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Abstract: This study presents a model for estimating forest productivity based on a sample
of 2048 permanent field plots covering a wide range of growing sites in Mexico. Our
state-space approach assumes that the growth behavior of any stand over time can be
estimated on the basis of its current state, defined by the dominant height (H), number of
trees per hectare (N), and stand basal area (BA). We used transition functions to estimate the
change in states as a function of the current state. We also present transition functions for
the change in stand volume (V) and total above-ground biomass (AGB). The first transition
function relates dominant height to dominant diameter by using the guide-curve method to
estimate site form. The transition function for N consists of two models, one for estimating
natural mortality and the other for estimating recruitment. These models were developed in
two steps: in the first step, the logistic regression and maximum likelihood approach were
used to estimate the probability of the occurrence of mortality or recruitment, and in the
second step, the rate of change associated with each event was modeled when mortality or
recruitment was assumed to have occurred as a result of the first step. The remaining three
transition functions (BA, V, and AGB) were fitted simultaneously to account for possible
correlations between errors. The model estimating total above-ground biomass (AGB),
which can be considered a state variable that summarizes the performance of the whole
model, explained more than 97% of the observed variability, with a root mean square error
value of 10.57 Mg/ha.

Keywords: site quality; mortality; recruitment; logistic models; transition functions;
simultaneous fitting

1. Introduction

Forest ecosystems store large amounts of biomass, provide habitats for countless wild
species [1,2], and provide a variety of goods and services [3,4] that are essential for sustain-
ing environmental, economic, and social stability in many regions of the world [5-7]. Forest
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ecosystems are often managed, and decision-making aimed at reconciling biodiversity
conservation, wood production, and mitigation strategies requires quantifiable information
about how they change over time [8,9].

The forests of Mexico include diverse types of woody plants that occur in a variety of
climates within a wide range of altitudes and latitudes [10,11]. Two biogeographic regions
merge in the country: the Nearctic region in the north and the Neotropical region in the
south [12]. This combination has created a high level of biological diversity in Mexico,
which is considered a megadiverse region and unique biodiversity hotspot [13-15] and
is one of 12 countries that include between 60% and 70% of the total biodiversity in the
world [16]. Special attention should be given to temperate forests, which provide habitats
for thousands of plant and animal species, owing to the tropical influence and the wide
altitudinal range. Temperate forests in Mexico are considered the most biodiverse in the
world [11,17]. Temperate forests cover 22% of the country’s total land area [18], and they
are found in five “Sierras” known as the “Sierra Madre Occidental” (SMO), the “Sierra
Madre Oriental” (SMOr), the “Sistema Neovolcanico Transversal” (SNT), the “Sierra Madre
Sur” (SMS), and the “Sierra Madre Centroamericana y altos de Chiapas” (SMCACh). The
dominant tree species in these forests belong to the genera Pinus and Quercus.

According to Davies et al. [7], climate change mitigation largely depends on the
permanence of forest land and on carbon capture in forests. The forest ecosystems in
Mexico are susceptible to climate change and continuing anthropogenic disturbance [19,20].
Intensive forest biomass production can lead to loss, degradation, and reshuffling of
biodiversity [21-23]. Changes in forest ecosystems over time are affected by tree growth
and mortality as well as the recruitment of new trees. Understanding these processes is
essential to sustaining the goods and services provided by forest ecosystems. Therefore,
forest monitoring and the development and continuous improvement of growth models
that estimate changes in the forests are essential for the conservation and sustainable
management of these key resources [9].

Whole-stand growth models are among the tools most frequently used to estimate tree
growth and forest production [24,25]. The models used for even-aged forest plantations
have gradually been improved over time [26-28]. However, not all forests are pure and
even-aged, and growth and yield models are required for different types of forests and
for multiple purposes at different spatial scales (national, stand, and landscape). This is
especially true for the structurally heterogeneous temperate forests of Mexico, characterized
by a wide range of ages, species, and mixtures of tree sizes. The inability to use age as
a reference variable represents a major challenge in estimating the dynamics of mixed
and uneven-aged forests. In addition, the estimation of recruitment is important, as it is
considered negligible in most models developed for pure and even-aged forest plantations.

The information provided by forest observational infrastructures, which require a long-
term commitment to ensure a steady flow of field observations supported by appropriate
assessment and archiving protocols [29], is used as the quantitative basis for developing
forest growth and yield models. The objective of the present study was, therefore, to
propose a methodology for developing robust and biologically meaningful whole-stand
growth and yield models for the mixed and uneven-aged temperate forests in Mexico. The
data used were obtained from an extensive network of permanent plots which form part of
the unique observational infrastructure of the forests under study.

2. Materials and Methods
2.1. Data

The data used in this study were provided by a long-term forest observational in-
frastructure (LFOI) that currently includes a total of 2048 forest plots in Mexico. The
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distribution of the plots is semi-systematic, with square grids between 3 and 5 km and plots
located at the margin of the grid, in order to obtain information on tree formations with a
spatial distribution that is difficult to cover with systematic sampling. Most of the plots are
located within the temperate forest ecoregion (TeF).

The observational network covers a latitudinal range between 16.021 and 30.333 deci-
mal degrees and a longitudinal range between —108.681 and —93.938 decimal degrees (see
Figure 1). The altitudinal range includes plots located between 466 and 3514 masl, with a
mean of 2252 masl. The mean annual temperature in the study area varies between 9.42
and 27.32 °C, with an average of 16.4 °C. The mean annual precipitation varies between
914 and 1420 mm/year, with an average of 1003.1 mm/year [30].
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Figure 1. Distribution of the data used to estimate forest production. Sample plots with one inventory
are denoted in green, and remeasured sample plots are denoted in blue.

All plots are square, and the size varies according to the number of trees per hectare, in
order to yield a sufficient number of samples to produce robust estimates of stand variables.
The LFOI includes 1865 plots of 0.25 ha and 183 plots of 0.625 ha. The establishment of
the sample plots began in 2009 and continued until 2018, while remeasurements began in
2012 and continued until 2021. To facilitate data management, a computer platform was
developed in 2016 (http:/ /fcfposgrado.ujed.mx/monafor/inicio/, accessed on 27 February
2025), to allow the field data to be uploaded directly from a mobile app and to allow
users (generally forest managers) to ask different questions and conduct numerical and
graphical analyses.

The protocol developed by Corral-Rivas et al. [31] was used for both plot establishment
and sample measurement. In each sample plot, trees of breast height diameter (dbh) greater
than or equal to 7.5 cm were measured. Two perpendicular measurements of dbh were made
with the aid of a caliper, and tree heights were measured with a hypsometer. Tree species
were identified by a botanist, who also recorded the stage of development of the trees. Each
tree was tagged at the height of the dbh measurement to facilitate remeasurement.

A total of 292 tree species were identified, and the genera Pinus (28 species) and Quercus
(67 species) were found to be the most common. Among the pines, Pinus duranguensis Ehren,
Pinus arizonica Engelm, Pinus teocote Schiede ex Schltdl., Pinus cooperi C.E. Blanco, and Pinus
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leiophylla Schl. & Cham. were the most abundant species. Of the oaks, Quercus sideroxyla
Bonpl., Quercus crassifolia Bonpl., Quercus rugosa Née, Quercus arizonica Sarg., and Quercus
fulva Liebm. were the most common species. Together, these two genera represent 86%
of all the trees measured. Other genera such as Arbutus and Juniperus were also relatively
abundant and frequent (4.9 and 4.6% of the total number of trees measured, respectively).

A number of stand variables were calculated from the tree diameter and height data:
the number of trees per ha (N); basal area (BA, m?/ha); quadratic mean diameter (dg, cm);
dominant height (H, m) and dominant diameter (D, cm), calculated as the mean height and
mean dbh of the 100 thickest trees per hectare, respectively; the relative spacing index (RSI),
calculated as the ratio between the mean distance between trees and the dominant height
RSI =100/ (H-\/ﬁ); stand density index SDI = N- (dg/25)" %, trees/ha); stand volume

(V, m3/ha), calculated from the volumes of each tree estimated with the equations proposed
for each species in the study area by Vargas-Larreta et al. [32]; and above-ground biomass
(AGB, Mg/ha), calculated from the biomass of each tree estimated with the species-specific
equations for the study area [33].

Of the 2048 sample plots, those in which Pinus or Quercus was the dominant genus (in
terms of percentage basal area) were selected, yielding a total of 1984 plots (1564 plots were
dominated by Pinus and 420 plots by Quercus). In order to take into account the possible
effect of the mixture of genera on stand development, the percentage basal area of the genus
Pinus in each sample plot (%BAp;,,s) was also included as a potential predictor variable.

To date, only a portion of the total of 1984 sample plots of mixed pine-oak forest have
been remeasured. In addition, some of the remeasured plots were excluded from the study
as they showed evidence of different types of disturbance, i.e., natural (pests, diseases,
fires) and /or anthropogenic (harvesting operations). The data used in the study therefore
include single measurements made in 1527 sample plots, two successive measurements
made in 352 sample plots, and three successive measurements made in 105 sample plots,
for a total of 2546 field inventories and 562 non-overlapping growth intervals (see Figure 1).
The time between successive measurements varied between 4 and 7.03 years, with a mean
value of 5.30 years. The mean, maximum, minimum, and standard deviation of the main
stand variables for the total field inventories and for each of the remeasurements are shown
in Table 1.

Table 1. Descriptive statistics of the main stand variables of the sample plots used to develop the
dynamic growth model of the mixed temperate pine-oak forests. The mean + standard deviation
(minimum-maximum) are shown for each variable.

Sample Plots with Remeasurements

All Data

Variable (2444 Field Inventories) First !{emeasurem?nt Seconc! Remeasuren‘1ent
(457 Field Inventories) (105 Field Inventories)
N (trees/ha) 474.19 + 253.99 (20-2264) 646.89 + 291.08 (120-2264) 651.04 + 294.44 (144-2152)
BA (m2/ha) 18.67 + 10.48 (0.37-75.09) 20.59 + 7.21 (3.1-43.34) 23.14 + 8.09 (3.92-51.65)
dg (cm) 23.14 + 6.87 (8.42-54.42) 20.78 4+ 4.03 (12.37-34.43) 21.97 4+ 4.12 (13.02-37.88)
H (m) 15.9 £ 6.63 (3.36-41.3) 16.25 + 4.05 (5.26-24.89) 17.85 + 4.4 (5.83-28)
D (cm) 34.71 £ 9.6 (8.66-74.7) 35.1 + 6.28 (17.99-54.89) 36.88 £ 6.39 (20-57.09)
RSI 0.36 + 0.25 (0.08-3.29) 0.28 + 0.16 (0.12-1.63) 0.28 +0.17 (0.12-1.39)

SDI (trees/ha) 423.70 £+ 196.27 (9.10-1560.52)  459.40 + 162.67 (73.57-976.68)  477.71 + 177.93 (90.66-1047.89)
V (m3/ha) 172.36 + 141.6 (2.04-927.93) 180.16 + 89.63 (11.68-485.91) 218.41 £ 107.59 (16-594.9)
AGB (Mg/ha) 109.99 £ 77.87 (1.82-510.26) 113.31 + 46.45 (11.76-256.35) 130.61 + 52.69 (15.7-304.72)

% l’BAPinus

63.32 £ 23.63 (0-100) 67.56 £ 15.78 (32.24-100) 67.42 £ 15.26 (30.19-100)

N: stand density (trees/ha); BA: stand basal area (m? /ha); dg: quadratic mean diameter (cm); H: dominant height
(m); D: dominant diameter (cm); RSI: relative spacing index; SDI: stand density index (trees/ha); V: stand volume
(m?3/ha); AGB: stand above-ground biomass (Mg/ha); %BAp;,,s: percentage basal area of Pinus genera.
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2.2. Modeling Approach

The method used to develop the whole-stand production model is based on the state-
space approach described by Garcia [34], which uses state variables to characterize the
system at an initial stage and transition functions to project all or some of the state variables
to future states. As the stands are generally uneven-aged, age cannot be used as an input
variable in the development of the model.

A three-dimensional vector including dominant height (H), stand density (N), and
stand basal area (BA) as state variables was found to be sufficient to describe the stand
condition at a given time using three transition functions. Thus, the outputs of these
three transition functions would provide the inputs of static functions to predict the stand
volume or stand above-ground biomass at a given point in time. Nevertheless, given the
wide range of forest structures and species mixtures, we decided to also develop transition
functions for stand volume (V) and above-ground biomass (AGB).

2.2.1. Transition Function for Dominant Height (H)

As it is not possible to use age, site quality was estimated from the relationship
between height and diameter at the stand level [35,36]; in this case, the values of dominant
diameter (D) and dominant height (H) were used, and the site quality indicator is referred
to as site form [8,37]. The dominant height transition function or site quality model must
satisfy a series of requirements including polymorphism, a sigmoid growth pattern with
an inflection point, the existence of a horizontal asymptote at old ages or logical behavior
(the height must be 1.3 m at dominant diameter zero and equal to site form at the reference
dominant diameter).

As most of the sample plots have a single inventory with a single pair of data (D,H),
the site quality model was developed in two steps by using the guide-curve method [38],
for which the complete field measurement database was used. In the first step, a base
equation was fitted to the D and H pairs, thus yielding the average H—D relationship. In
the second step, the family of site form curves were generated by making each of the base
equation parameters dependent on the local site form (local parameter), defined as the
value of H at a given reference value of D. Thus, each base equation generates as many
site form family curves as parameters in the base equation formulation. Three well-known
base equations used in the development of site quality models were used in the fitting
process, namely, the Bertalanffy equation [39,40], the Hossfeld equation [41], and the Korf
equation [42], and all possible resultant families of site form family curves were generated.

The formulation of the base equation and the mathematical expression of the transition
function derived from each, depending on the local parameter selected, are shown in Table 2.
The selection of the best combination between the base equation and the local parameter
for obtaining the transition function was based on visual inspection of the performance
of the curves superimposed on the observed data and the values of two goodness-of-fit
statistics: model efficiency (ME) and root mean square error (RMSE).

ME = p;i]}i

Y (yi — 1)

RMSE =
n—1

where y; is the observed value of the dependent variable in each remeasurement, 1j; is the
value estimated for that remeasurement using the transition function, p,,y. is the linear
correlation coefficient between both values, and n is the number of remeasurements.
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Table 2. Base equations used to develop the site quality curves and mathematical expression of the
transition functions derived from each base equation depending on the local parameter selected. Hy
and D; are dominant height and dominant diameter at time t; and Hp and D, are the same variables
at time f;.

Base Equation

Local Parameter Transition Function

Bertalanffy [39,40]
C
H=13+a (1 - e*b'D)

Hy—13

a = 4(1_€—b»D1 )c

H, =13+ Lﬂ)(l B e*b'Dz)c

(17€—b-D]

—log[1-((H1-13)/0)""] A, =

_ " .
b= Dy 1.3+a[1—exp<log<1—<Hl;13> )gfﬂ

- % A =1.3+a-(1—esz)Zfoai(((lHle_11"'33)/11>
D A, =13+ i
Hossfeld [41] SRR E o ( )
H=13+ -1 - 5
(a+b-D) b @ Hy =13+ (H%@%)z
a=log(Hy —1.3) 4 b/D¢ A, = 1.3 + log(Fi—13)—b-(/05=1/p5)
Korf [42] b= (a—1log(Hy —1.3))-D a—(a—log(Hl—l.B))‘g—g

H=13+¢ /D"

H2:1.3+€

log(b/(a—log(Hy—1.3)))
o _ log(v/(a—log(Hy~13))) S oy

log(D1) HZ =13+ e”*b/Dz

2.2.2. Transition Function for the Number of Trees per Unit Area (N)

In a state of natural stand development, without considering natural or anthropogenic
disturbance, the variation in the number of trees per hectare between two points in time
will depend on two simultaneous processes: natural mortality (defined as the probability
of mortality just for competence causes) and recruitment (defined here as the probability
of survival of new individuals that have reached 7.5 cm in diameter at the second point
in time). In a given sample plot, either one, both or neither of these processes may occur,
and each will have the opposite effect on the change in the number of trees per hectare. In
this study, tree mortality was observed in 91.45% of the growth intervals of the 457 sample
plots with more than one measurement, and recruitment was observed in 85.69% of the
sample plots.

As they have opposite effects on the future number of trees per hectare, natural
mortality and recruitment were modeled separately and then combined to optimize the
results of their estimates. A two-step approach was used in both cases. In the first step,
an equation was fitted to predict the probability of survival of all trees in the stand (in the
case of natural mortality) and another equation was fitted to estimate the probability of no
new trees being incorporated to the stand (in the case of recruitment), considering all of the
sample plots with more than one measurement. In the second step, a transition function
was developed to estimate the reduction in stand density due to natural mortality (using
data from the sample plots where this occurred) and another transition function was used
to determine the increase in stand density due to recruitment (using data from the sample
plots where this occurred).

Both natural mortality and recruitment are discrete events in which only values of
0 (non-event) or 1 (event) are possible. Therefore, a function that provides probability
estimates to model both processes was applied. Although several cumulative distribution
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functions would be appropriate, the logistic function is the most commonly used in models
of this type. The logistic model is formulated as follows:

e(dota x4 +a;-x;) At

1 4 el@otarx+-+a;x;)

where «; are the parameters and x; are the independent variables. When the above equation
is fitted to natural mortality data (event (1) is the absence of natural mortality and non-event
(0) is the presence of natural mortality), 7T represents the probability of survival of all trees
in a plot (i.e., mortality is given by 1 — 7) in a time interval of At years. In the case of
fitting the logistic equation to recruitment data (event is non-incorporation of new trees
and non-event is incorporation of new trees) 7t represents the probability of no recruitment
in a plot (i.e., recruitment is given by 1 — 77) in a time interval of At years.

As the remeasurement intervals of the sample plots were irregular, a weighted logistic
function including the exponent At was used to account for time [43]. Thus, in this equation,
as the time interval increases, the probability of mortality also gradually increases when
fitted to natural mortality data. When fitted to recruitment data, the probability of new
trees being incorporated gradually increases.

The estimates of the parameters for each process were obtained by maximizing the
logarithm of the likelihood function of the logistic model, as follows:

ny e(lX0+le~X1]‘+-"+Dé,'-x,'j) ng e(oc0+a1-x1j+---+oc,--x,-]-) At
I(ft,a;) = =) At-lo — log|1—
( l) ];1 g 1 +e(uc0+oc1'x1]-+~-~+oci‘x,'j) ];1 g 1 +e(lXo+tXl-x1j+'“+0L,‘~xij)

where «; are the parameters and x; are the independent variables, 1, is the number of
remeasurements with an observed event over a period of At years, and g is the number of
remeasurements without observed events in the same period.

The selection of the best set of independent variables for each of the two processes
was based on the knowledge of the factors influencing these processes combined with the
application of the stepwise method of variable selection.

Once the probability of the occurrence of either process has been determined, the
second step of the modeling consists of fitting a transition function to estimate the change
in the number of trees per hectare between two time instants for each process separately (in
the case of natural mortality, this will imply a reduction in N and in the case of recruitment,
it will imply an increase in N). In this study, we tested eight models based on two basic
differential equations:

1 AN H
N AR = p(-Nﬁf(SF, %BApinys)- ?
1 AN 0
N A = |f(SE %BApinus) +

where «, B, and ¢ are parameters that regulate the rates of change and f(SF, %BApjy,s) is a lin-
ear function of site form and percentage of basal area of the genus Pinus: f(SF, %BApinus) =
co+ ¢1-SF + cp-%BApjyus-

The first differential equation implies that the relative rate of change in the number of
trees is proportional to the power function of H. The integration of this equation with the
initial condition & # 1 gives the following two algebraic difference models depending on
the value of f3:

B#ON, = [N{’l + F(SF, %BApipus)- (H’z” - Hfz)} b
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Withb1 = —[3 and bz =6+1:
‘B =0 N2 — Nl.ef(SF/%BAPinus)'(Hgl _Hfl)

with by =6+ 1.

The six different transition functions derived from the first differential equation and
proposed by Clutter and Jones [44], Pienaar and Shiver [45], Pienaar et al. [46], Tomé
et al. [47], Woollons [48], and Garcia [49] were applied (see Table 3).

The second differential equation implies that the relative rate of change in the number
of trees is proportional to a hyperbolic function of H. The integration of that equation gives
the following algebraic difference form:

H2 bl [}
N2 e Nl. (Iﬁ) 'ef(SF, /OBAPinus>‘(H2_H1)

with by = 5-«.
Two transition functions based on this solution and proposed by Bailey et al. [50] and
Zunino and Ferrando [51] were assessed (Table 3).

Table 3. Transition functions used to model the variation in the number of trees per hectare between
two points in time due to natural mortality and to recruitment.

Author Initial Condition Mathematical Expression of the Transition Function

Clugggg;ﬁi(]mes B 70 Ny = [Nfl + f(SF, %BApinus)- {(1%6)}]2 - (1Hob)b2H1/bl

oo i B#0 R = [ NP+ £(SF, %BAmne)| (5)" - (’i’)bH/

Wocllons 205 = [ sesm man (65 - (1))

(2(?1?;;;29] B 70 Ry = [Npt o+ [CERPArms) (fl2 — i ]%
Pie“f‘lagrgir)ﬁg?iver B=0 Ky = Ny (SE%B A 103" (o)™

(1597 (17] B=0 Ry = Ny-ef (SF 7B Avins) (Fy— )

(lom 1501 =0 Ry = Ny (8) " el FSF 49 A B

These equations were fitted using the value estimated with the transition function
of the dominant height (H,) as the value of the dominant height at time t, instead of the
value measured in the field in the remeasurements (H;), in order to adapt the fitting of
the different transition functions to the sequence followed when the whole-stand growth
model is applied to a new stand. The selection of the best transition function for each of the
processes (natural mortality and recruitment) was based on the graphical analysis of the
residuals and the ME and RMSE values.

The application of the logistic equations (first step) to a new plot enables the estimation
of two probabilities: one for natural mortality and one for recruitment. These probabilities
are compared with specific thresholds for each process and, if they are lower than the
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threshold, the event does not occur, i.e., there is no mortality or no recruitment and the
stand density does not change; otherwise, the event occurs, and the transition function of
the process is used to determine the change in stand density (second step).

Finally, the future stand density will be obtained by combining the results of natural
mortality and recruitment and the thresholds of each process were optimized so that the
sum of squares of the errors (difference between the observed and estimated stand density
values in the remeasurements) is minimal.

2.2.3. Transition Function for Basal Area (BA)

The basal area transition function was derived from a differential equation assuming
that the rate of change in the basal area for a given dominant height depends on the initial
basal area (BA) and the dominant height (H):

dBA

" — g..H%. as
iH alH BA

The same model was used by Alvarez-Gonzilez et al. [52]. A similar expression,
but including the stand age, was used by Borders and Bailey [53], Pienaar et al. [46], and
Forss [54].

Integrating both sides of the differential equation gives the following invariant:

BAl—u3 _ al(l — a3)

H2 = C
a +1

This invariant can be used to generate the transition function by equating the corre-
sponding invariants and solving for BA;:

_ (1=
BA, = BA} a3 4 M,(ngﬂ _ H?2+1)

1/(17&3)
a +1 ]

2.2.4. Transition Function for Stand Volume and Above-Ground Biomass

Both stand volume (V) and stand above-ground biomass (AGB) can be fitted to the
same biologically-based differential equation structure that represents a generic production
variable W. The variation in this variable between two points in time, relative to the
dominant height AW /dH will depend on two components: net growth and loss of growth
due to natural mortality. According to Alvarez-Gonzalez et al. [52], a simple closed form can
be used to estimate the rate of change in this generic variable considering both components,
as follows:

% = b;-H"2.BA" + b3'%'%rA

Substituting BA and dBA/dH in the previous equation for the expressions obtained in

Section 2.2.3 and grouping the terms and integrating both sides gives the following invariant:

Hb2+1
by +1 N

W-BAUs —p,.

Finally, the following algebraic difference equation was obtained by considering the
status of the stand at two different times and solving for Wj:

A _ b/, Py
W, = |Wy-BAT + b - - (A - Hi’Zﬂﬂ .BA,

This expression was used as a transition function for both stand volume (W = V) and
above-ground biomass (W = AGB).
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Dominant height and basal area are independent variables in their transition functions
but dependent variables in other transition functions. The resulting cross dependence
between these functions can cause errors due to violation of the assumption independence,
and the set of transition functions should thus be fitted simultaneously. However, as the
structure of the database used to fit the site quality curves differs from the others, the
first transition function was fitted separately and the estimated remeasurements of the
sample plots H, were used in the remaining transition functions instead of the observed
values (H>).

Furthermore, due to the special structure of the transition function for N, which takes
into account two processes (natural mortality and recruitment), and because both were
modeled in two steps, this transition function was also fitted separately. Finally, the other
three transition functions (BA, V, and AGB) were fitted simultaneously to eliminate the
bias of simultaneous equations using the full information maximum likelihood (FIML).
Parameter estimation was carried out with the MODEL procedure of SAS/ ETS® [55].

3. Results and Discussion
3.1. Transition Function for Dominant Height (H)

The results of the guide-curve fitting method conducted using the base models of
Bertalanffy [39,40], Hossfeld [41], and Korf [42] are very similar, with ME values varying
between 0.7474 for the Hossfeld base model and 0.7493 for the Bertalanffy base model
and RMSE values ranging from 3.0564 to 3.0453 m for the same base models, respectively
(Table 4). In all three cases, all parameters were significant (o = 0.05).

Table 4. Parameter estimates and goodness-of-fit statistics of the three base models used to fit the
guide curve.

Model a b c ME RMSE (m) RMSE (%)
Bertalanffy ~ 50.9920 0.0268 2.4630 0.7493 3.0453 18.49
Hossfeld 6.4397 0.0747 -—- 0.7474 3.0564 18.56
Korf 5.3065 —19.1039 0.5615 0.7484 3.0509 18.53

The values of the goodness-of-fit statistics are similar to those obtained in other
studies using the guide-curve methodology to develop site quality curves. For example,
Ahmedi et al. [56] developed site form curves for uneven-aged and mixed forest domi-
nated by oriental beech (Fagus orientalis Lipsky) in Hyrcanian Forests (Iran) using the
Bertalanffy model, obtaining ME and RMSE values of 0.755 and 3.30 m, respectively.
Molina-Valero et al. [57] developed site form curves for mature silver fir, beech and mixed
species forests in Spain by using the Hossfeld and Bertalanffy base models, obtaining ME
values varying between 0.29 for beech forests and 0.66 for silver fir forests with RMSE
values between 4.08 and 2.58 m for the same species, respectively. Aguirre et al. [58] used
the guide-curve method and the Bertalanffy and Hossfeld models to fit site form curves for
24 forest types dominated by different species in Spain, obtaining statistical goodness-of-fit
values of the same order as those obtained in the present study.

The final selection of one of the three base models will therefore depend on the
performance of the family of curves when overlaid on the data of the measurements used to
fit the guide curve. The best results were obtained with the Bertalanffy base model, in which
the value of parameter b is considered the local parameter, with parameters a and ¢ being
global. The resulting family of curves is polymorphic, with a common horizontal asymptote.
This asymptote has a very high value (more than 50 m in height) and therefore the curves
are not affected by this common condition, within the range of dominant diameter values
reached in this type of mixed forest (see Figure 2). According to Bailey and Clutter [59], the
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effective limit will depend on the lifespan of the species under study and therefore will not
be constant across values of SF. Families of curves with similar characteristics have been
widely used in studies of site index curves, e.g., [60,61].

45
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Figure 2. Plot of dominant height versus dominant diameter for all sample plots differentiated
according to the dominant genus. The lines correspond to growth trends in those sample plots with
more than one inventory. The guide curve (dashed red line) and five site qualities corresponding to
site form values of 6, 10, 14, 18, and 22 m (dominant height) for a dominant diameter of 30 cm (black
solid lines) are also shown.

Figure 2 shows the original data with isolated points corresponding to sample plots
with a single measurement and lines corresponding to the trends observed in sample plots
with more than one measurement. A distinction is also made between plots dominated
by the genus Pinus and those dominated by the genus Quercus, in terms of basal area.
The guide curve (dashed red line) and five examples of curves corresponding to site form
values of 6, 10, 14, 18, and 22 m for a dominant reference diameter of 30 cm (solid black
lines) were superimposed on the data.

As shown in the figure, the lowest site quality observed (dominant height of 6 m for
a dominant diameter of 30 cm) mainly corresponds to sample plots in which the genus
Quercus dominates, while the highest quality (22 m for a diameter of 30 cm) was mainly
observed in sample plots in which the genus Pinus dominates. This may be attributable, on
the one hand, to the higher quality requirements of most of the predominant pine species in
these pine-oak forests and, on the other hand, to the difference in the height-diameter ratio
between species of these two genera. These differences initially led us to fit different models
by the dominant genus. However, considering that the observed trends in the sample plots
with several measurements are similar for both dominant genera and the good performance
of the fitted curves for intermediate site qualities (the most frequently observed), this led
us to accept the validity of a single family of curves for the whole dataset.

A similar approach has also been used by other authors in the development of site
form curves in uneven-aged mixed forests with a large diversity of species, e.g., [38,62,63],
assuming that estimation of the SF while considering all species may capture the vari-
ability in growth of dominant height (H) among tree species and thus site conditions [37].
Nonetheless, this approach will only describe whole-stand productivity and cannot be
used to estimate the growth potential of a specific species. In the future, when more sample
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plots and, in particular, greater numbers of remeasurements become available (enhancing
our understanding of the observed trends), the models must be redesigned using more
precise methodologies such as the algebraic differences approach (ADA) or the generalized
algebraic differences approach (GADA). The need to develop different models for domi-
nant genera or even for groups of dominant species within each genus will also need to be
further evaluated.

The final expression of the transition function for the dominant height is as follows:

S H1 -13 1/2.4630 Dz

where H; and D; are the dominant height (m) and dominant diameter (cm) at the beginning
of the growth period and Hj and D, are the same values at the end of the growth period.
The general equation for estimating the site form for any given pine-oak forest is as follows:

~ Hy — 1.3\ 7>\ 30
SF = 1.3 +50.9920- ll —exp (log <1 - (509920> Dy

To evaluate the performance of the aforementioned transition function, the values of

2.4630

)

2.4630

@

the dominant height in the remeasurements were estimated from the previous inventory
data, and the observed values were compared with the estimated values (see Figure 3). The
model explains more than 96% of the observed variability, with an RMSE value of 0.94 m.
Although the model performs very well, these values are somewhat lower than those
usually obtained when permanent plot or stem analysis data are available and the algebraic
difference (ADA) or generalized algebraic difference (GADA) approximations are used. It
can be seen in the figure that the trends for Pinus-dominated and Quercus-dominated plots
are similar, supporting the decision to fit a single family of curves for all of the sampled
plots. In addition, there was no evident over- or underestimation of values.

40

Hobserved =0.1505 + 1.0002- Hestimated
ME = 0.9634
RMSE =0.9356 m

w
(2]

w
o

N
(O}

=
]

@ Pinus-dominated

Dominant height observed (H m)
= S

A Quercus-dominated

0 10 20 30 40
Dominant height estimated (H m)

Figure 3. Plot of observed versus estimated values obtained using the transition function for dominant
height (Equation (1)) distinguished by the dominant genus. The red line represents the linear model
fitted and the dashed black line represents the identity line.
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The values of I/{\z estimated with Equation (1) were used instead of the field measure-
ments to develop the remaining transition functions; the same applies to the values of site
form estimated with Equation (2).

3.2. Transition Function for Stand Density (N)

The change in the number of trees per hectare over a period of time (At) in this type
of uneven-aged mixed forest depends on two different processes: natural mortality and
recruitment. Each of these processes was modeled separately as they do not both occur at
the same time in all sample plots and, therefore, each sample is different.

However, both natural mortality and recruitment are discrete events in which only
values of 0 (absence) or 1 (presence) can be given. In the first case, the stand density does
not vary, while it does vary in the second case and must be estimated. Thus, each process
was first modeled by using an equation that estimates the probability of the occurrence of
the event and, if this probability exceeds a fixed deterministic threshold (presence of the
event), another equation is used to estimate the change in stand density.

3.2.1. Models for Estimating Natural Mortality

As the probability of the occurrence of natural mortality increases over time, the fitted
logistic model estimates the probability (7) of no natural mortality occurrence in the time
interval (At), and therefore the probability that it does occur will equal 1 — 7. The results
of using the stepwise method of variable selection, together with the knowledge of the
factors affecting the natural mortality process, suggest the inclusion of the initial stand
density (N), the site form value (SF), and the relative spacing index (RSI). These variables
have frequently been used to estimate the probability of the occurrence of natural mortality,
e.g., [48,64-66].

The parameter estimators were obtained by minimizing the value of the maximum
likelihood function and the equation finally obtained is as follows:

e(71.588470.0001079N+O.1248-SF+1.6339-RSI) At

| 1 + ¢(—15884-0.0001079-N-+0.1248-SF+1.6339-RSI) (3)

Ttmort = 1

All parameters were significant (« = 5%) and their signs consistent with the biological
behavior of this type of forest, so that, all other things being equal, when stand density (N)
increases, the probability of natural mortality increases. When site form (SF) increases, the
probability of natural mortality decreases, and when competition decreases and, therefore,
the value of the relative spacing index (RSI) increases, the probability of natural mortality
decreases. The percentage of concordant pairs of the model was 70.01%.

Once the logistic model was fitted, the data from the sample plots in which natural
mortality was observed were used to fit the transition function of the reduction in the
number of trees per hectare szmort =f (Nl, Hi, H,, §1\-“, %BA pinus) using the models
listed in Table 3. The parameter associated with the basal area of the genus Pinus was not
significant in any of the models analyzed. The best results were obtained with the model
proposed by Bailey et al. [50], and the final expression of the transition function for the
reduction in the number of trees per hectare due to natural mortality is as follows:

~

) 078 R
No mort = Ni- ( fj ) .p0-0002554-SF-(F— Hy ) )

All parameters were significant, and the model explained 98.62% of the observed
variability, with an RMSE value of 32.98 trees/ha. The values of these goodness-of-fit
statistics are comparable to those obtained in similar studies that used age instead of
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dominant height as a time step variable. For example, Maleki et al. [67] reported values of
ME between 0.96 and 0.98 for broadleaf forests and forests dominated by Norway spruce,
respectively, with RMSE ranging from 69.48 to 143.26 trees/ha for pine and broadleaf
forests, respectively for growth models of three forest types dominated by Picea sitchensis,
Pinus sylvestris, and a mixture of Betula spp. with other broadleaf species in Norway, using
a model with the same structure as Equation (4).

3.2.2. Models for Estimating Recruitment

In the case of recruitment, the probability of the occurrence of the event increases as
the time between measurements (At) increases. Thus, the probability (7) that recruitment
will not occur can be estimated by the logistic equation, and the probability that it will occur
will be given by 1 — 7. The results of the stepwise method of variable selection, together
with information about the factors affecting recruitment, suggested the inclusion of the
initial quadratic mean diameter (dg) and the relative spacing index (RSI) as explanatory
variables. The quadratic mean diameter and stand variables related to competition have
frequently been used as explanatory variables in models estimating recruitment probability.
For example, Lexerad [68] used initial stand density (N) and stand basal area (BA), among
other variables, as explanatory variables in logistic models developed to estimate the
probability of recruitment in different forest types in Norway. Fortin and De Blois [69] used
stand basal area in a probability model including the Weibull density function at Hardwood
Stands in Southern Québec, Canada. Zhang et al. [70] used negative binomial mixture
models including the initial mean stand diameter and basal area (among other variables)
as explanatory variables to predict the recruitment of Chinese pine (Pinus tabulaeformis) in
Beijing (China). Finally, Maleki et al. [67] included the initial quadratic mean diameter and
stand density as explanatory variables in a recruitment probability estimation equation
used in growth models developed for different forest types in Norway.

The parameter estimates were obtained by minimizing the value of the maximum
likelihood function, and the equation finally obtained is as follows:

el
14+ e(—0.8718+0.06661‘dg+0.8818‘RSI

)

~0.8718+0.06661-d¢+0.8818-RSI) 2!
Ttree =1 — )

All parameters were significant (¢ = 5%) and their signs consistent with the biolog-
ical behavior of this type of forest. The percentage of concordant pairs for this model
was 62.95%.

Once the logistic model was fitted, the data from the sample plots in which recruitment
was observed were used to fit the transition function of increment in the number of trees per
hectare ﬁz_m =f (Nl, Hi, ﬁz, §1\3, %BA pl‘nus) using the models shown in Table 3. As in
the case of the transition function, and owing to natural mortality, the parameter associated
with the basal area of the genus Pinus was not significant in any of the models analyzed.
The best results were also obtained in this case with the model proposed by Bailey et al. [50],
and the final expression of the transition function for the increment in the number of trees
per hectare due to recruitment is as follows:

~

a 0.6802 -
N ree = Ny- ( ﬁj ) .p0:0002536-SF-(H,—Hy) ©)

All parameters were significant, and the model explained 95.18% of the observed
variability, with an RMSE value of 66.25 trees/ha.

Once the four Equations (3)—(6) were obtained, the procedure based on a deterministic
approach was used to estimate the stand density after a time interval (Af). First, the
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estimated probability of natural mortality (7 ,,,,;)
(Pmort), where Zyort > pmort indicates that the event has occurred and the estimated stand

was compared with a fixed threshold

density reduction is given by Equation (4), where 701t < pmort indicates that the initial
stand density has not changed due to natural mortality, i.e., No wort = Nj. Similarly, the
estimated probability of recruitment (7t,.c) was compared with a different fixed threshold
(Prec) and, when 7t;ec > prec, the increase in stand density was estimated by Equation
(6) and, otherwise, the initial stand density was assumed not to have changed due to
recruitment, i.e., szec = Nj. Finally, the density at the end of the time interval is given by
the expression:

NZ = NZ_mort + NZ_rec - N] (7)

The optimal values of both thresholds were estimated as those that minimize the
sum of squares of the differences between the observed values of stand density in the
remeasurements (N;) and those obtained with Equation (7) for all possible combinations
of thresholds with values between 0.01 and 0.99 with 0.01 intervals. The optimal values
of these thresholds are py;o;t = 0.85 and prec = 0.64. The overall accuracy of Equation (3) in
estimating whether or not natural mortality occurs with a threshold of 0.85 is 84.72%, and
the overall accuracy of Equation (5) in estimating whether or not recruitment occurs with a
threshold of 0.64 is 85.61%.

Figure 4 shows the distribution of observed stand density versus estimated values ob-
tained with Equation (7) distinguished between Pinus-dominated and Quercus-dominated
sample plots. The model explains more than 91% of the observed variability, with an
RMSE value of 89.60 trees/ha. The figure shows similar trends for Pinus-dominated and
Quercus-dominated sample plots, indicating that %BAp;,,; did not have an explanatory
capacity in the models of stand density change as a consequence of natural mortality or
recruitment (Equations (4) and (6)). Furthermore, as in the case of the dominant height
transition function, no pattern of over- or underestimation was observed.
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Figure 4. Plot of observed versus estimated values obtained using the transition function for stand
density (Equation (7)) distinguished by the dominant genus. The red line represents the linear model
fit and the dashed black line represents the identity line.
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3.3. Transition Functions for Stand Basal Area (BA), Stand Volume (V), and Above-Ground
Biomass (AGB)

Three transition functions were initially fitted separately to obtain a parameter estimate
that was then used as an input value in the simultaneous fitting of the three-equation system
using the full information maximum likelihood (FIML) approach. The following transition
functions were obtained in the simultaneous fitting:

—~ ~ 1/1.0734
BAy = [BA}Y 4252049 (A} — 1} 1) | ®)
5 ~ — —0.00848
Vo = [Vi-BAQYSH 11125665 (A} — HI®) | -BA, )
AGB, = [AGBy-BAY™ + 77 2466- (H}42¢ — p14624)] B A, " (10)

All parameters were significant (¢ = 5%), and the transition functions explained 96.07%,
96.88%, and 97.05% of the observed variability in stand basal area (BA), stand volume (V),
and stand above-ground biomass (AGB), respectively (see Figure 5). RMSE values of
1.79 m2/ha, 22.22 m3/ha, and 10.57 Mg/ha were obtained for the same variables.
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Figure 5. Plot of observed versus estimated values obtained using the transition function for stand
basal area (BA, Equation (8)); stand volume (V, Equation (9)); and above-ground biomass (AGB,
Equation (10)) distinguished by the dominant genus. The red line represents the linear model fit and
the dashed black line represents the identity line.

Again, these results do not show any obvious differences in the data trends accord-
ing to the dominant genus or any tendency for over- or underestimation of the three
dependent variables.

The values of the goodness-of-fit statistics are within the range observed in other
models with a similar structure. For example, Garcia et al. [71] developed a model for
loblolly pine plantations in the USA using a more complex structure than in the present
study, and including site occupancy, obtaining an RMSE value in the estimate of BA of
1.73 m?/ha. In addition, Garcia [49] developed a model for regular thinned and unthinned
trembling aspen stands in Western Canada, using the same complex structure but replacing
the age with the dominant diameter, as in the present study, and obtaining an RMSE value
of 3.03 m?/ha in BA estimates. Alvarez-Gonzaélez et al. [52] obtained ME values of 0.6721
and 0.8512 for BA and AGB with a model developed for pure and even-aged stands of Pinus
pinaster in North-Western Spain using the same transition functions as those used in the
present study; however, it should be noted that the time intervals between measurements
were longer than the intervals used in the present study, resulting in greater uncertainty and
lower precision. Tewari et al. [72] obtained an ME of 0.9956 in estimates of stand basal area
for teak plantations in India with limited data (22 sample plots) with a whole-stand growth
model structure similar to the model proposed here, but using age instead of dominant
diameter. Finally, Maleki et al. [67] fitted a whole-stand growth model (also including
recruitment) for the three main forest types in Norway (spruce, pine, and broadleaf species),
obtaining ME values between 0.978 and 0.991 for BA and between 0.977 and 0.986 for V.

4. Conclusions

In this study, a whole-stand model was developed for temperate, mixed, and uneven-
aged oak-pine forests. The state-space approach was used, considering three main state
variables: the dominant height, the number of trees per hectare, and the basal area. The
model consists of 10 equations that enable estimation of the change in the three state
variables as well as in two other fundamental variables related to production: stand volume
and above-ground biomass. The fact that the variation in the number of trees over time
was modeled by combining two natural processes, natural mortality and recruitment, is of
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particular importance. Overall, the system of equations yields accurate estimates of all the
state variables and only requires a number of input variables that are simple to measure
in a single field inventory. In addition, these same input variables could be obtained by
remote sensing, which would enable the use of the model to map the current state and
evolution of these forests at landscape scale.

Although the database used is very extensive and covers a large variety of envi-
ronmental and management conditions, the high variability in the structure and specific
composition of the forests under study require the continual establishment of new plots
and, in particular, remeasurement of existing sample plots. This will enable the model to
be improved by using the same structure of relationships developed in this study.

Observations covering longer time intervals would enable, among other things, a
more robust assessment of the effect of Pinus or Quercus dominance. This effect was not
evident in the proposed model, probably due to the insufficient time intervals between
measurements. Increasing the number of remeasurements will also enable the use of
more accurate modeling approaches for site quality curves such as the algebraic difference
approach (ADA) or the generalized algebraic differences approach (GADA). The estimation
of the future dominant height is used as an input value in all the other transition functions
developed, and the accurate estimation of this variable is therefore essential.

Moreover, the addition of new information will enable the assessment of the need
to develop more detailed models, such as individual tree models that can be applied at
smaller spatial scales and that are specific to genus or even to species or communities
of species.

Finally, climate and other environmental changes will alter future rates of forest
growth, mortality and recruitment; therefore, long-term forest management decisions must
be based on growth and yield models that incorporate climate effects. Thus, the models
presented here should be adapted in the future by including not only field information from
new plots and remeasurements, but also climatic variables and/or other environmental
factors (e.g., atmospheric CO; concentration or N deposition) to account for this effect in
model estimates.
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