44 -0.8 0.44 0.44
4 1.55 1.05 -1.2 1.09 1.07
S 0.87 0.79 -0.9 0.78 0.81
6 2.01 1.60 -3.5 1.74 1.83
7 1.45 1.42 0.7 1.36 1.26
8 0.37 0.37 -0.2 0.39 0.38
S 0.31 0.30 -1.2 0.31 0.30
10 0.76 0.74 -0.4 0.69 0.69
11 0.62 0.62 0.1 0.69 0.66
12 0.57 0.54 -1.5 0.51 0.50
13 1.89 1.28 -0.9 0.99 0.98
14 0.43 0.43 -0.1 0.45 0.45
15 1.11 0.99 -0.9 1.01 1.02
16 0.37 0.37 0.3 0.76 0.76
17 0.82 0.79 -0.4 0.74 0.72
18 0.56 0.53 ~-1.6 0.52 0.55
19 0.63 0.62 0.5 0.62 0.60
20 0.83 0.81 -0.9 0.83 0.83
21 1.01 1.01 -0.7 0.92 0.92
22 0.71 0.68 -0.7 0.70 0.70
23 0.85 0.85 0.2 0.86 0.84
24 l1.21 l1.21 1.4 1.18 1.22
25 0.71 0.70 0.4 0.69 . 0.70
26 1.33 1.11 -1.1 0.94 0.93
27 0.68 0.68 1.6 0.69 0.68
28 0.29 0.29 0.3 0.28 0.28
29 0.35 0.35 -0.9 0.38 0.38
30 1.06 0.90 -0.8 0.91 0.91
31 1.02 0.89 -2.3 0.94 0.91
32 0.35 0.35 0.1 0.38 0.37
33 0.61 0.60 -0.1 0.63 0.62
34 0.61 0.60 1.2 0.64 0.65
35 0.49 0.48 -0.5 0.47 0.46
36 0.39 0.39 -0.5 0.39 0.39
37 0.64 0.64 -0.1 0.65 0.77
38 0.39 0.39 -0.1 0.39 0.39
39 0.32 0.32 -0.3 0.32 0.32
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0.64
0.71
0.50
0.43
0.46
0.34
0.47*
0.37
0.50
0.43
0.63
0.80
0.69
0.79
0.16
1.12
0.55
0.89
0.75
0.69
0.41
0.40
0.62
1.15
0.68
0.96
0.72
0.45
0.37
0.55
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107 0.70 0.70 -0.2 0.70 0.70 continued
108 1.09 1.07 1.4 1.09 1.09
109 0.76 0.76 -0.1 0.80 0.77
110 0.74 0.73 -1.1 0.76 0.77
111 0.47 0.46 -0.6 0.44 0.46
112 0.47 0.47 -0.1 0.51 0.50
113 0.36 0.36 -0.1 0.39 0.39
114 0.36 0.36 0.4 0.39 0.39
115 0.63 0.63 0.1 0.59 0.59
116 0.65 0.63 -0.9 0.64 0.64
117 1.19 1.17 -2.6 1.16 1.18
118 0.96 0.96 0.3 0.94 0.92
119 0.88 0.79 -1.6 0.83 0.82
120 0.91 0.90 -0.5 0.90 0.91
121 0.71 0.69 -1.7 0.71 0.71
122 0.34 0.34 0.2 0.33 0.32
123 0.39 0.39 -0.2 0.42 0.39*
124 0.43 0.42 -0.8 0.43 0.44
125 0.40 0.39 -1.9 0.39 0.39
126 0.68 0.57 -1.7 0.63 0.63
127 0.65 0.64 -0.2 0.67 0.67

" * equation did not converge.
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lll. TREE VOLUME EQUATIONS FOR UNTHINNED YOUNG-
GROWTH PONDEROSA PINE PLANTATIONS IN NEUQUEN,
PATAGONIA, ARGENTINA. A COMPARISON WITH EQUATIONS
DEVELOPED IN THE WESTERN UNITED STATES

Héctor E. Gonda, David D. Marshall, Gustavo O. Cortés,
and Steven D. Tesch
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ABSTRACT

Two 3-variable models (total height (H), diameter at breast height (D), and
crown ratio (CR)), twelve 2-variable equations (H and D), and seven 1-variable
functions (D) were examined to identify models capable of accurately predicting
total inside bark volume (V) of trees in the young ponderosa pine (Pinus
ponderosa Dougl. ex Laws.) plantations of Neuquén, northem Patagonia,
Argentina. EquationsV=a+bD*H+cD+¢ andV=a+bD +c D? +¢ were
chosen as the final 2- and 1- variable models respectively, based on Fumival's
(1961) index of fit. Crown ratio proved to be not significant. Several two-variable
models developed in the westermn United States underestimated the volume of
Neuquén trees, suggesting that in northerm Patagonia, the boles of ponderosa
pine trees are less tapered..

INTRODUCTION

Ponderosa pine (Pinus ponderosa Dougl. ex Laws.) is the most widely
planted species in the Patagonian Andes region of Argentina, where it grows
vigorously and without any serious pest problems. Preliminary studies suggest
that the average yield of these stands could be similar to or even higher than
those growing on the more productive regions of the westermn United States
(Gonda and Lomagno 1995, Urzia 1991). The environmental conditions in
northem Patagonia are similar to those where ponderosa pine (variety
ponderosa) forests grow naturally in the westem United States. The piedmont of
the northem Patagonian Andes and the interior Pacific Northwest share the

following main characteristics:

1. The latitudinal ranges are similar in the respective hemispheres (Figure
l.1)

2. Moisture is provided by humid winds blowing from the Pacific Ocean.
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3. A rain shadow effect is produced by the Andes as well as by the Cascades
and the northern Sierra Nevada ranges.
4. A Mediterranean climate prevails, imposing a well-defined dry season.

5. A high proportion of the soils are of volcanic origin.

P‘

Figure 111.1. A map superimposing the Patagonian Andes (Argentina) over the
Cascades and northern Sierra Nevada (United States). The rectangle includes
the current distribution area of the ponderosa pine plantations in Patagonia. The
latitude of both countries match, and they are drawn at the same scale.

The area planted annually with ponderosa pine in Argentina is rapidly
increasing due to the subsidies and credits that the Patagonian provinces and
the federal government provide for planting fast-growing species. The primary
objective of this support is to promote afforestation as a means to improve the

socioeconomic conditions of the region. Currently there are about 30,000
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hectares of ponderosa pine forests (Urztia 1991), with about a million hectares of
grasslands suitable for commercial afforestation throughout the piedmont of the
Patagonian Andes (Enricci 1993).

Information on site quality and growth of ponderosa pine in Patagonia is
limited. This incomplete knowledge can dissuade potential investors from
planting trees and frustrate efforts to develop sound management plans.
Because species that are grown outside their native range typically exhibit
growth and developmental patterns that differ significantly from those of the
species within its native environment, it is also risky to extrapolate growth

predictions to new geographic areas (Zobel et al. 1987).

To ameliorate these problems the Patagonian Andes Forest Research and
Extension Center (CIEFAP), along with the University of Comahue Forest
Technical School and the government of Neuquén, have started quantitative
silvicultural studies on ponderosa pine plantations throughout Neuquén province,
covering an area that includes about 80% of the present plantation forests of this
species in Patagonia (Figure 1l.2). These studies constitute the Neuquén
Ponderosa Pine Site Quality and Yield (NPPSQY) project.

Volume Equations

Two- and 3- Variable Equations

Two- variable or standard volume functions include diameter at breast height
(D) and total height (H) as explanatory variables, and sometimes also their
powers and cross products. Other stand characteristics such as site class, age,
number of trees per unit area, or basal area, are usually not included because
they do not improve predictive ability (e.g. Burkhart 1977, MacLean and Berger
1976). An exception to that is crown ratio (CR), which was found to be highly
significant when estimating stem volume (V) of Douglas-fir (Pseudotsuga
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Figure 111.2. From left to right: maps showing the position of Argentina in
South America, Patagonia within Argentina, and the current distribution of
the ponderosa pine plantations in the provinces of Neuquén, Rio Negro, and
Chubut. The number of pine trees is proportional to the plantation area.

menziessi (Mirb.) Franco) (Hann et al. 1986), and Douglas-fir and white fir in
southwest Orégon (Walters et al. 1985, Walters and Hann 1986). However, CR
was not significant when estimating the volume of ponderosa pine in the same
region (Walters et al. 1985, Walters and Hann 1986).

We selected 10 2- variablé and two 3-variable volume models most commonly
used in the Western United States that have the potential to give accurate
volume predictions when fitted to Neuquén data (Table 111.1). One of these
models was also fitted to predict outside bark volume of ponderosa pine trees in
Rio Negro and Chubut (Andenmatten et al. 1995).
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Table Ill.1. Two- and three-variable volume equations selected and names of the
coniferous species to which they were fitted by previous authors. Abbreviations:
diameter at breast height (D), height (H), and volume (V).

Model Form

Authors and species

Linear logarithmic (In=natural logarithm)

[1] LnV =B, + B, InD + B, InH

[2] LnV =B, + B, InD + B, InH + B3 D

Linear nonlogarithmic
BV =p, + B, D*H

[4] V=B, +PB, D*H+B,D

[6] V=PBo+PB; D®*H+p,D+pH
[6] V=0, +p, D?H+p,D?*+pH
Nonlinear

[7] V=B, + B«(H/D)*? (D?H)
[8] V= 10% D¥ H®

[9] V=3, +10° DP? (H®)M
[101V = B, (HDY" (D*H)*

Crown ratio (In=natural logarithm)

Browne 1962 (ponderosa pine and 15 other commercial
tree species of British Columbia), Cochran 1985
(ponderosa pine, western white pine (Pinus monticola
Dougl.), lodgepole pine (Pinus contorta Dougl.), westem
larch (Larix occidentalis Nutt.), Douglas-fir, white fir (Abies
concolor (Gordon. & Glend.) Lindl.), grand fir (Abies
grandis (Dougl.) Lindl.), engelmann spruce (Picea
engelmannii Parry)), Wensel 1977 (ponderosa pine).

Bell et al. 1981 (mountain hemlock (Tsuga mertensiana
(Bong,) Carr.))

Chapman et al. 1982 (ponderosa pine, lodgepole pine,
western larch, Douglas-fir), MacLean and Berger 1976,
(ponderosa pine, jeffrey pine (Pinus jeffreyi Grev. & Balf) ,
sugar pine (Pinus lambertiana Dougl.), lodgepole pine,
Douglas-fir, white fir, California red fir (Abies magnifica A.
Murr.), incense cedar (Libocedrus decurrens Torr.)), Oliver
and Powers 1978 (ponderosa pine), Burkhart 1977 (loblolly
pine (Pinus taeda L.)), Cao et al. 1980 (loblolly pine),
(Andenmatten et al. 1995 (ponderosa pine)

Beli et al. 1981 (mountain hemlock)
Bell et al. 1981 (mountain hemlock)
Bell et al. 1981 (mountain hemlock)

Hann et al. 1986 (Douglas-fir)
Bell et al. 1981 (mountain hemlock)

Bell et al. 1981 (mountain hemlock)

Walters et al. 1985 (ponderosa pine, sugar pine, incense-
cedar, Douglas-fir, grand fir, white fir)

[11]LnV =B, + B4InD + B,InH + B;CR Hann et al. 1986 (Douglas-fir)

[12]V = B, + B, exp(B.CR) (D*H)

Hann et al. 1986 (Douglas-fir)

*Equation originally developed to calculate volume above breast height.
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One- Variable Equations

One- variable or local volume equations are typically applied to small forest
areas. When applied to a wide range of site conditions, equations containing D
as the only explanatory variable are not as accurate as those containing D and
H. This was demonstrated for young ponderosa pine stands in northern
California (Chapman et al. 1982). In Neuquén, ponderosa pine plantations are
located throughout a latitudinal transect 500 km long that includes a relatively
wide range of site conditions. However, volume equation users often do not have
H information, so we selected seven models that could predict stem volume
based solely on D data (Table IIl.2). Two of these equations had been fitted for
young ponderosa pine trees in Westem United States by Chapman and others
(1982) and McDonald and Skinner (1989).

Table I1l.2. One-variable volume equations selected for the study. Two of them
have been fitted by previous authors to several species. Abbreviations: diameter
at breast height (D), height (H), volume (V), and natural logarithm (In).

Model Form Authors and species

[13] InV=B, +B,InD McDonald and Skinner 1989 (ponderosa pine)
[14] InV=8, + B, InD + D -
[15] InV =p, + B, InD? -
[16] V=B, +B, D -
[17] V=B, + B, D? ;, -
[18] V=B, + B, D +B, D? -

[19] V=B, D?# Chapman et al. 1982 (ponderosa pine, Douglas-fir, lodgepole
pine, and westem larch)
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Linear and Nonlinear Equations

Errors associated with tree volume prediction tend to be heteroscedastic and
the variance tends to increase with tree size (Furnival 1961, Cunia 1964). Thus,
linear volume equations are often fitted by logarithmic least-square regression.
However, models with a logarithmically transformed response variable introduce
some log bias that should be corrected (Baskerville 1972, Payandeh 1981). Yet,
this correction theoretically cannot be performed if the residuals are not normally
distributed (Baskerville 1972), and the choice of alternative correction factors is
not always easy and does not necessarily eliminate all bias (Flewelling and
Pienaar 1981).

Nonlinear models do not require a log bias correction, but they need to be
weighted in order to correct for departures from homoscedasticity. The main
advantage of the nonlinear models is that their flexibility allows biologically

reasonable shapes. This feature is highly desirable since users often extrapolate
them (Vanclay 1994).

Objectives

The first objective of this paper is to identify models capable of accurately
estimating total-stem cubic volume based upon D or D and H, for ponderosa pine
plantations in Neuquén province. The second objective is to determine whether
incorporating CR into selected models would improVe their predictive ability. The
third objective is to compare predictions from our selected models with
predictions from the same models fitted by previous authors to ponderosa pine
trees in the Western United States.

The equations developed will have two main applications. First, they will
contribute to the development of yield tables in the NPPSQY project, by making
it possible to estimate tree volumes. Second, they will provide local users with
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models that will allow them to calculate standing wood volume of ponderosa pine

stands either for commercial or research goals.

METHODS

Data Source

The data consisted of stem analysis measurements from 156 sample trees
from 78 stands growing under a wide range of site conditions throughout
Neuquén province (Table 111.3). Sample trees were measured in unthinned
plantations which had negligible insect, disease, or storm damage. Seventy two
sample trees came from individuals that had been pruned, in most cases within
the last 5-10 years.

Table 111.3. Minimum (min), maximum (max), and mean values of latitude,
longitude, elevation (elev), slope, aspect, annual precipitation (precip), soil depth
(soil d), age, and density (tr/ha) ranges of the 78 stands where the sample trees
were taken throughout Neuquén province.

Latitude Longitude Elev Slope Aspect Precip Soil D -Age Tr/ha
(m) (degr) (degr) (mm/yr) (m)

Min 36°30'00" 70°36'31" 650 0 0 400 04 10 538
Mean 38°47'37" 71°04'63" 1121 8.6 130 967 1.0 17 1466
Max 41°05'15" 71°33'15" 1700 28.0 337 2229 18 35 2500

Sample trees were felled adjacent to 78 permanent plots established for the
’ NPPSQY project, from June to September 1997 (Figure 111.3). Each plot was
located in a different stand. These were spread out along Neuquén province,
except for the three southemmost stands that were located in Rio Negro

province, only a few kilometers from the Neuquén border; because there were no
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Figure 1I1.3. Location of the 78 plots near which the 156 sample trees were felled.

ponderosa pine plantations on the Neuquén side (Figure 111.3). All 78 plots were
circular, but with different diameter in order to incorporate at least 40 trees.
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Two sample trees were felled in the proximity of each plot, one with the
diameter of the tree of mean basal area and mean plot height, and the other one
with the mean D and H of the 300 largest trees per hectare in the plot (Figure
I1.4). As a result of this selection process, all sample trees were among the three
superior crown classes. Sample trees did not include open-grown individuals,
those in stands having a wide variety of densities due to poor planting survival,

or those curved, forked, unhealthy, or with broken tops.

Stand where a plot was Sample tree with the mean diameter and
installed height of the 300 largest trees per
hectare (based on plot data).

\

/

Plot close-up f

Sample tree with the diameter of the
. tree of mean basal area and mean
Permanent plot containing at least height (based on plot data).

40 trees (randomly located).

Figure lll.4. Representation of how two sample trees were selected in each
of the 78 sample stands.

Tree Measurements

Total tree volume was determined from a 5 cm stump height to tree top. Total

H and D were measured on the sample trees prior to felling. After felling, trees
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were sectioned in 13 pieces. Logs were sectioned at .30, .80 and 1.30 m, and
the remaining part of the bole was cut in 10 pieces of equal length (Figure lIL.5).
The diameters outside and inside the bark at both ends of each section were
measured for the longest and shortest axes, and the average diameter of the two
axes was recorded. Diameters were measured with a ruler to the nearest
millimeter. The volume of each of the lower 12 sections was calculated with the
Smalian's formula. The volume of the tip section was calculated with the formula
for volume of a cone. Volumes of the 13 individual sections were then summed

to obtain the calculated total stem inside bark volume for each tree.

Height-to-live crown was measured on all sample trees upon felling in order to
calculate CR. Only data from the 87 trees that had not been pruned reﬂectéd the
natural crown recession process. On most pruned tress, natural crown recession
had not occurred, so that height-to-live crown was the result of artificial pruning.
The distance from the sample tree to the closest 4 neighbors was measured with
a tape to the nearest cm. This measurement provided an estimate of the spacing
for each sample tree.

Analysis

Two- and 3- Variable Volume Equations

Ten 2- and three 3- variable equations were examined in search for a suitable
model to predict total underbark stem volume o