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Abstract 
This study developed height-diameter (H-D) models that explicitly incorpo-
rate site quality for Pinus patula in Sao Hill Plantation, in Tanzania, using a 
large dataset of 42,030 sample trees measured across 976 compartments and 
21,355 plots. Site classes were assigned using dominant height-age curves 
from existing yield tables, resulting in four site-specific datasets used to fit 
nonlinear H-D equations. Models were estimated using the NLP Procedure in 
SAS, which calibrated both mean and variance structures to address hetero-
scedasticity. Model performance was evaluated using AIC, standard error, 
pseudo-R2, and mean prediction error (PE%). Results show that site-class-spe-
cific models consistently outperformed the general model, with higher R2 
(0.63 - 0.74), lower SE (2.76 - 4.21), and non-significant PE% values. Asymp-
totic H parameters increased progressively from site class IV to I, confirming 
strong site-level influence on H growth. Validation using independent data 
demonstrated lower bias for site-specific models across diameter classes and 
site classes, whereas the general model introduced substantial errors, particu-
larly in poorer sites. These findings highlight the limitations of a unified H-D 
model and demonstrate that integrating site quality significantly improves H 
estimations. The study provides site-class-specific H-D models for opera-
tional forest inventory, volume estimation, carbon accounting, and growth-
and-yield planning in major pine-growing areas in Tanzania, particularly the 
Southern Highlands. 
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1. Introduction 

Forest plantations in Tanzania serve as a pivotal component in fulfilling the na-
tion’s timber, poles, pulpwood, and other wood product requirements. Concur-
rently, these plantations contribute to rural livelihoods, industrial advancement, 
and climate change mitigation efforts. The establishment of plantations in Tanza-
nia commenced in the 1950s after some years of species and provenance trials, 
and their expansion has been substantial since then, encompassing an area of 
117,000 ha to date (URT, 2022). Plantations were primarily established to ease the 
growing pressure on natural forests, driven by increasing wood demand associ-
ated with population growth. The plantations are dominated by exotic species 
such as Pinus patula, P. caribaea, P. elliottii, Cupressus lusitanica, Tectona gran-
dis, and various Eucalyptus species. Among these, pines account for over 80% of 
the total planted area, particularly concentrated in the Southern and Northern 
Highlands, with Sao Hill Plantation being the most extensive plantation (about 
55,000 ha planted) in the southern highlands (Malimbwi et al., 2016; URT, 2022). 
Management of forest plantations, among other things, requires tools that can 
predict and estimate yield. Diameter at breast height (D), total tree height (H), 
and crown diameter are among the primary single-tree parameters needed to es-
timate forest productivity. 

Reliable assessments of forest productivity are essential for sustainable forest 
management, as they support decisions on annual allowable cuts, rotation peri-
ods, and tree species selection (Malimbwi et al., 2016; Splechtn, 2001). Accurate 
measurement of single-tree parameters H and D is especially important because 
these variables underpin estimates of tree volume and biomass. Typically, biomass 
and volume are derived indirectly using allometric equations that employ either 
D alone or a combination of D and H (Chave et al., 2005). When tree height shows 
little variation relative to diameter within a stand, equations based solely on D 
may provide sufficiently reliable volume and biomass estimates. Natural forests, 
such as Miombo Woodlands, lowland forests, mangroves, and bushland, tend to 
exhibit greater variation in H relative to D (e.g., Feldpausch et al., 2010; Mugasha 
et al., 2019). In monoculture plantations where trees are planted at the same time 
and with the same planting materials, H variations may be considered minimal 
within a compartment, assuming comparable growth conditions (Bassaco et al., 
2018). Nevertheless, this is not always the case, as microenvironmental factors 
may result in pronounced H variation at a given D (Guzmán-Santiago et al., 2021; 
Westfall et al., 2017). 

On the other hand, since H and D have a strong correlation, H can be esti-
mated from D by applying the H-D equations, since measuring H can be a time-
consuming and demanding process (Mehtätalo, 2005; Temesgen et al., 2007). The 
H-D allometry varies considerably among species, forest types, and sites (Gómez-
García et al., 2016; Huang et al., 1992). Consequently, the H-D equations are typi-
cally developed for vegetation types (Mugasha et al., 2019), groups of tree species 
with similar H-D allometry (e.g., Gering & May, 1995), or individual species. 
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However, as the level of specificity increases from vegetation or group of species 
level to species level, the accuracy of H estimates from the H-D equation tends 
to improve. 

Consequently, in mono-species plantations, establishing a single H-D equation 
for a given species is a common practice. However, it is essential to recognize that 
H-D allometry can vary significantly with site quality or indices (Maguzu et al., 
2024; Westfall et al., 2017). Site quality in this case will be denoted as the site index 
to refer to the measure of productivity expressed as the average H of dominant or 
co-dominant trees at a specified reference age (Vanclay, 1994). Studies indicate 
that trees in higher site indices tend to achieve greater H at a given D compared 
to those in poorer sites (low site indices) (Adeyemi, 2016; Skovsgaard & Vanclay, 
2013; Zeide & Vanderschaaf, 2002). This variation necessitates the need to develop 
site-specific H-D relationships, enhancing the accuracy of H predictions. For in-
stance, a study focused on Scots pine (Pinus sylvestris L.) in Bulgaria developed 
both generalised deterministic and site-specific models to capture the H-D rela-
tionship better, accounting for site-specific quality conditions (Stankova & Dié-
guez-Aranda, 2013). Upon obtaining a more accurate estimation of the H, the de-
pendent variables, including volume and biomass, will also be estimated with ad-
equate accuracy and precision. 

In Tanzania, H-D relationship equations that explicitly incorporate site indices 
have not yet been developed. The few equations that have been considered site in-
dices were primarily designed to determine site quality and to estimate the H of 
dominant trees, particularly in Pines (Malimbwi, 2016a) and T. grandis (Malimbwi, 
2016b) plantations. While these models provide useful insights into site produc-
tivity, they are limited in application since they focus on dominant trees and are 
therefore likely to overestimate the H of non-dominant or suppressed trees. More-
over, although separate H-D equations exist for natural forests and plantation sys-
tems, they have not integrated site quality into their structure (Mugasha et al., 
2019). This omission limits current models’ ability to account for site variability, 
a critical factor influencing tree growth and stand dynamics. 

Furthermore, forest management interventions, including silvicultural prac-
tices, are typically applied uniformly within a designated management unit, here-
after referred to as a compartment. A compartment constitutes the smallest clearly 
delineated and relatively homogeneous area within a plantation, established for 
systematic planning, silvicultural management, and operational record-keeping 
(Bettinger & Johnson, 2003; Koivuniemi & Korhonen, 2006). Upon reaching ro-
tation age, compartments can be subdivided into harvesting coupes, enabling 
multiple customers to be allocated specific coupes for harvesting within the same 
compartment. Estimates of the yield are estimated by using the volume equations 
developed for P. patula that utilise both D and H (Malimbwi et al., 2016). A similar 
volume equation is applied across the harvesting coupes and compartments. How-
ever, local variations in H-D allometry across coupes and compartments may re-
sult in either overestimation or underestimation of volume, potentially leading to 
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inequities whereby some customers or forest managers are disadvantaged while 
others gain undue advantage. This justifies the agency of having the local H-D that 
integrates the site quality to mitigate this challenge. 

Against this background, the present study aims to develop H-D equations that 
explicitly incorporate site indices for P. patula at Sao Hill Plantation in Tanzania, 
with the goal of enhancing growth prediction, biomass estimation, and evidence-
based plantation management. 

2. Materials and Methods 
2.1. Site Description 

This study was carried out at Sao Hill Forest Plantation, a state-owned and managed 
by the Tanzania Forest Services Agency (TFS). The Sao Hill is the largest forest plan-
tation with an area of 135,903 ha. However, the planted area is 55,000 ha, of which 
the P. patula occupies about 90% of the planted area. The plantation is located in 
Iringa region, Southern highland between latitudes 8˚18'S and 8˚33'S and longitudes 
35˚6'E to 35˚20'E, at elevations ranging from 1,200 to 2,200 m above sea level (Fig-
ure 1). The plantation experiences mean annual temperatures between 6˚C and 
26˚C and annual rainfall ranging from 750 mm to 1,050 mm. Within the plantation, 
there are patches or a mosaic of lowland forests, particularly on the valley bottoms 
and adjacent to streams or rivers. Grasslands with scattered trees dominate other 
adjacent areas of the forest plantation. 

 

 
Figure 1. Map showing the location of the Sao Hill Plantation. 

2.2. Study Design 

This study utilised data that were collected during the forest inventory for the 
purpose of developing a forest management plan. A systematic sampling design 
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was applied in each compartment. A compartment is a forest plantation manage-
ment unit consisting of a single species of trees of the same age. All management 
practices are conducted simultaneously within a compartment (Bettinger & John-
son, 2003; Koivuniemi & Korhonen, 2006). The sampling intensity was based on 
age. In compartments with ages from 5 to 12 years, a sampling intensity of 2% was 
applied, while in compartments with ages above 12 years, a sampling intensity of 
5% was applied. The systematic grid with dimensions of 150 m by 100 m and 100 
m by 60 m for compartments aged 5 to 12 and above 12, respectively, was applied. 
The plot’s shape was circular with a radius of 9.8 m. In total, 976 compartments 
planted with Pines were assessed, comprising 21355 plots. 

2.3. Data Collection 

Inside the plot, plot information such as coordinates, slope, management history 
(e.g., pruning and thinning), age, and species planted was collected. All the trees 
within the plot were measured for diameter at breast height (D). In addition, five 
sample trees were measured for height (H). Of these, three trees with the largest 
girth were selected to represent the dominant height (HD). Three sample trees 
were selected in proportion to the plot size of 0.03 ha, based on the standard prac-
tice of sampling 100 trees per hectare to represent the HD (Vanclay, 2009). The 
remaining two trees were chosen to represent the smallest and medium-sized in-
dividuals within the stand. Trees with broken tops or deformed trunks were not 
included in the sample trees selected for H measurement. 

2.4. Data Preparation 

Data preparation commenced by determining the site class using the information 
of age and the mean height of the selected tallest trees at the plot level. To identify 
the site class of each plot within the compartment, the age and mean Dominant 
Height (HD) information were matched with the site class curves (Equation (1)) 
available in the developed yield table for Sao Hill Plantation developed by Malimbwi 
et al. (2016). The yield table presents four site classes, characterized by reference 
heights (RH) of 12, 17, 22, and 27. The plot was assigned to the site class where 
the absolute difference between the measured mean HD and the predicted HD by 
Equation (1) is minimum. 

( )( )1.571869
1.564354 1 exp 0.092288HD RH A= ∗ ∗ − − ∗           (1) 

where the RH is the reference tree height, and A is age. 
Once the site class of each plot was allocated, at least one tree and up to three trees 

were measured for H, depending on the number of trees at the plot level that were 
picked for H-D development. This included one sample tree randomly chosen from 
the three largest trees, and two sample trees that did not participate in determining 
the site class, i.e., medium, and the smallest. Table 1 presents the descriptive statis-
tics summary of sample trees for H-D development for each site class. The scatter 
plot of the D versus H of each sited class is presented in Figure 2. 
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Table 1. Descriptive summary statistics of modelling data. 

Site Class 
Sample 
Trees 

Total Tree Height (m) Diameter (cm) Age (years) Dominant Height (m) 

Min Max Mean Min Max Mean Min Max Min Max Mean 

1 6239 5.18 43.89 19.79 5.7 71.0 24.10 6 34 10.02 41.15 20.38 

2 22,523 5.18 44.81 20.46 5.1 85.1 26.51 6 34 8.02 35.67 20.87 

3 11,522 3.05 37.19 17.65 5.3 74.0 25.49 6 34 5.95 28.45 17.80 

4 1746 3.05 24.38 11.58 5.1 72.6 19.46 6 34 3.35 21.14 11.62 

 

 
Figure 2. Scatter plot of total tree height versus diameter for each site class. 

2.5. Fitting the Height-Diameter Models 

Traditionally, a single general model is fitted for all trees, irrespective of their site 
quality classes. To evaluate the efficacy of site class models, both site class-specific 
models and the general model (which integrates all datasets) were fitted to assess 
the effectiveness of each approach on independent data. 

The first step before fitting the H-D models was to select the appropriate H-D 
equation forms that fit the H-D relationship. Several models describing H-D rela-
tionships have been reported (Feldpausch et al., 2010; Mugasha et al., 2019; West-
fall et al., 2017). In this study, two widely recognized H-D model forms (Equations 
(2) and (3)) known for their good fit to forest plantation trees were selected (Rich-
ards, 1959; Weibull, 1951). In addition, these modes were selected due to their 
flexibility and their compliance in presenting the biological trajectory of the tree 
H sigmoid growth, i.e., fast H growth at the beginning and eventually reaching an 
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asymptote at maturing. In this case, parameter 0β  controls the asymptotic H 
that the model approaches as D becomes very large; 1β controls how fast the 
height approaches the asymptote; shapes the curvature of the H-D relationship by 
modifying how D influences the growth rate (Saunders & Wagner, 2008; Tanovski 
et al., 2023). 

( )( )2
0 11.3 * 1 exp *H Dββ β= + − −                    (2) 

( ) 2
0 11.3 *(1 exp * )H D ββ β= + − −                    (3) 

where sβ ′  are the model parameters to be estimated. 
Given the large number of observations available per site class, the dataset for 

each site class was randomly divided into training (80%) and validation (20%) 
subsets. Random allocation was applied to ensure an unbiased and representative 
sample of the full diameter range within each site class, thereby avoiding system-
atic bias in model calibration and evaluation. 

Nonlinear Programming (NLP) procedure in SAS (SAS, 2008) was employed 
to estimate the model parameters ( 0β , 1β , and 2β ). This procedure generates 
the least squares estimates of the parameters of a nonlinear model through an it-
erative process. Notably, the procedure simultaneously fits both model and vari-
ance parameters ( 1

0Variance aa D= ; 2
0 1 ;aa a D etc+ , where “a’s” are the variance 

equation parameters). The variance equation takes care of heteroscedasticity, i.e., 
an increase in H variations with the increase of D (Figure 2). In addition, the NLP 
procedure was employed due to its flexibility in modelling the variance equation 
with varying numbers of parameters and forms, which offer multiple options for 
determining the optimal model fit. This is in contrast to the varPower function 
implemented in the nlme package of R, which is limited to the variance model 
form of 1

0
aa D  (R Core Team, 2025). 

2.6. Assessment of Height-Diameter Model’s Performance 

The best models were selected based on the model performance criteria, i.e., Akaike 
Information Criteria (AIC) and the Mean Prediction Error percentage (PE%) (Equa-
tions (4) and (5)). A paired test was implemented between the observed and pre-
dicted values of H to test the significance of PE%. Other models’ performance crite-
ria, such as Standard Error (SE) and pseudo coefficient of determination (R2), were 
also reported (Equations (6) and (7)). 

 2 2AIC k= −                             (4) 

1

    100%
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i i

i i

H H
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 −
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where AIC is Akaike Information Criteria, k is the number of model parameters, 
  is the value of the log-likelihood, PE% is the mean prediction error percentage, 

 iH  is the observed value of total tree height for observation i, ˆ
iH is the predicted 

value of total tree height for observation i, R2 is the coefficient of determination, 
and SE is the model standard error.  

2.7. Validation of Selected Height-Diameter Models 

The selected models were validated using independent data, which comprised 20% 
of the total observations. This was done by computing the PE% using Equation (5). 
Both general and site class-specific models were validated. For each of the selected 
H-D models, the PE% was computed for each site class, the entire dataset, compart-
ment, and plot level, and for diameter classes within each site class. Additionally, 
visual assessments were performed to identify any potential estimation bias. 

3. Results 
3.1. Model Performance and Selection 

The performance criteria for the fitted H-D models are summarized in Table 2. 
All model coefficients were found to be significantly different from zero (p < 0.05). 
Overall, the two model forms demonstrated consistently good performance across 
all site classes as well as in the general (combined data) model. The SEs of the 
estimates were relatively small for site-class-specific models compared to the gen-
eral model, with SE values ranging from 2.76 to 4.21. Similarly, the R2 varied be-
tween 0.63 and 0.74, with site-specific models generally showing higher explana-
tory power than the general model. The PE% for all models was not significantly 
different from zero, ranging from −6.35% to 4.47%. Based on AIC, models 2, 3, 3, 
and 2 were identified as the best-fitting models for site classes I, II, III, and IV, 
respectively, while model 2 was selected for the combined dataset (Table 3). 

 
Table 2. Performance of the fitted height-diameter models. 

Type Equation# 
Model Performance 

SE R2 PE% AIC 

Site Class I 
2 4.17 0.68 −5.39 37,800.8 

3 4.21 0.68 −5.41 37,800.9 

Site Class II 
2 3.92 0.67 −4.47 130,068.7 

3 3.90 0.67 −4.45 130,067.6 

Site Class III 
2 3.54 0.71 −5.15 64,312.2 

3 3.52 0.71 −5.06 64,307.2 

Site Class IV 
2 2.76 0.74 −6.34 8834.1 

3 2.75 0.74 −6.35 8837.0 

General Equation 
2 4.18 0.63 −5.65 248,524.0 

3 4.18 0.63 −5.61 248,527.9 
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The selected H-D models are presented in Table 3. The asymptote (Hmax), 
representing the maximum attainable tree height with indefinitely increasing D 
(Bi et al., 2012; Thomas, 1996), varied among models. As anticipated, Hmax in-
creased with higher site quality, i.e., from IV to I (Figure 3). The estimated Hmax 
values for site classes I, II, III, IV, and the general model (all data combined) were 
66, 32, 24, 18, and 29 m, respectively. The magnitude of overestimation and un-
derestimation was more evident for the larger trees. The residuals plot (Figure 4) 
did not show any adverse patterns across site classes and for the combined dataset 
for all selected models. 

 
Table 3. Selected height-diameter models. 

Type Model Expression 

Site Class I ( )( )1.29711.3 66.6586* 1 0.0130*H exp D= + − −  

Site Class II ( )( )1.2879
1.3 32.3224* 1 0.0445*H exp D= + − −  

Site Class III ( )( )1.7707
1.3 24.6073* 1 0.0691*H exp D= + − −  

Site Class IV ( )( )1.39991.3 18.7401* 1 0.01414*H exp D= + − −  

General Equation ( )( )1.29721.3 29.1327 * 1 0.0157 *H exp D= + − −  

 

 
Figure 3. Scatter plots along with the selected model curves for site quality and general 
models. 
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Figure 4. The residual versus predicted values. 

3.2. Validation of the Selected Height-Diameter Models 

The validation results are presented in Table 4. Lower PE% values were observed 
when the site class-specific values were tested against their corresponding site 
class data, and the general H-D model when tested on all data combined. When 
the general H-D model was tested for each site class, the results show that the 
model performs better for classes I and II and poorly for classes III and IV. 

 
Table 4. Validation results of selected height-diameter models. 

Site Classes Diameter Classes (cm) 
Mean Prediction Error (%) 

Site Class Models General Model 

I 0 - 20 −4.33 −0.45 

I 20.1 - 40 −6.07 −0.27 

I >40 −0.37 17.69s 
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Continued 

 Class I −5.11 0.59 

II 0 - 20 −9.59 −3.16 

II 20.1 - 40 −2.82 0.34 

II >40 −1.55 1.75 

 Class II −4.22 −0.31 

III 0 - 20 −10.28s −16.39s 

III 20.1 - 40 −2.93 −11.18s 

III >40 −2.05 −15.85s 

 Class III −4.95 −13.1s 

IV 0 - 20 −5.43 −38.75s 

IV 20.1 - 40 −2.54 −39.23s 

IV >40 3.47 −36.50s 

 Class IV −4.07 −38.9s 

Note: sSignificantly different from zero. 

4. Discussion 

The H-D relationship equations presented in this study for predicting tree H 
across different site qualities for pines were derived from an extensive dataset col-
lected from Sao Hill, the largest pine plantation in Tanzania. Data were obtained 
from all pine compartments, ensuring comprehensive coverage of the full spec-
trum of H-D allometric variation, particularly that related to differences in site 
productivity. In total, the dataset included 976 compartments, 21355 sample plots, 
and 42,030 individual tree observations, representing a substantially larger sample 
size compared to previously developed H-D models in Tanzania. Earlier studies 
in the country were generally based on far fewer data points, with sample sizes 
ranging from 141 to 720 observations in Tanzania (Malimbwi et al., 2016; Mugasha 
et al., 2019), limiting their ability to capture the full range of structural variability 
typically found in large-scale plantations. In addition, the present dataset spans a 
broad distribution of tree sizes, with diameter ranges of 5.7 - 71, 5.1 - 85, 5.3 - 74, 
and 5.1 - 72.6 cm for site classes I, II, III, and IV, respectively. Including such 
large-diameter trees is particularly important, as they frequently contribute dis-
proportionately to variation in H-D allometry and exert a strong influence on 
model behaviour and predictive performance (Chave et al., 2014). By capturing 
this wide structural and site-quality variation, the present study provides a more 
robust and representative foundation for developing reliable H-D models for pine 
plantations in Tanzania. 

The analysis revealed that no single model form provided the best fit across all 
site classes or for the combined dataset, underscoring the importance of evaluat-
ing multiple candidate models to identify the one that most accurately represents 
the underlying data structure. Notably, the explanatory power of the models im-
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proved consistently when moving from the general H-D model to the site-class–
specific models, as evidenced by higher R2 values across the stratified formula-
tions. This enhancement in model performance was accompanied by a marked 
reduction in SE, indicating superior predictive precision and reduced residual var-
iability when models were tailored to individual site classes. The R2 values ob-
tained in this study are comparable to those reported in earlier research; for ex-
ample, Zhang et al. (2021) reported an improved model performance, with R2 val-
ues ranging from 0.51 to 0.71, when incorporating site index as a random effect 
in H-D modelling. Such consistent findings across studies inform that explicitly 
integrating site quality into model development substantially enhances the overall 
fit and predictive capacity of H-D models, particularly in forest environments 
characterised by substantial heterogeneity in site productivity. 

As expected, the asymptotic H parameter of the fitted H-D models showed clear 
and consistent variation across the different site classes, with the asymptote in-
creasing progressively from lower to higher site indices (Figure 3). This trend re-
flects the fundamental influence of site productivity on height growth, as trees in 
more favourable environments typically attain greater maximum heights for a 
given diameter. Moreover, the general H-D model curve was positioned between 
the curves for site classes I and II and those for classes III and IV, indicating that 
it does not accurately capture the full range of variation associated with site qual-
ity. Specifically, this intermediate placement demonstrates that the general model 
tends to overestimate tree height in poorer site classes (III and IV), where growth 
potential is limited, while simultaneously underestimating height in more pro-
ductive site classes (I and II), where trees grow taller for the same stem diameter. 
These systematic deviations underscore the strong effect of site class on the devel-
opment of height for trees with comparable diameters and highlight the limita-
tions of a unified model in representing heterogeneous forest conditions. Such 
patterns are consistent with findings reported in earlier studies, which emphasise 
that site quality exerts a significant and measurable influence on H-D relation-
ships and that stratified or site-informed models provide improved accuracy over 
generalised models (Guzmán-Santiago et al., 2021; Westfall et al., 2017). 

The validation results clearly indicate that the site-class-specific models con-
sistently produced lower PE% values than the general H-D model when each was 
evaluated using independent data, demonstrating superior predictive accuracy 
under conditions that match their respective site classes. This outcome under-
scores the critical importance of incorporating site quality into H-D modelling, as 
tree H growth, crown development, and stem form are strongly influenced by un-
derlying variations in site productivity, soil fertility, moisture availability, and 
overall stand structure. These ecological and structural differences lead to distinct 
H-D allometric patterns across site classes, making it unlikely that a single unified 
model can adequately represent the full spectrum of tree growth conditions. Sim-
ilar patterns have been reported in the literature, where researchers have high-
lighted the value of including site-quality surrogates, such as site index, H-D, or 
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productivity classes, in H-D equations to enhance the reduction in systematic pre-
diction bias. For example, Krisnawati et al. (2010), Sharma et al. (2019), and Uzoh 
(2017) reported that integrating site quality measures significantly improved the 
performance of H-D models by better capturing differences in potential H growth 
among trees of similar D but growing under contrasting site conditions. 

On the other hand, when the general H-D model was validated across individ-
ual site classes, it performed satisfactorily for high-quality sites (Classes I and II) 
but exhibited large and statistically significant errors for Classes III and IV. These 
findings are consistent with earlier research suggesting that general or pooled 
models often lean toward the characteristics of dominant or highly productive 
sites, resulting in biased estimates for lower-quality stands (e.g., Splechtn, 2001). 
For example, Duan et al. (2018) reported that excluding site-level heterogeneity 
in H-D modelling forces pooled parameters to reflect the average or dominant site 
conditions, misrepresenting low-productivity sites. 

The site-class-specific H-D models developed in this study provide a practical 
tool for improving H prediction and subsequent estimation of other important P. 
patula stand parameters such as volume, biomass, and carbon stocks in the South-
ern Highlands of Tanzania. Given the demonstrated variability in H-D allometry 
across different site qualities at Sao Hill, the use of a single general model is likely 
to produce systematic biases overestimating H in low-productivity sites and un-
derestimating it in high-productivity ones. This implies that the use of a site qual-
ity-specific H-D model is highly recommended. However, to ensure accurate ap-
plication, each plot or compartment must first be assigned to its appropriate site 
class using the DH curves from the Sao Hill pine yield tables (Malimbwi et al., 
2016). By matching stand age and DH with the yield table reference curves, man-
agers can reliably identify the correct site class and apply the corresponding H-D 
model. This process ensures that H predictions reflect the true site-specific growth 
potential, thereby improving precision in forest inventories and strengthening de-
cisions related to harvesting, stand valuation, and carbon reporting. 

Beyond improving accuracy in routine H estimation, the site-quality-specific 
H-D models also enhance the reliability of operational and strategic forest man-
agement planning. Volume and biomass equations used in Tanzanian plantations 
typically incorporate both D and H, meaning that improved H prediction directly 
reduces errors in yield estimation at compartment and coupe levels. This is par-
ticularly important at Sao Hill Plantation, where multiple harvesting coupes may 
exist within a single compartment that are often sold to different buyers. Further-
more, integrating site-specific H-D relationships into growth and yield simula-
tions will support more realistic forecasting of stand development, enabling man-
agers to tailor silvicultural prescriptions, such as thinning regimes, rotation 
lengths, and harvesting schedules, to the productivity conditions of each site class. 
Consequently, the adoption of these site-specific H-D models represents a signif-
icant advancement toward more precise, site-responsive plantation management 
in Tanzania’s major pine-growing region. 
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5. Conclusion 

This study developed site-class-specific H-D models for P. patula at Sao Hill Plan-
tation using a large and representative dataset. The results clearly show that H-D 
allometry varies substantially with site quality, with higher site classes exhibiting 
greater asymptotic H. This confirms that site productivity strongly influences H 
growth for a given D. Across all performance metrics, site-class-specific models 
provided more accurate and precise H predictions than the general model. They 
recorded lower SE, higher R2, and reduced prediction bias during validation. In 
contrast, the general model produced significant errors in lower and higher site 
classes, leading to overestimation of H in poor sites and underestimation in pro-
ductive ones. These systematic biases highlight the limitations of applying a single 
H-D model across heterogeneous plantation conditions. This study offers practi-
cal H-D models that can be directly applied after assigning each stand to its correct 
site class using the existing Sao Hill dominant H curves. Using these site-specific 
models will improve the accuracy of H, volume, and biomass estimation, enhance 
forest inventory reliability, and support better-informed decisions for harvesting, 
valuation, and growth and yield planning. 
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