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SUMMARY

Second-growth forests of Nothofagus obliqua (roble), N. alpina (rauli) and N. dombeyi (coihue), known locally as RO-RA-CO forest
type, are among the most important natural mixed forest types of Chile. Several studies have identified a wide range of factors that
could influence both stand and tree variability found in these forests. To better characterize potential tree- and stand-level factors
that are associated with RO-RA-CO variability, and that are available in typical forest inventories, several unsupervised multivariate
statistical methods were evaluated: 1) non-metric multidimensional scaling (NMDS); 2) principal coordinates analysis (PCoA); and 3)
principal component analysis (PCA). The data used in this study originated from a sample of 158 plots consisting of two plot networks
that covered the full geographic area of the RO-RA-CO forest type in Chile. We found that site productivity and growth zones did
not explain the differences within the sampled population. However, stand development stages, tree-to-tree competition, and tree-size
attributes were critical variables with a high percentage of variance explained using PCA, ranging from 61 % to 67 %. In addition, for
the PCoA analysis, the variable stand density is important, with ~78 % variance explained.
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RESUMEN

Los bosques de renovales de Nothofagus obliqua (roble), N. alpina (rauli), y N. dombeyi (coihue), conocidos como el tipo forestal
RORACO, es uno de los mas importantes bosques nativos mixtos de Chile. Varios estudios han identificado un amplio rango de
factores que influyen en la variabilidad a nivel de rodal y arbol encontrada en estos bosques. Este estudio, contribuye a una mejor
caracterizacion potencial de los factores de arbol y rodal que estan asociados con la variabilidad de los bosques de RORACO, y que
son obtenidas desde inventarios forestales tradicionales. Varios métodos estadisticos no supervisados de analisis multivariado fueron
evaluados: 1) andlisis de escalado multidimensional no métrico (NMDS), 2) andlisis de coordenadas principales (PCoA) y 3) analisis
de componentes principales (PCA). La base de datos de este estudio esta sustentada en una muestra de 158 parcelas formada a partir de
dos redes de parcelas para toda el area geografica del tipo forestal RORACO en Chile. Nuestros resultados indican que la productividad
de sitio y zonas de crecimiento no explican considerablemente las diferencias encontradas en esta poblacion muestreada. Sin embargo,
el estado de desarrollo del rodal, la competencia individual arbol a arbol, y los atributos de tamafio de arbol, son variables criticas, con
un alto porcentaje de la varianza explicada usando PCA, alcanzando un rango de entre 61 % a 67 %. Ademas, para el andlisis de PCoA,
la variable de densidad del rodal es importante con un ~78 % de la varianza explicada.

Palabras clave: tipo forestal RORACO, métodos multivariados, componentes principales, cluster de K-promedios.

INTRODUCTION

The structure and dynamics of mixed natural forests
are more difficult to characterize than those from even-
aged stands given their considerable variability (Landres
et al. 1999). Forest variability is often expressed as he-
terogeneity, defined as any form of environmental varia-

tion, physical or biotic, occurring in space and/or time
(Kuuluvainen et al. 2002). Multi-scale factors can also
influence individual tree responses and they can include:
light quantity and quality, interception of precipitation
from foliage, branches and litter, and root uptake of water
and nutrients, among others (Kuuluvainen et al. 2002).
This small-scale heterogeneity often influences tree-to-
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tree competition, which in turn generates increased stand
variability.

One of the most commercially and ecologically im-
portant forests in the southern hemisphere is composed of
species from the Nothofagaceae family, which are found
in Australia, New Zealand, New Guinea, New Caledonia,
Chile and Argentina (Veblen ef al. 1996). The South Ame-
rican Nothofagus species dominate temperate and sub-An-
tarctic forests of Chile and Argentina. In Chile, there are
nine species, including three evergreen and six deciduous
species (Donoso 1993). Donoso (1993) identified 12 forest
types for the Chilean vegetation, one of these forest types
is called RO-RA-CO. Its name originates from their three
main Nothofagus species found there: roble (Nothofagus
obliqua (Mirb.) Oerst.), rauli (N. alpina (Poepp. Endl.)
Oerst.) and coihue (N. dombeyi (Mirb.) Oerst.). RO-RA-
CO is the fourth largest forest type in Chile covering 10.8 %
of the nation’s total area (CONAF 2011) presenting a tim-
ber production level of 45 % of the total native wood mar-
ket (~34,000 m?, INFOR 2016).

The RO-RA-CO forest type is a complex ecosystem and
is found in a vegetation gradient spanning wide geographi-
cal ranges in both latitude and altitude (Donoso 1993). This
forest type is found in southern Chile from 36° S to 41° S
latitude approximately from the Pacific coast to the Andes
mountain range. This wide distribution leads to a diverse set
of ecosystems and growing conditions (Donoso 1993, Do-
noso et al. 1993). These forests largely belong to the tempe-
rate hyperoceanic bio-climate zone with a large extension
from coastal zones, interior valleys and mountainous areas,
with diverse climates (Luebert and Pliscoff 2006).

Several studies have addressed the patterns of hetero-
geneity in these forests. For example, Echeverria and Lara
(2004) determined that the variability in diameter growth
in N. alpina and N. obliqua was associated mainly with cli-
mate and soil characteristics. Another study found that, ata
continental scale, N. obliqua productivity depends mainly
on climate, although at a regional scale, edaphic and topo-
graphic variables are more relevant (Thiers et al. 2008).
Similarly, Esse ef al. (2013) found that the geographical
distribution of N. dombeyi is explained, in decreasing or-
der of importance, by annual average rainfall, thermal os-
cillation and soil drainage. Two critical factors that affect
the variability of RO-RA-CO forests are: 1) the presence
of pure or mixed forests, and 2) their regeneration strate-
gy (Donoso 1993). Related to these factors, first, extreme
climate and then soils conditions tend to favor pure forests
(Donoso 1993).

Forest disturbance is an important factor in the ecology
of these Nothofagus spp. forests, as it contributes to increase
its variability. Large scale disturbances, such as fire or ear-
thquakes, usually promote a vast regeneration event, which
promotes even-aged strata or cohorts (Luebert and Pliscoff
2006). However, Donoso (1993) points out differences in
the life history strategies of the Nothofagus species, which
seem to be adapted to large-scale disturbance sizes and in-
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tensities. For example, N. dombeyi and N. obliqua are more
of an early dominant pioneer species preferring large sca-
le disturbances; whereas N. alpina, due to its intermediate
shade tolerance, favors more patch-scale dynamics (Donoso
1993, Chauchard and Sbrancia 2003, Donoso et al. 2018).

Tree- and stand-level growth has always been an im-
portant element used to characterize most natural forests
and plantations, particularly when defining growth zones,
which are useful to specify relatively homogeneous geo-
graphical areas with similar productivity and silvicultural
response. For example, for N. alpina and N. obliqua, Do-
noso et al. (1993) defined four growth zones, where the
most productive ones corresponded to those with warm
temperatures. Esse et al. (2013) proposed for N. dombe-
yi five growth zones, which were defined, in decreasing
order, by climate, soil and topography. Furthermore, Ge-
zan and Moreno (1999) defined four growth zones and 11
sub-zones based on the inventory and evaluation of native
vegetation resources of Chile (CONAF et al. 1999), soil
maps (Schlatter et al. 1994, 1995), Agroclimatic map of
Chile (INIA 1989) and the growth zones proposed by Do-
noso et al. (1993). Several studies on volume equations,
basal area growth, dominant height-site and taper equa-
tions have found that the Gezan and Moreno (1999) zoning
is useful to improve model predictability (Moreno 2001,
Gezan et al. 2009, Moreno et al. 2017).

One approach for better understanding the variability
of any forest, and particularly the RO-RA-CO forest type,
is by using multivariate analysis; which is a group of sta-
tistical methods that helps to describe and/or explore com-
plex data as well as permitting formal inferences about the
population (Everitt and Hothorn 2011). One classification
of multivariate analysis considers supervised and unsuper-
vised methods (James ef al. 2013). In supervised methods,
the goal is to predict a desired response from a set of pre-
dictor variables; whereas for unsupervised methods, the
goal is to discover relationships among the data from the
complete set of variables. For example, with the unsupervi-
sed methods of ordination or dimensionality reduction it is
possible to understand data variability, or by using cluster
analysis unknown similarities among objects can be disco-
vered (James et al. 2013). Some multivariate methods of or-
dination are principal component analysis (PCA), principal
coordinates analysis (PCoA, also called multidimensional
scaling), non-metric multidimensional scaling (NMDS),
and correspondence analysis (CA) (Everitt and Hothorn
2011). These methods help to reduce the complexity of
data, visualize multidimensional data and develop research
hypotheses (Everitt and Hothorn 2011). Cluster analysis is
a method that allows finding similar subgroups of objects
in a dataset, where some of its commonly used variants are
agglomerative hierarchical, K-means clustering, and mo-
del-based clustering (Everitt and Hothorn 2011).

The aim of this study is to understand the underlying
dasometric variability of second-growth forests of N. obli-
qua, N. alpina and N. dombeyi, through multivariate analy-



sis of ordination (non-metric multidimensional scaling,
principal coordinates analysis and principal components
analysis) and clustering (K-means) using a group of tree-
and stand-level variables typically obtained from forest in-
ventories. In particular, we used forest inventory data from
158 plots (1,108 trees with individual diameter growth data)
covering the complete geographical distribution of the RO-
RACO forest type. Specific objectives were: 1) to reduce
the dimensionality of data through ordination techniques;
2) to identify those variables or factors that explain high amou-
nt of data variability; and 3) to generate clusters to assess the
growth zones proposed by Gezan and Moreno (1999).

METHODS

Data description. A total of 1,108 N. obliqua, N. alpina
and N. dombeyi trees with diameter growth information
were available for this analysis. These originated from a
sample of 158 plots from a study by Universidad Austral
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de Chile (Ortega and Gezan 1998) consisting of two diffe-
rent plot networks. Data were collected under a population
stratification based on a national forest inventory (CONAF
et al. 1999). Further details of this dataset can be found in
Gezan and Moreno (1999).

This study used the average annual increment in dia-
meter at breast height based on the penultimate and ante-
penultimate growth years, which was obtained from incre-
ment cores (864 trees) and stem sections (244 trees). Only
two years were used to describe individual tree growth in
order to maintain a strong relation with the current stand
conditions. The last growth year was discarded as plots
were established at different times within the growing sea-
son. The dataset includes several tree- and stand-level va-
riables (table 1). The tree-level attributes considered were:
species, diameter at breast height (DBH, cm), total height
(H, m), breast height age (A, year), basal area of larger
trees (BAL, m?ha''), basal area of Nothofagus spp. of lar-
ger trees (BALn, m?ha'!), sociological status (SS, defined

Table 1. Summary statistics of this study dataset for Nothofagus obliqua, N. dombeyi and N. alpina tree- and stand-level variables

separated by growth zones according to Gezan and Moreno (199

9).

Resumen de estadisticos de la base de datos de estudio para variables de arbol y rodal de Nothofagus obliqua, N. alpina, y N. dombeyi
separado por zona de crecimiento definidas de acuerdo a Gezan y Moreno (1999).

Zone 1 Zone 2 Zone 3 Zone 4

Variable n  mean (SD) range n mean (SD) range n mean (SD) range n mean (SD) range
DBH 321 15.4 (9.3) 5-60 317 18.7 (11.0) 5-62 194 19.5 (11.5) 5-59 276 17.2 (9.6) 5-45

H 321 14.4 (6.0) 5-35 317 17.2 (7.0) 5-38 194 18.0(7.3) 4-45 276 15.0 (6.7) 4-39

A 321 29.5(14.8) 8-104 317 34.0 (14.8) 10-83 194 30.8 (14.0) 9-65 276 34.2(12.9) 10-68
BAL 321 20.3 (15.1) 0-74 317 24.2(17.2) 0-83 194 21.6 (15.9) 0-64 276 23.9(18.9) 0-92
BALn 321 16.0 (12.6) 0-56 317 19.8 (15.2) 0-82 194 17.1 (13.3) 0-55 276 18.3(15.2) 0-63
SS 321 22(1.0) 14 317 23(1.1) 14 194 22(1.0) 14 276 23(1.0) 14
BALr 321 0.5(0.3) 0-1 317 0.6 (0.3) 0-1 194 0.5(0.3) 0-1 276 0.6 (0.3) 0-1
AIDBH 321 3.0 (2.0) 0-11 317 2.9 (2.1) 0-12 194 3.8(2.2) 0-11 276 2.7 (1.7) 0-10
BA 4 37.9(15.9)  10-79 46  429(14.8) 16-84 29 432(14.8) 19-80 41 469(19.8) 11-98
N 42 2,821(1,325) 760-5,600 46 2,337 (1,245) 320-5,000 29 2,226 (1,104) 640-4,640 41 2,794 (1,135) 760-5,560
QD 42 143(57) 731 46 173 (6.6)  7-33 29 173 (6.1) 832 41 152 (45) 826
Hd 42 19.1 (6.4) 8-30 46 22.3(21.2)  11-35 29 229(7.2) 11-42 41 19.8 (6.3) 9-37
Ad 42 36.4(16.9) 14-87 46 42.4(14.6) 13-77 29 37.2(13.3) 16-64 41 40.7 (12.0)  16-68
SI 42 11.8(3.8)  4-20 46 125(4.1) 424 29 13.7(3.4) 723 41 102(3.7) 2-18
BAN 42 31.8(12.4) 10-62 46 37.2(14.6) 14-83 29 37.4(14.0) 8-69 41 40.3 (18.3) 9-90
SDI 49 1,054 (344) 410-1,895 46 1,089 (328) 414-1,906 29 1,081 (304) 717-1,830 41 1245 (438) 406-2,305
RS 42 0.1(0.0) 0.1-02 46 0.1(0.0) 0.1-02 29 0.1 (0.0) 0.1-02 41 0.1 (0.0) 0.1-0.2

Note: n, number of observations; SD, standard deviation; DBH, diameter at breast height (cm); H, total height (m); A, breast height age (years); BAL,
basal area of larger trees (m*ha™'); BALn, basal area of larger trees for Nothofagus spp. (m?ha'); SS, sociological status; BALr, relative BAL; AIDBH,
annual increment in DBH (mm year'); BA, stand basal area (m?ha'); N, number of trees (trees ha'); QD, quadratic diameter (cm); Hd, dominant
height (m); Ad, dominant breast height stand age (years); SI, site index (m); BAN, basal area of Nothofagus spp. (m>ha'); SDI, stand density index

(trees ha); RS, relative spacing.
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according to vertical stratification with dominant (1), co-
dominant (2), intermediate (3) or suppressed (4)), relative
basal area of larger trees (BALr, with BALr = BAL/BA)
and the average annual increment in DBH (AIDBH, mm
year'). Stand-level variables considered were: growth zone
(Zone), stand basal area (BA, m?ha!), density or number
of trees per hectare (N, trees ha!), quadratic mean diame-
ter (QD, cm), dominant height (Hd, m), dominant breast
height stand age (Ad, years), dominant species (DS), site
index (SI, m), basal area of Nothofagus spp. (BAN, m*ha™!),
stand density index (SDI, trees ha') and relative spacing
(RS). Zones correspond to those proposed by Gezan and
Moreno (1999), which are mainly based on climate, soil
and potential site productivity (see appendix A for further
details). Hd and Ad were calculated using the 100 largest
trees per hectare in terms of DBH, and DS corresponded
to the Nothofagus species with the largest proportion of
BAN. SI was estimated using available dominant height-
site models obtained on the same dataset for an index age
of 20 years (see appendix B). BAN was calculated as the
sum of basal area of N. obliqua, N. alpina, and N. dombe-
yi, while SDI was calculated using: SDI = N*(25.4/QD)?
(Avery and Burkhart 2002), where  =-1.4112, as reported
by Gezan et al. (2007). Finally, RS was calculated accor-
ding to the expression: RS =[(10,000/N)**]/Hd (Avery and
Burkhart 2002).

Multivariate methods. To understand the underlying varia-
bility of the RORACO forest, three methods of ordination
were evaluated: 1) non-metric multidimensional scaling
(NMDS), 2) principal coordinate analysis (PCoA) and 3)
principal component analysis (PCA). The goal of any or-
dination method is to represent main data trends through
orthogonal axes (linearly independent, uncorrelated), thus
reducing the original number of dimensions. The observed
trends can then be interpreted graphically or further eva-
luated with the use of other multivariate techniques such as
clustering (Borcard et al. 2011).

NMDS is probably the most flexible ordination method
that allows the use of continuous and categorical varia-
bles (Everitt and Hothorn 2011), and unlike PCoA and
PCA, it is not an eigenvalue-eigenvector-based method.
NMDS, for the new data representation, keeps the order
of the relationships among the initial set of objects but
does not provide their exact multivariate distances (Bor-
card et al. 2011). This method tolerates missing values,
if there is enough information to identify the position of
each object regarding others (Borcard et al. 2011). For
this study, the reduction of dimensionality was established
using two axes (k = 2) with a modified Gower dissimila-
rity matrix (Anderson et al. 2006). To compare variables
at different scales, two NMDS analyses were performed:
one with tree-level variables, and another with stand-level
variables. Based on these analyses, ordination plots were
used to represent the relationships among objects (trees
or plots), where additional factors such as growth zones,
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tree species and dominant species were used in the identi-
fication of objects to help with the visualization of results.
Here, object clouds were delimited using the extreme ob-
jects positions in relation to each factor level.

The PCoA, in contrast to NMDS, orders the data in
axes according to their contribution to total variability ba-
sed on eigenvalues, and allows for the use of any simila-
rity/dissimilarity matrix, which represents the relationship
among objects or variables. For the evaluation of PCoA in
this study, both tree- and stand-level variables were analy-
zed jointly, where the number of coordinates were selected
by examining a scree plot. Here, the same modified Gower
dissimilarity matrix and graphical output generated for
NMDS were also used.

The PCA is the main eigenvalue-eigenvector-based
method that describes the variation of correlated quanti-
tative variables, in terms of a new set of uncorrelated va-
riables or axes. As with PCoA, these new axes or principal
components (PC) are derived in decreasing order of impor-
tance according to their total variance explained (Everitt
and Hothron 2011). A PCA uses a similarity/dissimilarity
matrix calculated based on the variances and covariances
of the variables, or the correlations among them (Borcard
et al. 2011); thus, PCA uses the Euclidean distance to re-
present objects. Representation of objects (component sco-
res) and original variables (factor loadings) can be done
through a PCA Biplot. In this study, an exploratory PCA
was used to identify relevant continuous variables. Here,
two analyses were performed: one used both tree- and
stand-level variables, and a second used only stand-level
variables with the inclusion of the plot average AIDBH.
For this multivariate method, to achieve normality assump-
tions, some variables were transformed using the inverse,
logarithm, square root, or arc-sin functions. After transfor-
mations, variables were standardized. The number of PCA
axes was determined by using (Quinn and Keough 2002):
1) a latent root criterion by keeping components with ei-
genvalues > 1; 2) through a scree plot; and 3) by having a
percent variance explaining over 90 %. Likewise, to faci-
litate the interpretation of the relationship among objects,
distance-Biplot were used (Quinn and Keough 2002).

K-means clustering is a method for dividing a dataset
into K different and non-overlapping clusters. In this stu-
dy, this multivariate method was implemented only with
standardized stand-level variables. The determination of
the number of clusters was done through scree plots of:
1) within-cluster sum of squares; and 2) by the silhouette
method (Everitt and Hothorn 2011). In addition, a Multiple
Response Permutation Procedure (MRPP) was performed
to test statistical differences among clusters (McCune et
al. 2002). The Pearson’s chi-squared test of association
was used to establish any association between clusters and
growth zones (as defined by Gezan and Moreno 1999). If
any relationship was found, a post-hoc test for all pairwise
comparisons with Bonferroni corrections of P-values was
performed (MacDonald and Gardner 2000).



All statistical analyses were performed using R v. 3.2.2
(R Core Team 2015). For all analyses, a significance level
of 5 % was used. The “vegan” version 2.4-1 R package
was used for dissimilarities matrices, NMDS, PCoA, and
MRPP (Oksanen 2011). “Cluster” version 2.0-4 was used
for the silhouette plot (Maechler 2013).

RESULTS

Many of the analyzed tree- and stand-level variables
presented, as expected, a high level of correlation between
them, such as BA-BAN, Hd-RS, BA-SDI, BAL-BALn,
Hd-QD, A-Ad, RS-QD and DBH-H, with values > 0.83;
thus, indicating a high level of multicollinearity.

The multivariate method of NMDS, using categorical
and continuous data for tree-level variables, converged
with a stress goodness-of-fit value of 0.09, corresponding
to a good representation of the original distance matrix.
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Stress values below 0.10 are considered reasonable, and
values below 0.05 are often an indication of a good fit.
For this group of variables, NMDS ordination with the two
selected axes did not identify different groups of objects,
only a single group is represented, which is surrounded
by isolated data points (figure 1). For this representation,
there were no clear patterns for the different growth zones
or species, i.e. growth zones represented almost exactly
the same tree-level cloud, and N. obliqua had only minor
differences when compared to N. alpina and N. dombeyi.
This indicates that these factors do not explain much of the
variability. Nevertheless, the axis 1 is related to tree-to-
tree competition variables, specifically BAL, BALr, BALn
and SS; and the axis 2 has variables associated with tree
size and growth, such as A, H, DBH and AIDBH.
Another NMDS analysis was performed only with the
stand-level variables (figure 2), resulting in a stress value
of 0.05, which also represents a good description of the
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Figure 1. Non-Metric Multidimensional Analysis (NMDS) using the Nothofagus obliqua, N. alpina, and N. dombeyi tree-level

variables, identifying growth zones (A) and species (B).

Analisis de escalado multidimensional no métrico (NMDS) usando la base de arbol de Nothofagus obliqua, N. alpina, y N. dombeyi,

identificando zonas de crecimiento (A) y especies (B).
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Figure 2. Non-Metric Multidimensional Analysis (NMDS) using the Nothofagus obliqua, N. alpina, and N. dombeyi stand-level

variables, identifying growth zones (A) and species (B).

Analisis de Escalado Multidimensional No Métrico (NMDS) usando la base de rodal de Nothofagus obliqua, N. alpina, y N. dombeyi,

identificando zonas de crecimiento (A) y especie dominante (B).

original distance matrix. As with the tree-level variables,
the clouds for growth zones were overlapping; however,
the dominant species showed a small difference between
N. obliqua and N. dombeyi, while N. alpina was practically
contained within the other two dominant species clouds.
Here, the first axis can be described as “stand density” be-
cause of the strong effect of N. The second axis is related
to variables associated with stand development, such as
BA, QD, BAN, SDI, Hd and Ad. Interestingly, none of the
productivity variables (SI, Zone) indicated relevant impor-
tance in explaining data variability.

The ordination method of PCoA explained ~90 % of
the cumulative variance using two dimensions (PCoA
axes) when both tree- and stand-level variables were eva-
luated together (data not shown). As expected, we obser-
ved that trees belonging to a plot were very close (overlap)
in these new coordinates (figure 3); hence, it appears that
the variability associated with the stand-level variables
dominates over the one with individual tree variables. In
addition, the results from PCoA confirms the findings from
NMDS, with overlapping growth zones and larger simi-
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larities between N. alpina and N. dombeyi. Furthermore,
N is a relevant variable explaining ~78.5 % of the varia-
bility (axis 1, figure 3). Moreover, the axis 2 is described
by stand development stage variables (as with NMDS for
the stand-level subset, figure 2), and several tree-level va-
riables (A, H, BAL, BALn, specie (Sp), AIDBH) however
with less relevance. Finally, productivity variables, as with
NMDS analysis, showed a low level of importance in ex-
plaining variability.

The third ordination method PCA was evaluated for
both combined groups of variables (tree- and stand-level),
to assist in identification of variables that better explained
the variability of the sample population. To achieve nor-
mality, the variables DBH, BA, BALn and AIDBH were
transformed using a square root, and BALr was transfor-
med with the arcsine function. The results of PCA indi-
cated that four or five principal components (PC) explain
most of the variability (88 % and 92 %, respectively) in
these RORACO forests. Factor loadings for these five PC
are presented in table 2. PC1 (with 37 % of the varian-
ce explained) can be described as a “stand development
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Figure 3. Principal coordinates analysis (PCoA) using the Nothofagus obliqua, N. alpina, and N. dombeyi tree- and stand-level
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Analisis de Coordenadas Principales (PCoA) usando las bases de arbol y rodal de Nothofagus obliqua, N. alpina,y N. dombeyi combinadas,

identificando zonas de crecimiento, ZONE (A) y especies, SPd (B).

stage” axis; PC2 (24 %) a “tree-to-tree competition” axis;
PC3 (16 %) a “stocking and stand competition” axis; PC4
(11 %) a “site productivity” axis; and PC5 (4 %) a “tree
DBH growth” axis.

PC1 is described mostly by the stand-level variables
BA, QD, Hd, Ad, BAN, SDI and RS. The other stand-
level variables N and SI were relevant only on the third
and fourth components, respectively. In relation to tree-
level variables, we observed a high contribution in PC1 for
those related to tree size (DBH, H, and A), while tree-to-
tree competition variables (BAL, BALn and BALr) were
important in PC2 with almost identical factor loadings.
AIDBH was also strongly associated with this component
but with opposite direction (i.e., negative factor loading).
A Biplot for PC1 and PC2 explained 61 % of the varia-
bility, and is presented in figure 4A. Recall that PCI is
mainly representing stand development stages, and PC2
tree-to-tree competition; hence, the component scores as-

sociated with each observation show a wide range of tree-
to-tree competition at later stand development stages (left
side of figure 4A). For early stand development stages, this
tree-to-tree competition is more uniform (right side of fi-
gure 4A). This Biplot also shows the negative association
between AIDBH and tree competition variables; where, as
expected, high individual competition means low diame-
ter growth. Surprisingly, productivity (represented by SI)
had a negligible effect in explaining the variability of this
population. From this Biplot, groups of correlated varia-
bles can be easily identified: Hd-Ad-QD, BA-BAN-RS,
BAL-BALn-BALr-AIDBH and A-N. In addition, no clear
patterns of the distribution of the trees could be attributed
to growth zone and species.

A second PCA was done with only stand-level varia-
bles and average plot AIDBH. Factor loadings of the four
components are shown in table 3. PCs, as expected, were
almost identical to the ones described earlier when both
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Table 2. Factor loading for the first five principal components (PC1 to PC5) obtained from the Nothofagus obliqua, N. alpina and
N. dombeyi tree- and stand-level variables together, with the transformation used indicated. Values in parenthesis correspond to the
proportion of the variance explained by each component. Factor loadings smaller than 0.1 in absolute value are not shown, and those

larger than 0.3, in absolute value, are in bold.

Cinco primeros componentes principales (PC1 a PC5) obtenidos de las dos bases de datos de arbol y rodal combinadas de Nothofagus
obliqua, N. alpina, y N. dombeyi, junto a la transformacion usada en el analisis. Valores en paréntesis corresponden a la proporcion de la varianza
explicada por cada componente. Valores menores a 0,1, en valor absoluto, no se muestran, y aquellos mayores a 0,3, en valor absoluto, estan en negrita.

Variable Transformation PC1 (37%) PC2 (24%) PC3 (16%) PC4 (11%) PC5 (4%)
DBH square root -0.271 0.366 - - -

H none -0.304 0.263 - -0.151 0.220
A none -0.307 0.152 - 0.369 0.144
BAL none -0.145 -0.452 - - -0.194
BALn square root -0.103 -0.438 0.115 - -
BALr arcsin - -0.454 0.220 - -
AIDBH square root - 0.315 -0.199 -0.277 -0.561
BA square root -0.341 -0.127 -0.286 - -0.165
N none 0.176 - -0.509 - 0.220
QD none -0.343 - 0.279 - -0.227
Hd none -0.354 - 0.187 -0.231 0.213
Ad none -0.327 - 0.148 0.368 -

SI none - - - -0.714 0.151
BAN none -0.328 -0.109 -0.216 - -0.359
SDI none -0.204 -0.151 -0.494 - -
RS none 0.243 0.104 0.336 0.188 -0.493

Note: DBH, diameter at breast height (cm); H, total height (m); A, breast height age (years); BAL, basal area of larger trees (m*ha™'); BALn, basal
area of larger trees for Nothofagus spp. (m*>ha'); SS, sociological status; BALr, relative BAL; AIDBH, annual increment in DBH (mm year'); BA,
stand basal area (m*ha'); N, number of trees (trees ha'); QD, quadratic diameter (cm); Hd, dominant height (m); Ad, dominant breast height stand age
(years); SI, site index (m); BAN, basal area of Nothofagus spp. (m*ha™'); SDI, stand density index (trees ha'); RS, relative spacing.

groups of variables were used, with PC1 (43 % variance ex-
plained) as a “stand development stage” axis; PC2 (24 %)
a “stocking and stand competition” axis; PC3 (18 %) a
“site productivity and growth” axis; and PC4 (8 %) as
“stand competition and growth” axis. The two first PCs
explained 67 % of the total variance and they are repre-
sented by a Biplot in figure 4B. Here, plot observations
(component scores) present a higher variability in stand
competition at later stand development stages (right side
of figure 4B), and vice versa.

The implementation of K-means clustering with stand-
level variables identified two clusters using within-cluster
sum of squares and silhouette methods. The first cluster
was associated with high values of N and RS, while the
second with high values of BA, BAN, Ad, Hd and QD (fi-
gure 4B and table 4). Hence, the main differences among
plots were associated with stand development stages, whe-
re, first, there are young forests with high tree density, and
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second, older forests with basal area concentrated in a few
individuals. An MRPP test statistic of ‘chance corrected
within-group agreement’ (As) of 0.16 was obtained for
these two clusters indicating strong statistical differences
between them. In addition, the observed delta statistic was
3.51 (P < 0.001) versus an expected delta value of 4.17,
also indicating strong significant differences (P < 0.001)
in terms of stand-level variables. Association between
clusters and growth zones was analyzed using a Pearson’s
chi-squared statistic, that resulted in a value of 8.69 (P =
0.034). Post-hoc, pairwise comparisons only established a
small association between clusters and the growth zones
1 and 2 (P = 0.049). These two clusters are presented in a
map together with the growth zones, where no clear spatial
patterns were noted between them (figure 5).
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Figure 4. First two PCA axes with scores and factor loadings obtained using tree- and stand-level variables (A) and stand-level
variables together with average plot AIDBH (B) of Nothofagus obliqua, N. alpina, and N. dombeyi. The two K-means clusters are also
identified in (B).

Primeros dos ejes de componentes principales (PCA) con objetos y valores propios obtenidos usando: la base de arbol y rodal combinadas

(A), y la base de rodal mas el promedio por parcela de AIDBH (B) para Nothofagus obliqua, N. alpina,y N. dombeyi. Los dos conglomerados obtenidos
por el método K-promedios estan identificados en (B).
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Localizacion geografica de las parcelas de Nothofagus obliqua, N. alpina, y N. dombeyi muestreadas identificadas de acuerdo a los
conglomerados del método de agrupacion K-promedios. Las zonas de crecimiento definidas por Gezan y Moreno (1999) también estan identificadas.
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Table 3. Factor loading for the first four principal component
(PC1 to PC4) obtained from the Nothofagus obliqua, N. alpina
and N. dombeyi stand-level variables together with average plot
AIDBH, with the used transformation indicated. Values in pa-
renthesis correspond to the proportion of the variance explained
by each component. Factor loadings smaller than 0.1 in absolute
value are not shown, and those larger than 0.3, in absolute value,
are in bold.

Cuatro primeros componentes principales (PC1 a PC4) obteni-
dos de las dos bases de datos de rodal de Nothofagus obliqua, N. alpina,
y N. dombeyi mas el promedio por parcela de AIDBH combinadas, junto
a la transformacion usada en el analisis. Valores en paréntesis correspon-
den a la proporcion de la varianza explicada por cada componente. Va-
lores menores a 0,1, en valor absoluto, no se muestran, y aquellos may-
ores a 0,3, en valor absoluto, estan en negrita.

Variable Transformation PCl PC2 PCs Pea
(43%) (24%) (18%) (8 %)
AIDBH square root - - -0.570  0.555
BA square root 0.429 0.263 - 0.164
N none -0.200  0.559 - -0.150
QD none 0.396 -0.324 - 0.171
Hd none 0391 -0.275 -0.173 -0.317
Ad none 0.362 -0.150  0.380 -
SI none - -0.180 -0.668 -0.261
BAN none 0.406 0.149 - 0.372
SDI none 0.279 0.514 - 0.101
RS none -0.294 -0.308 0.226  0.543

Note: DBH, diameter at breast height (cm); H, total height (m); A, breast
height age (years); BAL, basal area of larger trees (m?ha''); BALn, basal
area of larger trees for Nothofagus spp. (m?ha™'); SS, sociological status;
BALr, relative BAL; AIDBH, annual increment in DBH (mm year'); BA,
stand basal area (m”ha™'); N, number of trees (trees ha'); QD, quadratic
diameter (cm); Hd, dominant height (m); Ad, dominant breast height
stand age (years); SI, site index (m); BAN, basal area of Nothofagus spp.
(m*ha'); SDI, stand density index (trees ha'); RS, relative spacing.

DISCUSSION

This study analyzed the variability of second-growth
RO-RA-CO forests of N. obliqua, N. alpina, and N. dom-
beyi forests, using multivariate analysis of ordination, clus-
tering and multi-scale typically measured in forest inven-
tories. Overall, we found high levels of variability in tree-
and stand-level variables, with wide ranges across growth
zones in terms of averages and standard deviation (table 1).
This variability is likely due to several factors including
biophysical attributes, auto-ecology and species-specific
characteristics, as well as disturbance type and level, among
other factors (Donoso 1993, Chauchard and Sbrancia 2003,
Echeverria and Lara 2004, Luebert and Pliscoff 2006).

In Chile, the Andean mountain vegetation is marked by
altitudinal gradients that are affected by temperature and
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Table 4. Average values of clusters obtained from Nothofagus

obliqua, N. alpina and N. dombeyi stand-level variables together

with average plot AIDBH for the K-means clustering method.
Valores promedios de conglomerados obtenido de la base de

rodal de Nothofagus obliqua, N. alpina, y N. dombeyi mas el promedio
por parcela de AIDBH usando el método de agrupacion de K-promedios.

Variable Cluster 1 Cluster 2 Total

AIDBH 4.3 3.4 3.9
BA 33.0 52.8 42.5
N 3,226.3 1,845.9 2,563.0
QD 11.6 20.7 16.0
Hd 16.1 26.1 20.9
Ad 30.2 49.9 39.6
SI 11.6 12.2 11.9
BAN 27.4 46.0 36.3
SDI 1,029.4 1,209.2 1,115.8
RS 0.1 0.1 0.1

Note: AIDBH, annual increment in DBH (mm year'); BA, stand basal
area (m” ha'); N, number of trees (trees ha'); QD, quadratic diameter
(cm); Hd, dominant height (m); Ad, dominant breast height stand age
(years); SI, site index (m); BAN, basal area of Nothofagus spp. (m? ha);
SDI, stand density index (trees ha™); RS, relative spacing.

rainfall, where higher altitudes are characterized by lower
temperatures and increased rainfall (Luebert and Plis-
coff 2006). Additionally, the latitudinal gradient strongly
affects vegetative growth, southern forests have a shorter
period (Donoso 1993). To simplify the effect of biophy-
sical variables on a forest resource and its silvicultural
management responses, it is useful to define relatively ho-
mogeneous geographical growth zones. The zoning used
in this study (Gezan and Moreno 1999) was defined by
combining different sources of information, such as cli-
mate, soil, vegetation distribution and site productivity. In
this study, we evaluated this zoning using more advanced
statistical techniques such as multivariate analysis of ordi-
nation and clustering.

Results show that the unsupervised multivariate
methods identified important variables at the tree- and
stand-level for the RO-RA-CO forest type in Chile. Both
PCAs performed, using only continuous variables, exhibi-
ted and explained a high percentage of variance, ranging
from 37 % to 43 %. At the stand-level the most important
variables were N, BA, BAN, QD, Ad and Hd. In addition,
two clear clusters were found, which represent two condi-
tions of stand development stages: 1) young forests with
a high tree density; and 2) adult forests with high basal
area concentrated in few large trees. Other authors have
reported differences based on stand developmental stages.
For example, Donoso (1993) found, for Nothofagus spp.,
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changes in diameter distribution from unimodal to bimo-
dal as the stand ages, reflecting additional heterogeneity
that is present in these forests. This heterogeneity increa-
ses with the interaction with biophysical variables such as
climate, altitude and latitude.

The other multivariate methods, NMDS and PCoA,
using categorical and/or continuous data, evidenced a
small differentiation among species, although not for
growth zones. Lusk and Ortega (2003) found no diffe-
rences in productivity for comparisons based on the same
zoning. The results of NMDS and PCoA at the stand le-
vel showed that, in the multivariate space, N. alpina was
intermediate between the other two species, being closer
to N. dombeyi than to N. obliqua in relation to dasometric
variables from our dataset. Other authors also have found
important differences among these species. For example,
Chauchard and Sbrancia (2003) studied shade tolerance,
and their results indicated that N. alpina is the most tole-
rant followed by N. dombeyi, and then N. obliqua. In terms
of tree-to-tree competition, the same authors reported that
at older ages, N. dombeyi stands present higher density
than that presented by N. obliqua, which is an indication
of the differential levels of stocking between these species,
the latter also was indicated by Lusk and Ortega (2003).
Donoso (1993) documents that N. obliqua has a strong na-
tural thinning at 40-50 years of age due to its low ability to
tolerate tree-to-tree competition. Similar results regarding
the importance of stocking were found in this study, where
the NMDS and PCoA analysis showed that N was the most
relevant variable to explain variability. In addition, our re-
sults show that tree-to-tree competition, as described by
PC2, explained 24 % of the total variability for both tree-
and stand-level variables, and this component was mainly
described by the variables BAL, BALr and BALn. Inter-
estingly, these variables were also important for NMDS,
although not for PCoA analyses. Another relevant result
associated with tree-to-tree competition is the strong rela-
tionship that exists between BALr and SS, where the first
variable can be used to completely replace the more sub-
jective field observed sociological status (see figure 1)

Several studies have identified a wide range of factors
that influence the variability found in the RO-RA-CO fo-
rest type, as were exposed early. Biophysical factors were
not directly included in this study, nonetheless growth
zones essentially function as proxies for such factors. We
admit that this is a limitation when trying to explain fo-
rest variability only with tree- and stand-level variables.
However, we note that this study focused on the unders-
tanding of the behavior of these dasometric variables as
an initial step to assist with silviculture planning and on
the future development of growth and yield model for RO-
RA-CO forest in Chile.

In conclusion, this study contributed to a better un-
derstanding of the underlying variability for an important
forest type in Chile using multivariate statistical analyses
based on tree- and stand-level variables typically obtained
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from traditional forest inventories. Our findings show, for
the datasets evaluated, the limited role that site productivi-
ty and the current growth zones have in explaining the va-
riability of this sampled population. Conversely, we note
that stand development stages (N, BA, BAN, QD, Hd and
Ad), tree-to-tree competition (BAL, BALr, BALn, and SS)
and size-tree (DBH, H and A) attributes are the critical va-
riables needed to explain this variability. Hence, the iden-
tification of these factors, through the use of multivariate
tools, can be critical to understand current silvicultural
responses and to plan future management regimes of these
forests, and they are essential elements to consider in fu-
ture endeavors of modelling these complex mixed forests.
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APPENDIX A: RO-RA-CO growth zones proposed by
Gezan and Moreno (1999)

This zoning was built in three stages: 1) boundary deli-
mitation of RO-RA-CO forests, 2) analysis of biophysical
variables, and 3) growth zones definition. The delimitation
in stage one was based on the cartography of inventory and
evaluation of native vegetation resources of Chile (CONAF
et al. 1999), selecting those second-growth forest stands
dominated by Nothofagus obliqua, N. alpina and N. dom-
beyi. This delimitation contained different stands corres-
ponding to others land uses; thus, incorporating not only
the actual land use but potential areas for these species.

The second stage incorporated cartography informa-
tion related to soil, climate, geomorphology, and vegeta-
tion. The studies used were the following:

a) Soil maps (Schlatter et al. 1994, 1995). These studies
proposed a zoning based on Koppen climate classifica-
tion (macroscale) and soil classes (microscale).

b) Agro-climatic map of Chile (INIA 1989). Correspon-
ding to a cartography of homogeneous climatic zones
based on soil variables.

c) Growth zones (Donoso et al. 1993). This study propo-
sed a zoning for second-growth forests, based on diffe-
rent field studies and expert opinion.

The third and final stage combined all above informa-
tion and delimited potential growth zones and subzones
following these main criteria:

a) Separate the mild temperate climate (Cfa) and warm-
summer Mediterranean climate (Csb) with the oceanic
climate (Cf) using the K&ppen climate classification.

b) Altitudinal classification using the soil maps creating
three categories: 0-400, 400-800, and > 800 m a.s.1.

c) Latitudinal classification using geomorphology chan-
ges, such as rivers and climatic data.

d) The growth zones proposed by Donoso et al. (1993)
were used as a framework for N. obliqua and N. alpi-
na considering the similar delimitations for zones and
subzones.

e) The agro-climatic map was used to delimit subzones
on those growth zones representing large geographical
areas or contrasting soil types.

The classification results showed four zones and ele-
ven subzones (see figure 5) with the following broad cha-
racteristics:

Zone 1. It occupies the western slopes of the Coast Range
in Bio-Bio region and the central valley between Biobio
region and Valdivia province. This zone includes the Me-
diterranean climate with oceanic influence, but with dry
summer most years. It includes all forests of N. alpina and
N. dombeyi of the Nahuelbuta Range, in other areas MN.
obliqua is predominant. It is divided into three subzones.

Zone 2. It corresponds entirely to the Andean Range lower
slopes between Bio-Bio region and Valdivia province. It
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is characterized by a high rainfall but with low relative
air humidity in summer and the presence of frosts. Notho-
fagus obliqua and N. dombeyi stands are common in this
zone. It includes two subzones.

Zone 3. It includes the westerns slope of the Andean Range
between Araucania region to Llanquihue province, exclu-
ding the higher areas of this mountain range. High rainfall
is common but with a short dry period (< two months). It is
dominated by N. obliqua stands but N. dombeyi appears in
wet areas. Four growth subzones conform this zone.

Zone 4. It corresponds to high Andean Range, and their
western boundary coincides with the N. alpina presence.
The highest rainfall and lowest temperatures are typical
in this zone. The three species are present, including the
majority of N. alpina stands of the Andean Range between
Biobio to Los Lagos regions. It includes two subzones.

APPENDIX B: Dominant height-site model

The dominant height-site models were developed by
Gezan and Moreno (2000)', using the data that originated
from the project reported by Ortega and Gezan (1998).

This model has the following general equation:

1-{1-(S1/2)"(B, +B,SD}
A {(Ad+0.5)/18}

Hd=03+a ~ (LB, +B,SD)

where, Hd = dominant height (m); Ad = dominant age
(years); SI = site index to 20 years (m); and a, 3, B, are the
estimated parameters (table B-1). This was fitted with the
same database, target species, and growth zones of this study.

Table B-1.Parameter estimates of the dominant height-site mod-
el by specie and growth zone.

Parametros estimados clasificados por especie y zona de cre-
cimiento para los modelos de indicie de sitio - altura dominante.

Specie Zone a B, B,
1 40.108798  0.8756364 -0.0025575
N. alpina 2 42716962  0.6814586  0.0235444
4 35.900857  0.8425262 -0.0034789
1 50.781108  0.9007745 -0.0055009
2 36.532756  0.7602626 -0.0036924
N. obliqua
3 52971650  0.7186384  0.0109518
4 60.381728  0.8868993  -0.0103325
4 42.829543  0.6484692  0.0173443
N. dombeyi

all 45.342151  0.6340160  0.0239507

! Gezan and Moreno (2000). Curvas de Sitio — Altura Dominante para Renovales
de Roble, Rauli y Coigue. Documento Interno. Proyecto FONDEF D9711065.
Universidad Austral de Chile.



