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Centrolobium ochroxylum Rose ex Rudd, known as Amarillo Guayaquil (AG), is a tropical tree species found in secondary vegetation or the wild in the western lowland region of Ecuador (WLRE). AG has heavy (0.78 g/cm3) and durable wood, with whitish sapwood and orange-yellow heartwood, making it ideal for carpentry and construction. The International Union for Conservation of Nature in 2021 classified AG as a threatened and critically endangered tree species. However, information on the forest's growth and yield is limited. The primary objective of this study was to evaluate the first provisional models of growth, yield, site index (SI), volume, and diameter at breast height (DBH) - total height (H) relationships developed for AG planted in live fences in WLRE. A total of 415 sample plots, each measuring one ha in area, were surveyed. AG trees were arranged in live fences, and UTM coordinates and planting dates were recorded. H and DBH were measured in 160 trees per plot in 2004, 2009, 2012, 2016, and 2018. To model volume, diameters were measured at different heights on randomly selected trees in 195 study sites. Cross-validation revealed that the CR-GADA model, with its three parameters, achieved a better balance between fitness and generalisability than the CR-H model. The Spurr function was found to be the best model for determining the total volume. The linear model was selected to describe the H-DBH relationship in the study region because of its stability and statistical significance. However, the model of Larson showed better overall indicators of fit. Variation of the H-DBH relationship was observed according to the SI. The maximum MAI was 14.8 m3 ha−1 yr−1 at age 26 years on the best sites, whereas, on less favorable sites, the maximum MAI was 4.4 m3 ha−1 yr−1 at age 30 years. These models are preliminary and require validation with independent samples. Future studies should include data from mature plots and conduct economic analyses on silvopastoral systems, as well as study the carbon sequestration of AG to encourage reforestation.
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1 Introduction

The silvipasture system (SPS) is among the most promising options for mitigating climate change through carbon sequestration. However, the carbon sequestered in agroforestry and SPS depends on several factors, including tree type, tree density, system age, soil type, and climate (Sharma et al., 2023). The Food and Agriculture Organization classifies agroforestry, including SPS, as a climate-smart agricultural practice that diversifies the economy, protects against erosion, and acts as a carbon sink (Valenzuela Que et al., 2022). The implementation of feed production systems with live fences, which integrate trees, grass, and livestock, improves productivity by providing shade, reducing livestock heat stress, and conserving soil moisture. These systems also contribute to carbon sequestration, making them a key strategy in addressing climate change and rural poverty (Shibu and Udawatta, 2021). In addition, agroforestry and SPS can reduce the carbon footprint of livestock production by capturing carbon dioxide through trees and improving the thermal comfort of livestock, thereby optimizing feed conversion and reducing methane emission per unit of meat or milk (Brook et al., 2022; Valenzuela Que et al., 2022). In this context, policymakers, farmers and the scientific community must recognize agroforestry as a strategic link between environmental conservation and agricultural productivity, considering that its adoption is not only determined by political or economic factors but also by socio-cultural realities and dynamics (Mlambo et al., 2025). The focus of scientific research on SPS in Ecuador is limited to 17 articles published in the last three decades (1992–2022), according to data from the Scopus database (Torres et al., 2023). Moreover, among these studies, only one is specifically dedicated to the study of the growth, yield, and production of the forest component within an SPS, as reported by Cañadas-López et al. (2018). Forest modeling addresses the natural dynamics, growth, production, yield, biologically optimal rotation age (BORA), mortality, and changes in tree-species composition and structure across different ecological conditions and through time (Bailey and Clutter, 1974; Vanclay, 1994; Cañadas-López et al., 2023a). This knowledge of biological and ecological factors supports effective forest management, including silviculture (Shenkin et al., 2020). Determining the BORA of native species is essential, as species-specific growth models can then maximize yields and guide decisions on reforestation, timber production, carbon sequestration, and forest–ecosystem restoration projects (Krainovic et al., 2023).

Forest site quality refers to the inherent capacity of a specific location to produce forest vegetation, influenced by primary site factors (van Laar and Akça, 1997). A key indicator for assessing this quality is the site index (SI), which enables the estimation of a forest stand's potential growth and productivity. SI is commonly defined as the dominant height, i.e., the height of the tallest trees at a specific age. However, variability in environmental factors, site quality and forest stand productivity led to variations in the growth of the dominant height of the same tree species in different regions, which can affect the results of the SI estimation (Duan et al., 2022). According to Assmann's (1970) concepts, the dominant height is the mean value of the thickest 100 stems per hectare (H100). Basic tree growth models generate sigmoidal growth functions with a single asymptote, which is useful but limited in terms of forest variability. The Richards (1959) basic growth model is often superior due to its flexibility and fit, allowing for better adaptation to diverse conditions and a more realistic representation of forest growth (Wykoff, 1990; Zeide, 1993; von Gadow et al., 2001).

The generalized algebraic difference approach (GADA) is noted for its ability to generate families of dynamic polymorphic site curves with multiple asymptotes; this approach enables (and requires) more than one parameter to be site-specific and inclusion of at least three growth parameters (Protazio et al., 2022). The flexibility of the Chapman-Richard (CR-GADA) method enables the development of better-fitting growth models for the diverse environmental and growth conditions of tree species in different forest regions (Cieszewski and Bailey, 2000; Cieszewski, 2001, 2002, 2003). However, Protazio et al. (2022) pointed out that novel hybrid growth models with only one growth parameter yield similar accuracy as GADA models if the growth parameters are strongly correlated. The Chapman-Richards-Hybrid (CR-H) growth model benefits from this simplification, maintaining predictive quality and always providing a closed solution. Protazio et al. (2022) suggested that this hypothesis should be tested with other species and growth models in future studies.

Of the tree species in tropical lowland forests, 30% are threatened (vulnerable, endangered, and critically endangered) and are included on the IUCN Red List (International Union for Conservation of Nature, 2022). The threatened and critically endangered Centrolobium o. Rose ex Rudd, also known locally as Amarillo Guayaquil (AG) or Amarillo Lagarto (International Union for Conservation of Nature, 2021), is a native species in the western lowlands region of Ecuador (WLRE) that is seldom used in SPS. Its leafy foliage plays a crucial role in preserving insects and soil microorganisms while providing an optimal environment for a diverse range of beneficial fungi and bacteria. Additionally, its seeds serve as a vital food source for wildlife (Gamboa-Trujillo, 2019). AG is characterized by a durable and long-lasting wood, with a light-colored sapwood and a heartwood that has a distinctive yellow-orange color. These qualities make it an excellent choice for carpentry and structural building applications (Cañadas, 1983). Information on AG growth and production in Ecuador remains limited, with much of the current knowledge derived from congresses, bachelor's and master's theses (Cañadas-López et al., 2013; Moreira and Hidalgo, 2018; Ayala Cifuentes, 2023).

In the case of AG, data on growth, SI, volume, and height (H)–diameter at breast height (DBH) relationships—factors crucial for forest management (Hossfeld, 1805; Trorey, 1932)—have not yet been explored in SPS. The main aim was, therefore, to evaluate provisional models of growth, yield, SI, volume and the H-DBH relationship fitted for AG planted in live fences in the WLRE. We expect CR-GADA to be a better growth model than CR-H if the more (three) growth parameters used are only slightly correlated with each other, which should lead to better precision of the model. We, therefore, also assume that volume and H-DBH models perform better when more parameters are used. The Ecuadorian forestry sector necessitates methodological adaptations to produce reliable estimates of timber resources nationwide. However, the number of volumetric studies related to trees in the biome remains restricted, especially in terms of obtaining form factors and ratios. These models could cover the basic forest data and thus contribute to more sustainable management of this threatened tree species, with potential benefits for its long-term conservation.



2 Materials and methods


2.1 Study area

A total of 415 research plots were established in 25 cantons (municipalities) across the provinces of Esmeraldas, Manabí, Los Ríos, Guayas, Santa Elena, El Oro, and Loja in the WLRE, encompassing a wide range of climate gradient conditions (Figure 1).
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FIGURE 1
 Geographical distribution of silvopastoral system research plots in the western lowland region of Ecuador.


The monthly precipitation distribution by province in the main SPS sites of the study region is unimodal. When plotted against the monthly evapotranspiration calculated using the Thornthwaite formula (Cañadas, 1966, 1982, 1983; Rade-Loor et al., 2017, 2025), a gradient of average annual precipitation intensity and the range of water deficit by month can be observed (Figure 2).
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FIGURE 2
 Distribution of monthly average precipitation (dotted line) and evapotranspiration potential calculated with Thornthwaite's formula (solid line). Water deficit (shaded area) in planting sites of the main silvopastoral systems across seven provinces in the western lowlands region of Ecuador.


A summary of the agroecological conditions in the study region is presented in Table 1A, and the characterization of tree components for growth models and for determining the AG volume is provided in Table 1B.

TABLE 1A Summary of climatic and edaphic variables and number of plots per province in the western lowland of Ecuador.


	Province
	Mean annual precipitation (mm year−1)
	Mean annual temperature (°C)
	Soil classification (USA soil taxonomy)
	Number of sample plots





	Esmeraldas (Muisne)
	830
	25.6
	Entisols
	4

 
	Manabí
	798
	24.6
	Inceptisols
	228

 
	Santa Elena
	750
	24.1
	Molisols
	152

 
	Guayas
	1,198
	25.7
	Vertisols
	20

 
	Los Ríos
	2,000
	25.2
	Inceptisols
	5

 
	El Oro
	1,788
	22.9
	Inceptisols
	4

 
	Loja
	1,453
	15.0
	Ultisols
	2





TABLE 1B Descriptive statistics of the forest component of the investigated silvopastoral systems, including age and diameter at breast height and height of the 160 trees (DBH160, H160) and 100 trees (DBH100, H100), in the western lowland region of Ecuador.


	Descriptive statistics
	Tree characterization in SPS
	
	
	Sample trees selected for volume





	
	Age (years)
	DBH160 (cm)
	H160 (m)
	DBH100 (cm)
	H100 (m)
	DBH (cm)
	H (m)

 
	Mean
	13.18
	17.74
	17.70
	18.13
	18.09
	14.03
	16.97

 
	Maximum
	30.00
	35.09
	34.55
	35.87
	35.58
	31.53
	30.23

 
	Minimum
	1
	0.29
	0.10
	0.30
	0.96
	5.30
	4.98

 
	Standard deviation
	6.85
	8.27
	8.56
	8.45
	8.57
	4.83
	4.11






2.1.1 Research plots

As part of the reforestation project Chongón Colonche, managed by the Ecuadorian Ministry of Environment, Fundación Natura (a Local NGO), and the German Kreditanstalt für Wiederaufbau (KfW) since 1999, a total of 2,231 hectares with 45 different tree species have been planted in the provinces of Manabí, Santa Elena, and Guayas. Eleven different reforestation systems were promoted. The systems with the fewest trees were the preferred ones. The spacing of the trees and the distribution in the reforestation area were pre-established by the project, and the incentive payments were prorated over 3 years to ensure that the plantations were established and payments were made per hectare (Cañadas-López and Roca, 2011). One of the species planted was AG, arranged in live fences forming SPS. Additional plots were established in Esmeraldas, El Oro, Guayas, Los Ríos, and Loja through research projects conducted by the National Institute of Agricultural Research (INIAP), the Technical University of the North (UTN), SEK International University (UISEK), and the Eloy Alfaro Laica University of Manabí (ULEAM).

The SPSs consist of 200 trees, spaced 2 meters apart and delimiting a rectangular agricultural area of one hectare (Cañadas-López and Roca, 2011), referred to here as research plots. In total, 415 plots were measured in 2004, 2009, 2012, 2016, and 2018, located in different soil water availability zones (Figure 1 and Table 1A) and with a constant planting density. Instead of the conventional H100 (Assmann, 1970), the most vigorous and dominant trees, measured at 160 trees per hectare, were selected according to the Chongón-Colonche Reforestation Project, as described by Antón-Fernández et al. (2011), in water-stressed areas. On average, this corresponds to approximately 90% of the remaining trees in the plot. The reason was that the growth of a stand consisting of more than just dominant trees was better estimated using more than 100 trees per hectare. Furthermore, there is no statistical difference in the mean heights between the 100 and 160 thickest trees per ha in this study (18.03 vs. 17.64 m, p > 0.05). The H was measured with the “HAGA” hypsometer, a 1:15 scale graduated ruler, and a diametric tape (1.30 m above the ground) was used to determine the DBH. The mean values of total H and DBH were assessed to calculate the corresponding functions. Through incentives paid for the reforestation project Chongón Colonche, prorated over 3 years, and a final payment per tree established, a 90% survival rate was achieved in SPS (Cañadas-López and Roca, 2011). In terms of mortality, 3% was recorded during the study. Since the adjusted models are provisional and based on surviving trees at the time of measurement, mortality was not explicitly included in the MAI and PAI projections.




2.2 Methods
 
2.2.1 Determination of the AG growth and site index models

The CR-GADA model was first used to determine the growth of H and DBH of AG to construct a polymorphic model with multiple asymptotes based on the Chapman-Richards model (Equation 1).

H or DBH=a1* (1-exp(-a2 * t))a3      (1)

More than one parameter must be a function of site productivity. To generate Equation 1 with the GADA formulation, either the asymptote a1 or the shape parameter a3 is dependent on on-site quality (X), and the relationship can be expressed as follows:

a1=X, a3=b2+b3X and a2=b1      (2)

In this study, a1 was modeled as a direct function of site quality (a1 = X) rather than using the commonly used exponential form (a1=eX). All estimated values of a1 were positive and biologically significant in our dataset. However, we recognize that the use of eX, by definition, guarantees the positivity of the parameter and potentially provides greater robustness for wider applications. We therefore recommend that this formulation be considered in future studies. Thus, for two pairs of dominant height and diameter-age values, Equation 1 is rewritten as follows:

H0, t0⇒H0=expX*(1-exp-b1 * t0)b2+b3/XH1, t1⇒H1=expX*(1-exp-b1 * t1)b2+b3/X,      (3)

where H0 is the height at initial age t0, and H1 is the height and diameter at age t1. Transforming to the natural logarithm (ln) of both sides of the first of the above equations is obtained:

ln(H0)=X+(b2+b3/X) * ln(1-exp-b1 * t0)      (4)

For Equation 3, the solution of X involves finding the roots of a quadratic equation, selecting the most appropriate root expression, and then substituting it into the second expression of the pair of Equation 4. This yields a second-degree polynomial as a function of X whose value can be solved. The solution for X in Equation 4, with values of initial conditions t0 and H0, is expressed as follows:

          X0=112{ln(H0)−b2 ∗ L0                     ±[b2 ∗ L0−ln(H0)]2−4 ∗ b3 ∗ L0},where L0=ln ∗ ⌈1−exp(−b1 ∗ t0)⌉.      (5)

Consequently, by selecting the solution for X0 and substituting it into Equation 4, we obtain the dynamic equation in GADA that gives polymorphic curves with multiple asymptotes:

H1=H0 * [1-exp-b1 * t11-exp-b1 * t0]b2+b3/X0,      (6)

where X0 is given by Equation 5. Fitting this equation to real dominant height-age and diameter-age data allows for more detailed estimation of the global parameters b1, b2, and b3, as described in Cieszewski and Bailey (2000), Cieszewski (2001), Cieszewski (2002), and Cieszewski (2003). The Chapman-Richards hybrid growth function (CR-H), proposed by Protazio et al. (2022) and based on the algebraic differential method (ADA), was applied. This approach attempts to simplify the model through parameter substitution (Bailey and Clutter, 1974). CR-H can be defined as a hybrid function, as it initially applies a variable substitution of the type θ2=a/θ1 and then assumes that the parameter a is site-specific (ADA methodology). The base model of CR in its ADA form, according to the family of polymorphic curves, is expressed for θ2, as follows:

H2 or DBH2=θ1 * (1-[1-(H1/θ1)1/θ2]t1/t2)θ2,      (7)

where H2 is the height of state 2, H1 is the height (m) in measurement state 1, t1 and t2 are the tree ages (years) corresponding to states 1 and 2; and θ1 y θ2 are model parameters. This expression can be rewritten in exponential form as follows:

H(t)=θ1 * (1-exp-θ2 * t)andDBH(t)=θ1 * (1-exp-θ2 * t)      (8)

The CR-H growth function proposed by Protazio et al. (2022) was then used to determine the growth of AG H and DBH. The number of parameters was then reduced by substituting θ2 in the function θ2 = f(θ1). As a result, the age-specific Chapman-Richards function is reformulated as follows:

        H(t)= θ1 ∗ (1−exp−f(θ1) ∗ t)andDBH(t)=θ1 ∗ (1−exp−f(θ1) ∗ t),      (9)

where θ1 symbolizes the maximum upper H and DBH achieved by an individual. This reformulation limits the model to a single parameter θ1, under the condition that the function θ2 = f(θ1) exists and can be defined. Thus, assuming an inverse relationship between the parameters θ1 and θ2, it can be expressed as follows:

θ2=a/θ1      (10)

It was thus possible to reformulate Equation 9 as follows:

      H(t)=θ1 * (1-exp-a * t/θ1) andDBH(t)=θ1 * (1-exp-a * t/θ1),      (11)

where a is a scaling factor. Using the algebraic difference approach and considering that parameter a = X0 in Equation 11 has a site-specific relationship, and assuming the initial conditions DBH(t0) = DBH0, the following is true:

X0=θ1tLn * (θ1θ1-H1)X0=θ1tLn * (θ1θ1-DBH1)      (12)

Replacing this result in Equation 11 finally yields the following equation:

      H(t)=θ1 * (1-θ1θ1-H0)-t/t0DBH(t)=θ1 * (1-θ1θ1-DBH0)-t/t0      (13)

Thus, Equation 13 depends only on the parameter θ1 under the initial condition t0 and H0 and DBH0 and H and DBH represent the height (m), and DBH denotes the DBH (cm).

The non-linear regression method was implemented using the nlsLM function, along with the optimx optimization package, to facilitate the search for a local optimum (Nash and Varadhan, 2011) in R (version 4.3.1) (R Core Team, 2023).

The guide curve method was used to generate SI functions that describe the average pattern of the complete series of H and DBH with age without differentiating between zones in the study area. Polymorphic curves were developed from this curve, and the H and DBH reached at 10 years of age were established as reference values for AG in WLRE (Cañadas, 1983; Shater et al., 2011).

The model fitting analysis for the CR-GADA (Equation 6) and CR-H (Equation 13) was based on R2 Adj calculation of the BIAS and the root mean square error (RMSE) of the models and their graphical comparison across age classes and the Akaike's Information Criterion (AIC) (Snipes and Taylor, 2014). Using the createFolds function in R (R Core Team, 2020, 2023), the models were evaluated through 10-fold cross-validation, where 90% of the dataset was used as the training set and the remaining 10% as the test set (Hastie et al., 2009). A likelihood ratio test (Cavanaugh and Neath, 2019) was performed in R, and the corresponding p-value was obtained (R Core Team, 2023) to determine whether the differences in AIC values between CR-GADA and CR-H were statistically significant.



2.2.2 Volume estimation for AG

A total of 160 dominant trees were randomly selected in each of the 195 research plots for AG volume modeling. The average DBH was 14.03 cm (range 5.00–30.23 cm), and the average H was 16.97 m (range 4.98–31.50 m) for the sampled (felled) trees. Diameter tapes were used to measure the diameter (di) over the bark at different heights: 0.30 m, 2.30 m, and thereafter every 2.00 m along the stem to the tip. The total volume (V, m3) was established by measuring the diameter at each end section (d1 and di+1) and the length of the sections (l) of the felled tree, using the following equation by Wehenkel et al. (2012):

V=l * π3 * [(di2)2+(didi+1)4+(di+12)2]      (14)

A total of eight volume models were tested to establish the best regression model for V in relation to DBH and H. The models are summarized in Table 2. The values of parameters a, b, c, and d were estimated using the generalized method of moments (GMM) in SAS/ETS®, which estimates exact parameters under heteroscedasticity conditions (SAS Institute Inc, 2008).

TABLE 2 Centrolobium ochroxylum tested volume models adjusted to the diameter at breast height (DBH, cm) and total tree height (H, m) in the western lowland region of Ecuador.


	Model reference or name
	Model
	Expression
	Equations





	Schumacher and Hall (1933)

	Schumacher-Hall (allometric)
	V = a * DBHb * Hc
	(18)

 
	Spurr (1952)
	Spurr
	V = a * DBH2 * H
	(19)

 
	Spurr (1952)
	Spurr potential
	V = a * (DBH * H)b
	(20)

 
	Spurr (1952)
	Spurr with the independent term
	V = a + b * DBH2 * H
	(21)

 
	Alt et al. (2022)
	Incomplete generalized combined Variable
	V = a+b * H+c * DBH2 * H
	(22)

 
	Avery and Burkhart (2015)
	Australian formula
	V = a+b * DBH2+c * H+d * DBH2 * H
	(23)

 
	Honer (1965)
	Honer
	V = DBH2/(a+b/H)
	(24)

 
	Newnham (1992)
	Newnham
	V = a+b * DBHc * Hd
	(25)





The accuracy of the volume model fits was estimated using root mean square error (RMSE), standard error (SE), and adjusted determination coefficient (R2Adj). The model that yielded the lowest AIC values was established as the most adequate for estimating the total volume of the AG (Snipes and Taylor, 2014).



2.2.3 Valuation of AG production

For the calculation of volume per hectare (Vha), a constant density of 200 trees per hectare (N) was assumed, unadjusted for mortality, to estimate a potential yield based on this standard density. The average volume per tree (Vi) was modeled as a function of age and SI. Vha was calculated as follows:

Vha=N * Vi      (15)

The mean annual increment (MAI) was calculated by dividing the total volume per hectare (Vha), estimated for the rotation age (t), by the rotation age. In other words, the MAI represents the average volume produced per hectare each year during the rotation period.

MAI=Vhat      (16)

The periodic annual increment (PAI) was calculated as the difference between the volume per hectare at the end and the beginning of a growing season (Vha2 - Vha1), divided by the length of the growing season (ti+1 - ti), as shown in Equation 17. Here, Vha1 and Vha2 represent the volume per hectare at times ti and ti+1, respectively.

PAI=Vha,2-Vha,1ti+1-ti      (17)

The AG BORA is defined as the age at which the PAI is equal to the MAI and at which the MAI reaches its maximum value.



2.2.4 AGH-DBH relationship for each site index

A total of 10 models, which have been tested under tropical dry forest conditions (Camargo García and Kleinn, 2010), were applied to describe the AG H-DBH relationship and determine the goodness of fit (RMSE, R2Adj, AIC) (Table 3), using average H-DBH values from the 415 research plots. To analyse how their relationship varies with site conditions, the trajectories of the GADA height and DBH models were log-transformed by SI.

TABLE 3 Models used to determinate the relationship of H with DBH for AG, the western lowland's region of Ecuador.


	Model reference or name
	Equations
	Eq.





	Linear
	H = a+b * DBH
	(26)

 
	Potential: Prodan et al. (1997)
	H = 1.3+a * DBHb
	(27)

 
	Bates and Watts (1980)
	H=1.3+(a * DBHb+DBH)
	(28)

 
	Broadbent and Poon (2015)
	H=a * DBHDBH+(b * DBH)+1
	(29)

 
	Gentile et al. (2023)
	H = 1.3+10a * DBHb
	(30)

 
	Buford (1986)
	H=1.3+(a * DBHDBH+1)+b * DBH
	(31)

 
	Larson (1986)
	H = 1.3+expa * DBHb
	(32)

 
	Prodan et al. (1997)
	H=1.3+a(1+b * exp-c * DBH)
	(33)

 
	Pearl and Reed (1920)
	H = 1.3+a * (1−exp(−b * DBH))c
	(34)









3 Results


3.1 AG site index

No statistically significant correlations were found between the parameters of the CR-GADA model fitted to the DBH-age relationship. The H-age showed moderate Spearman coefficients (rs between 0.343 and 0.629; p < 0.01), with a strong correlation between b2H and b3H.

Cross-validation shows that the parameters estimated from the H-age and DBH-age relationships were highly significant in both models evaluated (Table 4). The CR-GADA model demonstrated a higher predictive ability, with an R2Adj of 0.969 for the training set and 0.964 for the test set, indicating very good generalisability. In comparison, the CR-H model achieved an R2Adj of 0.887 for the training set and 0.878 for the test set, indicating an acceptable fit, albeit lower than that of the CR-GADA. These results support the higher reliability and generalisability of the CR-GADA model for representing H and DBH growth as a function of age in SPS.

TABLE 4 Statistical summary of H-age and DBH-age models of AG in the WLR, Ecuador, complete = without 10-fold cross-validation.


	Estimation
	Model
	RMSE
	RAjust2 
	AIC
	b1
	b2
	b3



	Height-age
	CR GADA CV
	1.49685
	0.96423
	30,471.49
	0.10759
	−18.08721
	69.95920


 
	
	CR-H CV
	2.98800
	0.87758
	42,027.14
	47.31380
	-
	-


 
	
	CR GADA (complete)
	1.49702
	0.96945
	30,471.49
	0.10758
	−18.08721
	69.95920


 
	
	CR-H CV (complete)
	2.98920
	0.87824
	42,027.14
	47.31225
	-
	-

 
	DBH-age
	CR GADA CV
	1.08290
	0.98273
	25,079.91
	0.095204
	−17.61956
	68.01157


 
	
	CR-H CV
	2.30537
	0.92193
	37,703.95
	45.42955
	-
	-


 
	
	CR GADA (complete)
	1.08430
	0.98285
	25,079.91
	0.09520
	−17.61956
	68.01157


 
	
	CR-H CV (complete)
	2.30800
	0.92234
	37,703.95
	45.42865
	-
	-





The CR-H model showed a recurring negative bias for trees between 0 and 10 years, both for H and DBH, while it showed a tendency to overestimate at tree ages from 10 to 24 years. Whereas the CR-GADA bias structure was distributed around the zero line (Figures 3A, B). The RMSE trajectory of the CR-GADA model for the H-age and DBH-age showed lower values by age class (Figures 3C, D). The AIC value of CR-GADA for H-age and DBH-age was significantly smaller than that of the CR-H method.


[image: Figure 3]
FIGURE 3
 Bias (A, B) and root mean square error (RMSE; C, D) by age class for H (A, C) and DBH (B, D) estimated with the CR-H and GADA formulation respectively for Centrolobium ochroxylum tree in the western lowland's region of Ecuador.


The H-age GADA model is comprised of Equations 35, 36:

H1=Ho * [1-exp-0.10759 * t11-exp-0.10759 * t0](-18.08721+69.95921X)      (35)

X=112{lnH0−41.28840        ∗ L0±[lnH0−41.28840 ∗ L0]2−243.67215 ∗ L0}L0=ln[1−exp−0.10759 ∗ t0],      (36)

where H1 = predicted height (m) at age t1 (years), H0, t0 = initial height and age.

Equations 37, 38 present the DBH-age GADA model:

DBH1=DBHo * [1-exp-0.09520 * t11-exp-0.09520 * t0](-17.61956+68.01157X)      (37)

   X=112{lnDBH0−42.26847         ∗ L0±[lnDBH0−42.26847 ∗ L0]2−239.80825 ∗ L0}          L0=ln[1−exp−0.09520 ∗ to]      (38)

where DBH1 = predicted diameter (cm) at age t1 (years), DBH0, and. t0 = initial diameter and age.

The similarity between the CR-GADA model parameters for H and DBH suggests that, under live-fence conditions, the maximum increase in height is reached slightly earlier than that of diameter for AG. Using the CR-GADA model, site index (SI) curves were generated for heights of 8.00, 11.00, 14.00, 17.00 and 20.00 m at the reference age of 10 years (Figure 4A), and DBH curves for values of 9.00, 12.00, 15.00, 18.00, and 21.00 cm (Figure 4B). The research plots were classified into five site quality zones (I–V) based on the SI range. This graphic enables verification that the fitted curves follow the trend of the data throughout the age range.


[image: Figure 4]
FIGURE 4
 Site index curves for Centrolobium ochroxylum trees in silvopastoral systems in the western lowland region of Ecuador (A: total height, B: diameter at breast height), determined using the CR-GADA model at a reference age of 10 years.




3.2 AG stem volume model

The fitting values for the volume estimation for AG are presented in Table 5 and are arranged in ascending order according to the AIC criterion. Thus, the best model was the Spurr function (Equation 19). The resulting model for the AG was as follows:

V=0.000045 * DBH2*H      (39)

The histogram of the residuals from the Spurr model (Equation 19) showed a distribution approximately centered on zero, with 58.5% of the residuals lying within ±0.05. The mean was−0.00053, very close to zero, and the skewness of 0.33 indicates acceptable symmetry (Figure 5). Although extreme values were observed, with 25.6% of residuals exceeding ±0.1, the maxima and minima remained within moderate ranges (0.289 to −0.319). The coefficient of variation was 147.7%. No marked heteroscedasticity patterns were evident, suggesting apparent homoscedasticity.

TABLE 5 Estimated parameters and fit statistics for eight volume models for AG tree in the western lowland region of Ecuador.


	Model
	RMSE
	R2 Adj
	Parameter
	Estimator
	SE
	AIC





	Spurr (Equation 19)
	0.187
	0.97
	a
	0.000045
	0.00001
	126.34

 
	Australian formula (Equation 23)
	0.051
	0.93
	a
	−0.17367
	0.02103
	168.92


 
	
	
	
	b
	−0.00068
	0.00005
	


 
	
	
	
	c
	0.02863
	0.00196
	


 
	
	
	
	d
	0.00004
	0.000001
	

 
	Spurr potential (Equation 20)
	0.342
	0.85
	a
	0.00007
	0.00002
	170.75


 
	
	
	
	b
	1.44231
	0.04669
	

 
	Incomplete generalized combined variable (Equation 22)
	0.094
	0.88
	a
	−0.30835
	0.02474
	170.84


 
	
	
	
	b
	0.03523
	0.00257
	


 
	
	
	
	c
	0.00001
	0.0000001
	

 
	Honer (Equation 24)
	0.413
	0.79
	a
	−343.79
	96.10
	172.91


 
	
	
	
	b
	29876.05
	2289.55
	

 
	Spurr with independent Term (Equation 21)
	0.186
	0.77
	a
	0.00795
	0.01245
	173.72


 
	
	
	
	b
	0.00004
	0.0000001
	

 
	Schumacher-Hall (allometric) (Equation 18)
	0.045
	0.94
	a
	0.000361
	0.00006
	359.48


 
	
	
	
	b
	−0.085180
	0.09391
	


 
	
	
	
	c
	2.48693
	0.08032
	

 
	Newnham (Equation 25)
	0.043
	0.48
	a
	−0.05803
	0.01448
	789.00


 
	
	
	
	b
	0.00107
	0.00031
	


 
	
	
	
	C
	−0.08713
	0.07183
	


 
	
	
	
	d
	2.17740
	0.09475
	




MSE, mean squared error; RAdj2, adjusted determination coefficient; SE, standard error; AIC, Akaike information criterion.




[image: Figure 5]
FIGURE 5
 Histogram of the residuals of the Spurr model fitted by GMM for the estimation of the AG volume in the western lowland region of Ecuador.




3.3 AG mean annual increment

The MAI varied over time across the different growth site conditions, obtained in relation to the total volume of trees in the study area (Figure 6), considering a density of 200 trees per hectare within the SPS and using the Spurr volume model (Equation 39). The distributions of MAI and PAI over time are shown in Figure 6. The maximum MAI was 14.8 m3 ha−1 year−1, reached at age 26 in the best sites (using a density of 200 trees ha−1; H-age Equation 35; DBH-age Equation 37; and Volume Equation 39), coinciding with the BORA for AG, and a yield of 386.3 m3 ha−1 was recorded. In the less favorable sites, the maximum MAI was 4.4 m3 ha−1 year−1 at 30 years, indicating a yield of 135.9 m3 ha−1. The BORA ranged from 30 years in the worst sites to 26 years in the best sites.


[image: Figure 6]
FIGURE 6
 Relationship between MAI (dashed line) and PAI curves (solid lines) For various SI classes of boundary planted AG tree in WLRE, Ecuador, determined using the CR-GADA model; the coincidence of these two parameters can be considered the optimum biological rotation with a density of 200 Centrolobium ochroxylum trees ha−1 in the western lowland's region of Ecuador.




3.4 AG H-DBH models

Although the linear model had the lowest AIC (170), best RMSE (1.84 m), and high adjusted R2 (0.98). In contrast, the model of Larson (1986) had the second lowest AIC (173), a comparable fit (RMSE = 1.84 m, R2Adj = 0.97), and also parameters significantly different from zero; these two models were therefore selected to describe the H-DBH relationship (Table 6).

TABLE 6 Goodness of fit statistics of models predicting diameter at breast height-top height relationship for AG trees in the western lowland's region of Ecuador.


	Model
	RMSE
	RAdj2 
	Parameter
	Estimator
	SE
	AIC



	Linear
	1.84
	0.98
	a
	−0.9339
	0.0956
	170.24


 
	
	
	
	b
	1.0104
	0.0048
	

 
	Richards (1959)
	1.84
	0.97
	a
	−3.2339
	0.0956
	172.92


 
	
	
	
	b
	1.0104
	0.0048
	

 
	Gentile et al. (2023)
	1.86
	0.97
	a
	−0.2838
	0.0116
	172.93


 
	
	
	
	b
	1.1773
	0.0084
	

 
	Prodan et al. (1997)
	1.86
	0.97
	a
	−0.6536
	0.0267
	172.94


 
	
	
	
	b
	1.1773
	0.0008
	

 
	Potential (Prodan et al. (1997)
	1.86
	0.97
	a
	0.5201
	0.0139
	172.95


 
	
	
	
	b
	1.1774
	0.0084
	

 
	Bates and Watts (1980)
	1.84
	0.97
	a
	21240.90
	503331.10
	174.92


 
	
	
	
	b
	−21243.10
	503331.10
	


 
	
	
	
	c
	0.0040
	0.00001
	

 
	Buford (1986)
	1.83
	0.97
	a
	81.1482
	8.5075
	174.93


 
	
	
	
	b
	0.0223
	0.0029
	


 
	
	
	
	c
	1.4786
	0.0465
	

 
	Larson (1986)
	3.83
	0.89
	a
	0.6020
	0.0029
	177.60


 
	
	
	
	b
	16.4677
	0.00001
	

 
	Broadbent and Poon (2015)
	1.84
	0.97
	a
	0.8894
	0.0077
	188.99


 
	
	
	
	b
	−1.0034
	0.00001
	




RMSE, root mean squared error; RAdj2, adjusted determination coefficient; SE, standard error; AIC, Akaike information criterion.



Logarithmic transformation of DBH and H yielded a slope of 1.01 for the linear model (log10) for all study plots. When this linear relationship was broken down by SI at the regional level, a slope of 1.11 was obtained for the most favorable growth conditions and a slope of 0.74 for the least favorable conditions (Figure 7).


[image: Figure 7]
FIGURE 7
 Centrolobium ochroxylum spatial variation of Log10 H and Log10 DBH allometry as a function of site index (SI), showing the linear equation for the western lowland region of Ecuador, DBH, diameter at breast height.





4 Discussion

In the present study, a mortality rate of 13% was recorded, which is considered low in the context of establishing SPS. Love et al. (2009) also reported a mortality rate of 13% and increased height growth in live fence systems with the legume Samanea saman (Jacq.) Merr., concluding that live fences provide a more favorable environment for the survival of various tree species (Lewis, 1980; Vandermeer, 1989; Duan et al., 2022; Calsavara, 2023). According to Brienen et al. (2020), this rate suggests that AG can be classified as a conservative species, characterized by increased longevity, low mortality, and moderate growth. Since the MAI and PAI models assume a constant density of 200 trees per hectare, the low mortality observed in the plots reduces the bias associated with this assumption in the projections.


4.1 AG growth and site index for height and diameter growth

As expected, the CR-GADA model had lower RMSE and AIC for both H and DBH growth compared to the CR-H model (Figure 3). This suggests that, in this study, the three growth model parameters were not sufficiently correlated, which limits the performance of CR-H. According to Protazio et al. (2022), the higher these correlations, the better the performance of the reduced model. As we did not account for errors due to temporal autocorrelation structures in this study, our models may contain underestimated standard errors and overly confident model selection criteria (Fleming et al., 2014).

According to CR-GADA, the best H growth (20 m) and DBH (21 cm) at age 10 years occurred in the Pichilingue site, which is characterized by a mean annual rainfall of 2,022 mm year−1 (Figure 2) with 6 months of water deficit and deep alluvial soils, silt loam texture, medium organic matter content, well-drained and rich natural soils (Cañadas-López et al., 2013). In intermediate site growth conditions for AG, H and DBH values of 14 and 15 cm, respectively, were recorded at age 10 years. The Yaguachi site is representative of these conditions (1,161 mm/year), exhibiting 8 months of water deficit. Under unsuitable AG site growth conditions, H and DBH values of 8 m and 9 cm, respectively, were registered at 10 years in the Chongón-Colonche site, with a mean annual precipitation of 410 mm year−1, exhibiting 11 months of water deficit (Figure 2). Maintaining the number of trees per hectare in the live fences of the studied SPS reveals that, under water stress, trees experience a reduction in growth despite their preferential access to light (Pretzsch et al., 2018). This pattern of height decline, related to water availability, suggests that height growth is especially affected on low-quality sites. These results are consistent with those of Pretzsch and Biber (2005), Carl et al. (2018), Cañadas-López et al. (2018), and Toraño Caicoya and Pretzsch (2021).

Similarly, if the number of AG trees per hectare is fixed in the live fences of the SPS studied (Figure 2), a decrease in DBH growth was also observed, reflecting site productivity (compare with Hatcher et al., 1993; Benjamin et al., 2000; Gea-Izquierdo et al., 2008; Cañadas-López et al., 2018). Thus, the relationship between DBH and age not only provides information on tree growth over time but can also reflect site conditions, including soil fertility and water availability (Gea-Izquierdo et al., 2008). This makes the use of DBH as an SI particularly valuable in the context of live fences, where these factors are crucial for the management and sustainable production of forest resources under tropical dry forests. Toraño Caicoya and Pretzsch (2021) warned that in water-restricted areas with low density, the maximum potential density may lead to an overestimation of the site index, which could give the impression that the site is more productive than it actually is. Thus, the establishment of trees in live fences (SPS) could be considered a more effective strategy to optimize tree growth related to water scarcity than planting in pure forests.

An equal DBH-age relationship has been presented in agroforestry and SPS by Gea-Izquierdo et al. (2008), Cañadas-López et al. (2018), and Cañadas-López et al. (2023a). However, a decrease in basal area with increasing annual precipitation and a longer dry season period has been reported by Ramírez and del Valle (2011), Pucha-Cofrep et al. (2015), and López et al. (2019). In an analysis of 60 tropical tree species involving the examination of tree rings, Brienen et al. (2016) concluded that the basal growth rate increases with the amount of precipitation. Mendivelso et al. (2014) found that in Bolivia, the growth of the genus Centrolobium is particularly sensitive to varying precipitation. On the other hand, Rodríguez et al. (2005) and Ramírez and del Valle (2011) reported a strong response in tree growth in relation to precipitation variation in dry sites in northern Colombia, Perú and southern Mexico, especially regarding the presence of the El Niño Southern Oscillation phenomenon. Temperature variations at the equator are characterized by lower inter-monthly variability. However, the climatic factors with the greatest influence on potential evapotranspiration are relative humidity and maximum temperature (Nouri et al., 2017).

The CR-GADA model parameters for H and DBH showed similarities in the growth behavior of AG in live fences. This synchrony in growth may be attributed to the live fence arrangement, which minimizes lateral competition, creates a more homogeneous environment, and favors a balanced development between height and diameter. Love et al. (2009) reported that live fences promoted higher seedling survival compared to open pastures, in addition to significantly higher height growth. According to Callaway (1995) and Love et al. (2009), plants in these environments may experience simultaneous facilitative and competitive interactions, which could also explain the observed coordinated development pattern. Comparing these results with those obtained by Cañadas-López et al. (2018) for teak in live fences on the lower coast of Ecuador, it is observed that, although there is generally synchronization, growth in DBH in teak persists longer than in height. This difference suggests that AG is a moderately growing species. The synchronization between the development of DBH and H occurs at earlier ages.



4.2 AG tree volume

According to the AIC criterion, the best model for describing AG tree volume was found to be proposed by Spurr (Equation 19), with consistent estimates of AG volume, as indicated by the lowest RMSE, AIC, and R2Adj values. Nascimento and Aragão (2021) found the Spurr model to be the most appropriate for describing tree volume in the Brazilian Caatinga. Similarly, Santos et al. (2019) also selected the Spurr equation for estimating the volume of the African mahogany stem due to its ability to accurately describe the volume of the stem. Moreira and Hidalgo (2018) employed the Schumacher-Hall (Equation 18), Spurr potential (Equation 20), and Spurr Intermediate Term (Equation 21) functions to describe the AG volume. They used R2Adj as a selection criterion, concluding that the Schumacher-Hall (Equation 18) function was the best.

Although Spurr's model is based on a simple logarithmic formulation with a single parameter, its GMM fit provided statistically adequate results. This approach has already been employed by Cañadas-López et al. (2018, 2019, 2023a,b) to model volume in various species within agro-silvopastoral systems due to its ability to handle heteroscedasticity in residuals. By not requiring assumptions of normality and homoscedasticity, the GMM allows for unbiased estimates and valid standard errors. This corrects for the heteroscedasticity observed in the initial ordinal least squares adjustment. Therefore, the GMM-fitted Spurr model is confirmed as a suitable tool to represent volume in the analyzed data (Wehenkel et al., 2012).



4.3 Production, yield, and BORA AG in WLRE

The results show that in the best sites, AG reached a maximum MAI of 14.8 m3 ha−1 year−1 at age 26 with a total production of 386.3 m3 ha−1. In less favorable sites, the minimum MAI was 4.4 m3 ha−1 year−1 at age 30, with a total production of 135.9 m3 ha−1 similar to live fences with teak (Tectona grandis L.), which achieved an MAI ranging from 3 m3 ha−1 year−1 at age 26 to 15 m3 ha−1 year−1 at age 15 (Cañadas-López et al., 2018). SPS, including eucalypts, are expected to reach a mean annual increment (MAI) of 29.6 m3 ha1 yr1 in 4 years in the state of Minas Gerais, with an average annual rainfall of 1,413 mm (Duan et al., 2022).

In SPS in WLRE, the BORA of AG ranged from 26 to 30 years. No information is available for specific comparisons. Growth and productivity levels of Indigenous tropical tree species in plantations are largely unknown (Piotto et al., 2003; Krainovic et al., 2023). Under natural forest conditions in Inpa, Bolivia, Centrolobium microchaete (Mart. ex Benth.) H.C. de Lima ex G.P. Lewis (1915) showed three growth phases: relatively slow growth at the juvenile stage, stabilization of annual increments at around 80 years, and a gradual decline from 140 years onwards, resulting in a BORA of 140 years (López and Villalba, 2011). However, tropical forest species in plantations can undergo significantly accelerated growth relative to their counterparts in natural forests if management methods that optimize growth conditions are used. As a result, cutting cycles can be drastically reduced, shortening the time required to reach commercial maturity (Cañadas, 1963, 1965, 1983; Lamprecht, 1989).

According to the CR-GADA models developed for SPS, AG would reach a DBH of 40 cm at 60 years on the best-quality sites. In contrast, in Bolivian natural forests, trees of this genus require between 115 and 140 years to reach this DBH (López and Villalba, 2011, 2020). The Ministry of Environment, Water and Ecological Transition of Ecuador (Ministerio del Ambiente, Agua y Transición Ecológica, 2015) established a Minimum Cutting Diameter (MCD) of 40 cm for AG, which could imply a risk of premature logging in natural forests as no appropriate silvicultural and ecological criteria have been determined to date. This practice can hinder natural regeneration processes and jeopardize the long-term conservation of the species. In this context, SPS represents a strategy to produce AG that meets the MCD without putting additional pressure on natural forests. However, given that AG growth depends on SI, climate variability and the expected increase in droughts in neotropical dry forests in the 21st century could negatively affect their growth production (López and Villalba, 2011) and negatively impact productivity and economic risk for the regional forestry sector. In this sense, in SPS, it is recommended to apply the BORA determined in this study to fix MCD in SPS, thus ensuring sustainable AG production and conservation of this endangered species. Under natural forest conditions, however, specific research is proposed for an appropriate AG MCD.

AG can be considered a medium-growing species with the potential to produce timber and other goods and services, including shade for livestock, fodder, erosion control, soil fertility improvement, and biodiversity conservation in SPS, provided it is established on sites with favorable environmental conditions for its development. This characteristic makes AG suitable for sites where teak or similar species struggle to thrive. However, planting native trees poses challenges due to the lack of technical information about their growth, production, and adaptation to low-quality soils (Nguyen et al., 2014; Tellez et al., 2020). As a result, forest land rehabilitation programmes often use exotic species in preference to native species (Wang et al., 2013; Chechina and Hamann, 2015; Papaioannou et al., 2016; Brus et al., 2019; Vítková et al., 2020). Globally, forest plantations with exotic species cover approximately 44% of a total of 58 million hectares (Food and Agriculture Organization, 2020), with native species predominating in North and Central America and exotic species predominating in South America (Food and Agriculture Organization, 2020). This pattern was reflected in Ecuador's Forestry Incentives Programme, where 71% of planted species were identified as exotic (Cañadas-López et al., 2016a, 2019).



4.4 H-DBH relationship

Ten models were evaluated to describe the relationship between H and DBH. Although the linear model yielded the best values of adjusted R2, RMSE, and AIC, it was not selected due to the lower flexibility. This model presented better adjustments for pure plantations, according to Nazari Sendi et al. (2023) and Tanovski et al. (2023). The alternative model was the one proposed by Larson (1986), which showed greater consistency in the fit. Larson (1986) has been used in different ecosystems in North America, showing good results (Larson et al., 2008). Applying the logarithm of H- DBH data from 415 SPS studied in seven provinces of WLRE yielded a slope of 1.01 (Table 6). When this relationship was disaggregated by SI in the WLRE, the AG slope varied from 1.11 for the most favorable growing conditions to an AG slope of 0.74 for the poorest conditions.

Unlike what Assmann (1970) described for pure plantations, where H and DBH growth are not synchronized, SPS with live fences exhibit synchronized H and DBH growth (see Cañadas-López et al., 2018, 2023b). Under conditions of water stress, the partitioning of tree growth within a forest stand tends to become more symmetric in terms of size (decreasing from 1.11 to 0.74). Trees are affected by water stress, which reduces their growth and causes them to lose some of their advantages in light capture (Pretzsch et al., 2018; Pretzsch, 2018). In this context, the H–DBH relationship could serve as an indicator of survival or growth strategies (Gao et al., 2023).

These data were consistent with those of previous studies, e.g., Feldpausch et al. (2011), Weiskittel et al. (2015), Cañadas-López et al. (2016b), and Wang et al. (2023). These regional studies found variations in the H-DBH relationship due to several factors, including geographical location, environmental conditions, and forest structure. SI classification thus emerges as a valuable tool for understanding this relationship. Height, being site-specific for a given reference diameter, can be considered an expression of the growing conditions at each site (Fehrmann and Kleinn, 2006).

These values differ from those observed for the Cupressaceae family, with a slope of 0.67 for the H-DBH relationship under forest conditions in the temperate zone (Niklas and Spatz, 2004). While Goodman et al. (2014) reported a slope of 0.44 for several South American tropical forests, Duncanson et al. (2015) reported values of 0.40 for hardwoods and 0.43 for mixed conifer/hardwood. Levine et al. (2021) found that the best-fitting allometric model suggests that the size relationship varied between different stands and shows species-specific variation patterns for each tree species within these stands. Based on the results obtained, exploring the possibility of adjusting tree spacing for the AG SPS is essential. In areas of high productivity, reducing the distance between trees can encourage balanced growth, while in less productive areas, increasing the distance between trees can help mitigate competition and promote more uniform growth.




5 Conclusion

Our findings provide unpublished and fundamental information that can be used to improve more effective and sustainable AG management and conservation. The growth gradient related to water availability suggests that row planting in SPS is the optimal way to exploit its growth potential (H and DBH) while minimizing competition for water resources. It also proposes to determine the carbon sequestration potential of AG in silvopastoral systems, as well as to evaluate the effect of different spacing between AG trees in live fences as a function of site index, with the aim of maximizing volume growth and site use efficiency.

Setting a single MCD value ignores the biological, growth, and production characteristics of any forest species. In this sense, the imposition of a 40 cm MCD for AG by the Ecuadorian Ministry of Environment, Water, and Ecological Transition, without specific data on the growth of threatened native tropical species, could be counterproductive. The data obtained on AG through BORA for different site qualities provide basic information that allows for a review, at least, of the AG MCD and contributes to ensuring both sustainable forest production and the conservation of this threatened native species.
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CR-HCV 2.98800 0.87758 42,027.14 47.31380 - &
CR GADA (complete) 1.49702 0.96945 30,471.49 0.10758 —18.08721 69.95920
CR-H CV (complete) 2.98920 0.87824 42,027.14 47.31225 = =

DBH-age CRGADA CV 1.08290 0.98273 25,079.91 0.095204 —17.61956 68.01157
CR-HCV 2.30537 0.92193 37,703.95 45.42955 = &
CR GADA (complete) 1.08430 0.98285 25,079.91 0.09520 —17.61956 68.01157
CR-H CV (complete) 2.30800 0.92234 37,703.95 45.42865 B =
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Model RMSE SE

Linear 1.84 a —0.9339 0.0956 170.24
b 1.0104 0.0048

Larson (1986) 1.84 0.97 a —3.2339 0.0956 172.92
b 1.0104 0.0048

Buford (1986) 1.86 0.97 a —0.2838 0.0116 172.93
b 1.1773 0.0084

Prodan etal. (1997) 1.86 0.97 a —0.6536 0.0267 172.94
b 1.1773 0.0008

Potential (Prodan etal., 1997) 1.86 0.97 a 0.5201 0.0139 172.95
b 1.1774 0.0084

Pearl and Reed (1920) 1.84 0.97 a 21240.90 503331.10 174.92
b —21243.10 503331.10
< 0.0040 0.00001

Richards (1959) 1.83 0.97 a 81.1482 8.5075 174.93
b 0.0223 0.0029
¢ 1.4786 0.0465

Wykoff (1982) 3.83 0.89 a 0.6020 0.0029 177.60
b 16.4677 0.00001

Bates and Watts (1980) 1.84 0.97 a 0.8894 0.0077 188.99
b —1.0034 0.00001

RMSE, root mean squared error; Ridi’ adjusted determination coefficient; SE, standard error; AIC, Akaike information criterion.
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reference or
name

Equations

Linear H=a+b+DBH (26)
Potential: Prodan H =13+ axDBH® @7)
etal. (1997)

Wykoff (1982) H=13+ (%0 28)
Bates and Watts H= W"g‘;ﬂ)“ 29
(1980)

Buford (1986) H =13+10"% DBH" (30)
Larson (1986) H=13+(%2) + b+ DBH [&3))
Prodan etal. (1997) H =13+ exp® x DBH® (32)
Pearl and Reed (1920) | H = 13+ grpsirrommy (33)
Richards (1959) H=13+ax (1-exple DBH))‘ (34)
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Model Expression Equations
reference
or hame
Schumacher Schumacher- V = ax DBH? % H (18)
and Hall Hall
(1933) (allometric)
Spurr (1952) Spurr V=axDBH?  H (19)
Spurr (1952) Spurr potential |V = ax (DBH % H)" (20)
Spurr (1952) Spurr with the V= (1)
independent a + b DBH? x H
term
Avery and Incomplete V=a+bxH+ (22)
Burkhart generalized ¢ DBH? % H
(2015) combined
Variable
Ruiz et al. Australian V =a+b%DBH* + (23)
(2007) formula cxH+d#DBH?  H
Honer (1965) Honer V = DBH?/(a+b/H) (24)
Newnham Newnham V= (25)
(1992) a+bxDBH x H!
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Sample trees selected for volume

Descriptive Tree characterization in SPS
statistics
Age DBH60 Hieo DBHjgo DBH H

(years) (cm) (m (1)} (cm) (m)
Mean 13.18 17.74 17.70 18.13 18.09 14.03 16.97
Maximum 30.00 35.09 3455 35.87 3558 3153 3023
Minimum 1 029 0.10 030 096 530 498
Standard 685 827 8.56 8.45 8.57 4.83 411
deviation
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Province Mean annual precipitation Mean annual Soil classification (USA Number of

(mm year—1) temperature (°C) soil taxonomy) sample plots
Esmeraldas (Muisne) 830 256 Entisols 4
Manabi 798 246 Inceptisols 228
Santa Elena 750 24.1 Molisols 152
Guayas 1,198 25.7 Vertisols 20
Los Rios 2,000 252 Inceptisols 5
El Oro 1,788 229 Inceptisols 4
Loja 1,453 150 Ultisols 2






OPS/images/cover.jpg
@ frontiers | Frontiers in Forests and Global Change

Growth and yield models for
Centrolobium ochroxylum Rose
ex Rudd in silvopastoral systems
of Ecuadorian western lowlands
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