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Abstract:

In this paper the effect of competition on individual tree diameter growth of Pinus
durangensis was analyzed. Trees were growing in mixed and uneven-aged stands in
Durango, Mexico. The data used in the study were obtained from two forest
inventories performed in 2009 and 2014 in 16 permanent sampling plots for forest
and soil research (SPIFyS) of 2 500 m? in size. Pinus durangensis was the dominant
species within the sites, covering 39.44 % of the importance value, and it is
growing with other 18 tree species. 14 distance-independent and 11 distance-
dependent competition indices were used to evaluate the effect of competition. 11
competitor selection methods were tested in combination with the selected
distance-dependent indices. Distance-independent competition indices showed
slightly better results than distance-dependent indices for predicting diameter at
breast height growth for the studied tree species. The distance-independent
competition index derived from the ratio between of the basal area of the reference
tree and the basal area per hectare best described the effect of the competition,
and therefore, it is recommended for its possible addition within further models to
predict the breast height diameter growth for the tree species analyzed in this

study.
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Introduction

In forest ecology, competition can be defined as the negative effect that a tree
exerts on another due to consumption or control over the access to a specific
resource (light, water or nutrients) of limited availability (Burkhart and Tomé,
2012). The effect of this force can lead to a reduction in the survival, growth or
reproduction of the affected individual, as it is one of the fundamental factors in the

evolution and functioning of ecosystems (Pretzsch, 2009).

Competition has been studied through the use of indices by a large number of
researchers for more than half a century (Clark and Evans, 1954; Arney, 1973,
Alemdag, 1978; Lorimer, 1983; Tomé and Burkhart, 1989; Biging and Dobbertin, 1995;
Corral et al., 2005). An index of this type is an indicator that estimates the total
competition to which a tree is subjected and that manifests itself in its growth (Burkhart
and Tomé, 2012).

Munro (1974) classifies these indices into two groups: distance-independent, which do
not consider the spatial distribution of the trees and do not require obtaining the
coordinates of it, and distance-dependent indices, which do include the spatial

distribution with respect to the target tree.

According to Biging and Dobbertin (1995), Bachmann (1998) and Corral et al.
(2005), the impact of the competition exerted by one or more individuals on
the growth of a tree can be approached with similar results through the use
of independent or distance-dependent indices, using for the latter an
adequate method for the selection of the competing trees of a target tree.
This aspect is one of the indispensable factors for the construction of an
individual tree growth model, especially if it is a species in mixed and
irregular forests (Schréder and Gadow, 1999). However, these studies have

been carried out mainly in plantations of only one species, so those related to
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irregular forests and with more than one species are still very scarce (Moravie
et al., 1999; Coates et al., 2009; Seydack et al., 2011).

Thus, the following targets were proposed: a) to estimate the significance of the
effect of competition on the growth in normal diameter of Pinus durangensis
Martinez trees in mixed and irregular stands in the state of Durango; b) compare
the ability to describe the competence of independent and distance-dependent
indices with different criteria for the selection of competitors, and c) identify the
best competitive index or the best combination of a competitive index with a
selection criteria of competitors to be incorporated in a future growth model in

normal diameter of this species.

Materials and Methods

Study area

The data come from 16 Permanent Forest and Soil Research Sites (SPIFyS)
established in the La Ciudad ejido, Pueblo Nuevo municipality, Durango, which is
located within the Regional Forest Management Unit (UMAFOR) 1008. Forest
communities most important of the UMAFOR 1008 are composed of forests mixed
with species of Pinus and Quercus, Juniperus, Arbutus and Alnus; they are stands of
second growth that have been subject to forest exploitation for more than 100
years (Lujan et al., 2015). The size of the plots was 50 x 50 m (0.25 ha), and they

were systematically located within the boundaries of the ejido (Figure 1).
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Figure 1. Location of the Permanent Sites for Forest and Soil Investigation

used in the study.

Data collection

The data were taken in two dates; the first one when the SPIFyS were installed and
the original inventory was made in 2009, and the second one when the second
inventory was made in 2014, five years after; in such a period, the sites were not

subjected to any forestry treatment.

For each measurable tree (normal diameter > 7.5 cm) within each site, the
following variables were taken: species, dominance, normal diameter (d, cm), with

a using a Hagléf Mantax Blue caliper with millimeter graduation and following the
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directions of the sides of the plot; total height (h, m), clean stem height (m),
distance from the tree to the center of the site (m) and crown diameter (m), with a
Vertex IV graded hypsometer (cm), and the azimuth of the tree with respect to the

center of the site, with a Suunto Tandem Global Compass / Clinometer instrument.

Pinus durangensis Martinez was the dominant species within the study area since it
records 39.44 % of importance value (Campo and Duval, 2014), but it is mixed with
the following species, which follow a decreasing sequence according to their
importance value (numbers in parentheses): Pinus cooperi Blanco (11.51 %),
Quercus sideroxyla Bonpl. (7.14 %), Juniperus deppeana Steud. (5.92 %), Alnus
firmifolia Fernald (3.47 %), P. strobiformis Engelm. (3.42 %), Q. crassifolia Humb.
et Bonpl. (3.23 %), P. leiophylla Schiede ex Schltdl. & Cham. (3.03 %), Q. rugosa
Neé (2.92 %), Arbutus arizonica (A. Gray) Sarg (2.64 %), P. herrerae Martinez
(2.32 %) A. madrensis M. Gonzalez (2.23 %), A. bicolor S. Gonzalez, M. Gonzalez
et P. D. Sgrensen (2.08 %), P. teocote Schitdl. & Cham. (1.96 %), A. tessellata P.
D. Sgrensen (1.80%), A. xalapensis Kunth (1.72 %), Q. conzattii Trel. (1.65 %), Q.
durifolia Seemen (1.69 %) and Populus tremuloides Michx. (1.60 %). In Table 1 are
shown the descriptive statistics of the mensuration variables of the two inventories

carried out in the SPIFyS until now.
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Table 1. Main mensuration variables of the Permanent Sites for Forest and Soil

Investigation in the actual study.

Mean £ SD Meanx SD

Variable
(2009) (2014=

N 666 £ 354 612 £ 326
G 23.09 £ 7.77 26.55 + 8.58
Dg 23.78 £ 6.67 25.83 £ 6.57
\Y 224.11 + 83.17 274.03 £ 103.79
HO 20.14 £ 3.9 21.69 £ 4.07

N = Number of trees per ha; G = Basimetric area inn m? per ha; Dg = Squared

mean diameter in cm; V = Volume per ha in m*; H0 = Dominant height in m.

Analyzed competition indexes

In tables 2 and 3 are shown the competition indexes that were analyzed: 14 of
them belong to the distance-independence group (IC; - ICi4), and 11 to the
distance-dependent (ICd; - ICd;;) (Munro, 1974), which were selected from
previous experiences (Martinez and Madrigal, 1982; Pukkala and Kolstrém, 1987;
Holmes and Reed, 1991; Biging and Dobbertin, 1992; Mdkinen, 1997; Schréder and
Gadow, 1999; Alvarez et al., 2003; Corral et al., 2005; Crecente et al., 2007).
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Table 2. Mathematical expression of the distance-independent competition indexes

used in this study.

Index Name of the index and source Mathematical expression
IC, Number of trees per hectare (N) (n/lOO)/S

i=n )
IC, Basimetric area per hectare (G) /4y d710000/S

i=1
Ic, Reineke (1933) 1 O(logN+1.60510ng—l.605)

i=n 5
IC, Crown Competition Factor /4 dci100/ S

i=l1

ICs Hart index (IH) 100/(H0W)

i=n
ICs Krajicek et al. (1961) (CCF) /4 dem?l00/ S
i=1
IC, Ritchie and Hann (1982) (CCFL) /4 dcmz 100/ S
mayori
ICs Wykoff et al. (1982) (Basal Area in Larger Trees (BAL)) JZ'/4E d%myom-IOOOO/ S
IC, Vanclay (1991) (BAL) BAL/G
ICio Schroder and Gadow (1999) (BALMOD) (1 —[1 —(BAL/G) /IH
Ic bi . . di
11 iameter-squared mean diameter ratio D
IC;, Normal section-basimetric area ratio g%
IC;3 Basimetric area-diameter ratio ( G)CV
gi/ Dg

ICy4 Crown diameter-diameter ratio dci/di
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n = Number of trees per site; S = Surface area of the site (m?); d; = Normal

diameter of the target tree (cm); log = Logarithm base 10; d, = Quadratic diameter

(cm); dc; = Crown diameter in horizontal projection of the target tree (m);

dem; = Maximum crown diameter (in free growth) of the target tree (m)

estimated by equation (3); dcmpgyer, = Crown diameter in horizontal projection

of the larger trees than the target tree (m); dpay0r, = Normal diameter of the

larger trees than the target tree (cm); g; = Normal section of the target tree

(m?) ; G= Basimetric area (m? ha'!); BAL = BAL index; IH = Hart index.

Table 3. Mathematical expression of the distance- dependent competition indexes

used in this study.

Name of the index and

Index Mathematical expression
source

ICd; Staebler (1951) l_gjLij

{
ICd; Gerrard (1969) igji@y‘/ Zij

\
ICd; Bella (1971) l_gjby’dj/zljdd
ICd. Hegyi (1974) lgj id]/ \Distija;if
ICds Alemdag (1978) Z{ﬂ[(Distz'jdi)/(di+dj)]~(dj/Disz;j)/Z(dj/Dz'sr,;
i#j

ICds Martin and Ek (1984) > ,{(d j/d;)exp((l6Distg;)/(di+d‘,))}
ICcd, Daniels et al. (1986) d%nc/gl.:jdg
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ICds Braathe (1980) Zi;éj{hi/(thiStij)}
Biging and Dobbertin (1992)
ICdQ Ez#]{ccj CCl DlStU+1 ))}
(CCSp)
Biging and Dobbertin (1992)
ICdso E,-gj{CV,/ CV; Dzst,f"l ))}
(CVSp)
Biging and Dobbertin (1992)
ICd; S icv./cv
(CVU) i#] J/ J

L;; = Length (m) of the segment that links the center of the target tree and its
competitor, included the overlay area of its influence zones; 0;; = Overlay area
(m?) between the influence zones of the target tree and the competitor
tree; Z;, = Influence zone of the target tree (m?); d; = Normal diameter of the
competitor tree (cm); Dist;; = Distance in horizontal projection between the target
tree and the competitor tree (m); nc = Number of competitor trees ; h; = Total
target tree height (m); h; = Total competitor tree height (m); €C; = Crown surface

in horizontal projection of the target tree (m?) at a certain p percentage of its

height; CC; = Crown surface in horizontal projection of the competitor tree (m?) at a

certain p percentage of its height; CV; = Crown volume of the target tree (m? over a

certain p percentage of its height; CV; = Crown volume of the competitor tree (m?)
over a certain p percentage of its height; CV,; = Crown volume of the competitor j

tree over the « point.

Selection criterion for the competitors

Eleven Pinus durangensis competitor tree selection criteria were analyzed (C;
to C;; codes). Through this C; criterion, all of the individuals included in this

moving Bitterlich plot with center in the target tree and a basimetric area
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factor (BAF) equal to 4 m? ha! were selected as the competitor trees of this
species. According to this criterion, in order to consider a tree as a
competitor of the target tree, the distance between them cannot be higher

than 25 times its own normal diameter (Crecente et al., 2007).

In criterion C;, all those selected with criterion C; were considered to be competing
trees, as well as the closest tree that is located within each of the quadrants defined
by the four cardinal points (Crecente et al., 2007). With criterion Cs, the four trees
closest to the target tree were selected (Crecente et al., 2007). Criterion Cy4
proposed by Biging and Dobbertin (1992), was based on considering active
competitors those trees whose total height (h;) exceeds an imaginary line drawn
from the base of the objective tree with an inclination of 60° with respect to the
horizontal (Figure 2). This line marks a point (at its intersection with the axis of the
competitor tree) from which the volume of the cup was considered to calculate the
ICd;; competition index. The relationship between distance and height that

determined whether a tree was selected as an active competitor was:

h; hj
tan 60° =—— =173 = Dist;; < —= (1)
Dist;; 1.73

Where:
hj = Total height of the competing tree (m)

Dist; = Distance from the target tree to the competing tree (m)
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Figure 2. Scheme of C, competitor selection criterion.

The Cs criterion differs from the former in that the inclined line originates at the
basis of the target tree crown (Figure 3). The relation between the distance and

height that determines if a tree is selected as an active competitor was:

tan 60° = St — 1,73 = Dist;; <

iStij

hj—HBC;
1.73

(2)

Where:
hj = Total height of the competing tree (m)

Dist; = Distance from the target tree to the competing tree (m)

HBC; = Height at the crown base of the target tree (m)
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Arbol objetivo = Target tree; Arbol competidor = Competitor tree; Arbol no
competidor = No competitor tree

Figure 3. Scheme of Cscompetitor selection criterion.

Criterion Cs was based on the concept of the area of influence (Staebler,
1951). For this case, all the trees whose area of influence overlapped that of
the target tree were considered active competitors (Figure 4). In this work,
the maximum value that was taken was the radius of the tree crown it could
reach if it were growing free of competition, which was estimated by the

equation proposed by Cruz and Castafieda (1999):

mew; = 0.1503d; + 2.0241 (3)

Where:
mcw; = Maximum crown growth (m)

d; = Normal diameter (cm) of the selected tree
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competidor = No competitor tree

Figure 4. Scheme of Cs competitor selection criterion.

The criterion Cs is the only one that may be used with the competition indexes

based upon the concept of the zone of influence (ICd;, ICd> and ICd3).

The criteria C, to C;; include the concept of angle for the elimination of
competition (Lee and Gadow, 1997), according to which it is chosen as the
first active competitor the closest tree to the target tree; afterwards, a
circular section is marked with a particular angle and whose bisectrix is the
line that joins both of them. All the trees in this circle that stand behind the
first competitor, are discarded as possible active competitors. The process
continues with the selection of the next closer tree to the target and located
outside of the first circle, and it goes on and oh until all the active

competitors are found (Figure 5), with a 60° elimination angle (Co).

The number of active competitors decreases as the elimination angle of competition

increases. In other investigations, they have used competition elimination angles of
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90, 75, 60, 45 and 30 degrees, which define criteria C, to Cy1, respectively (Corral
et al., 2005; Crecente et al., 2007).

% Arbol objetivo Arbol competidor activo A Arbol competidor pasivo $ Arbol de la parcela

Arbol objetivo = Target tree; Arbol competidor activo = Active

competitor tree; Arbol competidor pasivo = Passive competitor tree;

Arbol de la parcela = Plot tree.

Figure 5. Scheme of the process to select active competing trees from a reference

tree, taking into account an elimination 60° angle (criterion Cy).

Analyzed models

Three models were used, one of simple lineal type, one exponential and another
potential (equations 4 to 6) to analyze the influence that competition exerts on the
growth in normal diameter of Pinus durangensis trees within the studied sites. The
models were tested for all possible combinations between the indexes and the

criteria for selecting competitors:

Ay =a + B C (4)
Ay = a -e(Bf-C;) (5)

Ay = a-C’ (6)
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Where:

Ay = Variable to be modeled (normal diameter growth during a 5 year period)

C; = Distance-independent index of competition or the combination of a distance-

dependent competition index with a criterion of competitors’ selection

a y B = Parameters to be estimated in the model fit

The estimation of the parameters of the linear model was performed by least
squares using the REG procedure of the SAS / STAT® program (SAS, 2004). In the
case of non-linear models, the NLIN procedure implemented in the same program
was used.

The goodness of fit of the models (i.e. significance of the effect of competition on
the growth in normal diameter) was evaluated through the significance of the
adjustments of the models and with the statistical coefficient of determination (R?)
and root mean square error (REMC). For the exponential and potential models, the
estimated coefficient of determination corresponded to that proposed by Ryan
(1997) for non-linear regression, which is equivalent to the square of the correlation

coefficient of the observed values and the values estimated by the models.

Results and Discussion

Table 4 lists the ten competition or combinations of competition index with a
criterion of selection of competitors that showed the greatest levels of explanation
of the observed variability in normal diameter growth of Pinus durangensis trees,
taking as predictive variable the competition in the three studied models. These

indexes also recorded the least mean errors, and in all cases, fit was very significant
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(p<0.0001), which means that the use of competition as a predictive variable

vigorously helps to explain growth in normal diameter of the studied species.

Table 4. Competition indexes which showed the best statistics of fit of diameter

growth models of linear, exponential and potential type.

Lineal Exponential Potential
Cr IC R? REMC Cr IC R? REMC Cr IC R? REMC
ICs 0.33 0.76 Ci1 ICd,  0.29 0.78 IC;, 0.35 0.74
ICg 0.28 0.79 ci0 Icd,  0.28 0.78 Ci1 Icd;  0.28 0.78
ICyp 0.27 0.79 c2 Icd,  0.28 0.78 cio Icd,  0.28 0.78
ICy; 0.26 0.79 c9 Icd;  0.27 0.79 ICy; 0.27 0.79
ICy; 0.25 0.80 ICyp 0.26 0.79 C3 ICd,  0.27 0.79
ICy 0.23 0.81 c8 ICd,  0.26 0.79 c9 ICd,  0.27 0.79
Ci1 ICds  0.22 0.82 c7 ICd,  0.25 0.80 C3 ICds  0.26 0.79
c7 ICds  0.21 0.82 C3 ICd,  0.25 0.80 c2 ICd;  0.26 0.79
C3 ICds  0.20 0.82 ICy; 0.22 0.81 c7 ICd,  0.25 0.80
cio0 ICds  0.20 0.83 ICy 0.22 0.82 c8 ICd,  0.25 0.80

Cr = Competitor selection criteria; IC = Competence index; R2 = Coefficient of

determination; REMC = Root of the mean square error.

The best values of the statistics of fit R> and REMC were obtained with the
independent indexes of the distance and the use of the potential and linear models.
The IC;, index (which is based on the calculation of the ratio of the basal area of the
target tree and the basal area per hectare), was the one that presented the best fit
by using the potential model, explaining 35 % of the variability observed in the
growth in diameter of the species studied, with a CTM value of 0.74 cm; followed by
the ICs that represents the crown competition factor (CCF), defined as the
percentage of the growth area occupied by the projection of the crowns, assuming

that each tree grows freely (without competition), explaining through the linear
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model, 33 % of the variability observed in the growth in diameter during the

observation period, with a CTMR of 0.76 cm.

The independent- distance indexes ICg and IC;p also showed good results in the
explanation of the variance observed in the growth in diameter. The results of this
work are consistent with those by Crecente et al. (2007) in plantations of Pinus
radiata D. Don in Galicia, Spain, where the independent indexes of distance
presented slightly better results than those distance -dependent in the study of the

effect of competition.

Valles and Valadez (2006) also found better fits with the use of a distance-
independent competition index based on the density-weighted canopy width in
mixed forests in San Dimas, Durango. In the same way, Tiscar and Tiscar (2010)
reported in a population of Pinus nigra Arnold from the Sierra de Cazorla (southeast
of Spain), a distance -independent index that includes the variable crown area as
the most suitable to be included in models for the prediction of growth in normal
diameter. However, the R? values of this work are lower to those of Alvarez et al.
(2004), who reported values of 0.66 for the distance -independent indexes of the
BAL and BALMOD, in an exponential model fitted in growth data in section of

individual trees of Pinus radiata in El Bierzo (Ledn, Spain).

Other researchers such as Alvarez et al. (2003), Biging and Dobbertin (1995),
Corral et al. (2005) and Schréder and Gadow (1999) reported that independent-
distance indexes based on the use of the basal area (BAL and BALMOD) produced
significant improvements in the estimates of diameter growth models of species

studied in even-aged stands.

On the other hand, the indexes based on stand density (number of trees per
hectare, basal area per hectare, Reineke, crown competition factor, and Hart
index) were not adequate to evaluate the effect of competition, since they did
not explain even 15 % variation in the growth data, so its use is not

recommended as competition indices. These results are common with
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previous studies conducted on Quercus robur L. (Maseda, 1998) and on Pinus
radiata (Alvarez, 1998, Alvarez et al., 2003).

Within the group of distance- dependent competition indexes, the ICd; combined
with C;p and C;; had the best results with the exponential model, as it explained 29
% of the variability observed in diameter growth with REMC values of 0.78 cm. This
competitor selection criteria (Cip and Cj;;) use 45° y 30° angles for competing
elimination and are rather simple to apply since they Ilimit the number of

competitors, which might make them useful in field work (Alvarez et al., 2003).

ICds stands in second place, which also provided good results when combined with
criterion Cs. These indices are strongly related to each other, since they are based
on ratios of sizes (normal diameter) weighted by distances, and consider that the
competition that exerts on a tree around them increases when their size increases

and the distance that separates them (Crecente et al., 2007).

Figure 6 shows the relation between the distance independent competition indexes
ICs and IC;; and the distance dependent index ICd, with the C;; and Cjo criteria
with individual diametric growth of Pinus durangensis by the linear, exponential and
potential models, or just with the one of the best fit. In most cases, the potential
model best describes the tendency of the data when using the competition indexes
as predictive variable, a situation that explains itself as values under the squared

mean error are obtained, compared to the linear and exponential equations.
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Figure 6. Competition indexes with better results for the models of diameter growth.
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In general, the value of the different selection criteria for the selection of
competitors for a same index, does not exhibit great contrasts, and even
though there is always one that is slightly more favorable, the others have a

value rather close to it.

Although the results suggest that the best independent distance indexes of distance
ICs and IC;; explain between 33 and 35 % of the variance observed in diameter
growth, it is evident that when developing the growth model it would be necessary
to include others as predictive variables, such as the initial normal diameter, the
quality of the season, and other factors that significantly influence the increase in

the normal section of trees (Lopez et al., 2013; Quifonez et al., 2015).

Conclusions

The fit of most of the tested models resulted significant, which means that the use
of competition as a predictive model helps vigorously to explain growth of Pinus
durangensis normal diameter. The distance independent indexes resulted as better
predictive variables than the distance dependent to assess the influence of
competition of Pinus durangensis that grows in mixed and irregular forests in
Durango state. The IC;; index which came from the ratio between the basimetric
area of the target tree and the basimetric area per hectare better described the
effect of competition; therefore, it is advised to include it in future growth models of
normal diameter for the studied species. Its application in the model is an easy
task, since during the inventories for forest management that are performed in the
study area every 10 years, the necessary variables for the calculation of this index

are taken.
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