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Abstract. In Pakistan the lack of development for local allometric equations has led to the use of simple 

generic volume equations which may generate errors in forest carbon estimates. This research was designed to 

quantify tree carbon stock and check the robustness of the existing models against local allometric models.The 

study was conducted in Hayat-ul-Mir subtropical scrub forest in Pakistan comprising of a bi-climax community 

of Acacia modesta Linn. and Olea ferruginea Royle.Tree measurements were taken in 47 plots of 0.04 ha and 

biomass carbon estimates were made using local allometric, existing generic pantropical model and i-Tree Eco 

tool.No significant difference in biomass carbon (ton/ha) was found between local (8.53) and pantropical 

models (8.68) for A. modesta and between the three models for O. ferruginea (10.92, 11.91 and 11.87 for local 

allometric, pantropical model and i-Tree Eco, respectively). All models fitted data well (p< 0.001), whereas the 

pantropical model incorporating three biophysical variables better predicted biomass and was found more 

robust for both species based on AIC, BIC, RMSE and R2 adj. values. In the absence of local models, the 

pantropical model can provide better biomass estimates for deciduous and evergreen subtropical species to 

report carbon stock. 
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Introduction 

Biomass carbon stock assessment is highly sensitive to the choice of adopted method 

due to differences in the biophysical factors incorporated into the model (van Breugel et al., 

2011). Forest biomass carbon is partitioned mainly into aboveground (including stem, 

branches, and leaves) and belowground parts (including both fine and coarseroots) 

accounting for approximately 50% of the total biomass of the tree (Basuki et al., 2009; 

Yuen et al., 2016). For biomass estimation, various techniques are common ranging from 

site specific or locally developed to generic allometric/regression models and remote 

sensing techniques (Basuki et al., 2009; van Breugel et al., 2011). The most accurate and 

direct method of biomass quantification employs the use of destructive or semidestructive 

sampling in which fresh and oven dry weight of all components or parts of a tree is 

analytically determined by harvesting subsample of plants from sample plots. The results 

obtained give a precise estimate of the biomass carbon in a small sample area, and this 

technique is being used to develop site or species specific (local) regression models for the 

landscape based biomass estimations (Basuki et al., 2009; Yuen et al., 2016). The 

destructive harvest is often limited due to variable topography, environmental and financial 

constraints (Goussanou et al., 2016; Djomo and Chimi, 2017). To overcome this limitation 

researchers have devised non-destructive volume and allometric equations to estimate 

individual tree biomass, for which biomass carbon as a fraction is calculated (Philip, 1994; 

Yuen et al., 2016; Stas et al., 2017). 
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Allometry finds a mathematical explanation of how structural variables are related to 

biomass. This mathematical explanation or model is obtained by regressing total individual 

biomass of tree or its components against biophysical variables i.e. diameter at breast height 

(DBH), tree height and wood density (Chave et al., 2014; Yuen et al., 2016). Although 

generic allometric equations are considered applicable to wide range of species in diverse 

landscapes, but between the regions trees present different allometric relationships for 

biophysical variables depending on the environmental conditions such as climate and soil 

type. This requires the generic allometric models to be calibrated with local (site or species 

specific) allometries which gives a more precise estimate of tree carbon stock (Vieilledent 

et al., 2012). By this pre-calibration, the utility of generic models to wide range of 

environmental conditions and species increases when local biomass models are not 

available. Vieilledent et al. (2012) after a destructive sampling of 481 trees in Madagascar, 

developed local allometric equations and compared them with generic pantropical relations 

developed by Brown (1997) and Chave et al. (2005). The comparison showed that in the 

absence of local equations, the generic model proposed by Chave et al. (2005) based on 

height (Ht), DBH and wood density (WD) of tree species produced more accurate biomass 

estimates than other generic models considering only DBH or combination of DBH and 

WD. 

The accuracy of the forest carbon estimates thus lies in the robustness of the allometric 

model adopted and also depends on the relationship between biophysical variables 

incorporated as predictors in the model (Gulzar et al., 2014). For instance, tree volume 

equations developed by foresters may relyon a geometric relationship of Ht, DBH and tree 

form factor and applies biomass expansion factoror species specific WD to estimate tree 

biomass (Philip, 1994; Nizami, 2012). While the generic or pantropical models are 

developed considering the climate of the region along with biophysical factors and also 

apply regression coefficients in determining tree biomass (Chave et al., 2014). Biomass 

estimations made through any of these methods can later be extrapolated to the whole forest 

or landscape scale level (Nizami, 2014). 

A number of tools have also been developed to estimate tree biomass and carbon storage 

in urban and natural forest such as Carbon OnLine Estimator (COLE), U.S. Forest Carbon 

Calculation Tool (CCT), Center for Urban Forestry Research (CUFR) Tree Carbon 

Calculator (CTCC) and i-Treetools (Aguaron and McPherson, 2012; Nowak et al., 2013; 

Russo et al., 2014). i-Tree Eco, developed by the USDA Forest Service and Cooperators, is 

derived from the UFORE (Urban FORest Effects) and has widely been used to estimate the 

magnitude and monetary value of many of the ecosystem services provided by urban 

forests, including carbon storage and sequestration using the plot based or complete 

inventory data of forest. The use of meteorological data by i-Tree Eco as a baseline gives a 

better estimate of ecosystem services (Nowak et al., 2008). i-Tree Eco computes dry weight 

biomass, carbon storage and sequestration by applying species/genus/family specific 

allometric equations or average of hardwood/conifer equations using either DBH, a 

combination of DBH and Ht or Ht of the tree and crown characteristics (Nowak et al., 

2013). 

In order to implement REDD+ targets (Reducing Emissions from Deforestation and 

Forest Degradation) to reduce global greehouse gas emissions (Terakunpisut et al., 2007), it 

is mandatory for Pakistan to report its forest carbon stock and GHG emissions from other 

sectors in accordance with UNFCCC protocols. For this purpose, only a few allometric 

models have been developed in Pakistan for the estimation of biomass of individual tree 

components (stem, branches, twigs, leaves and root) or stem volume estimation (Nizami, 
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2014; Shaheen et al., 2016). Whereas, most of the studies have reported biomass estimates 

using volume relationships (Nizami et al., 2009; Nizami, 2012; Ahmad et al., 2014; 

Shaheen et al., 2016) which are now less recommended due to its limitations of 

incorporating fixed tree form factor and limited utility for closed canopy forests (Chave et 

al., 2005). No literature was found to the best of our knowledge using i-Tree Eco tool or on 

validation of generic allometric models to estimate tree carbon stock in Pakistan. 

This study was conducted on the Hayat-ul-Mir (HM) Scrub forest, Soan Valley Pakistan 

to estimate tree biomass carbon stock. The forest is documented in detail by Parker (1915) 

and Champion et al. (1965) as cited by Khan et al. (2013). The vegetation type of scrub 

forest comprises of dry subtropical broad leaved deciduous and evergreen species covering 

a totalarea of 1.3 million hectares. The forest extends in the foothills and lowerslope of 

Himalayas, in the salt range, Kala-Chitta, and Sulaiman range. At suitable elevations, the 

forest is also seen throughout the country merging upward with sub-tropical pine and 

temperate forest and downward with tropical thorn forest. The dominant community of the 

scrub forest comprise of Acacia modesta (Linn.) Wall., Olea ferruginea Royle, Tecoma 

undulata, and Pistacia integerima however shrub cover is contributed by Dodonea viscosa, 

Justica adhatoda, Zizyphus spp. And Nannorrhops ritchieana. The local population 

benefits from the forest to fulfill its needs for fodder, fuelwood, timber and herbal 

medicines (Khan and Ahmad, 2015). 

A number of studies have been conducted in Pakistan estimating tree biomass of 

different forest ecosystems. Nizami et al. (2009) has reported biomass carbon stock of sub-

tropical pine forest in Lehterar and Ghoragali forest subdivisions in Murree hills using 

simple volume relationship. In another study by Nizami (2012), volume based biomass 

carbon estimates have been reported for sub-tropical pine forest, Kherimurat scrub and 

Sohawa forests comprising of vegetation stock of Pinus roxburghii, Acacia modesta and 

Olea ferruginea. Shaheen et al. (2016) have reported volume based and species specific 

allometric relationships for forest carbon stocka ssessment in subtropical Himalayan forest 

in Kashmir comprising a mixed vegetation of Acacia spp., O. cuspidata, P. roxburghii, 

Punica gratum, Ficus spp., Broussonetia papyrifera, Melia azedarach, Mallotus 

philippensis and Delbergia sisso. Other studies have reported biomass estimates of 

Delbergia sisso and Picea smithiana by destructive harvest in Daphar irrigated plantation in 

Punjab province and Kumrat valley in Khyber Pakhtun Khawa Province in Pakistan, 

respectively (Ahmad et al., 2014; Gulzar et al., 2014). In all of these studies, tree biomass 

was estimated from generic volume equations which are now less recommended for carbon 

accounting (Chave et al., 2005). 

Current study was designed to 1) estimate tree biomass and carbon storage of Acacia 

modesta and Olea ferruginea in HM scrub forest and 2) to compare locally developed 

allometric equations to the existing models to evaluate their robustness and applicability for 

subtropical forest in Pakistan. It was hypothesized that increase in the number of 

biophysical factors in biomass model gives a better estimate of forest carbon stock. 

Materials and Methods 

Site description 

The study was conducted in HM Scrub Reserve forest (32.54o N and 72.31o E) 

covering an area of 1646 ha in Soan Valley, district Khushab of Punjab province, 

Pakistan. Most of the hills in the valley have an average height between 400 to 1000 m 

and the highest point in the range i.e. Sakesar lies at a height of 1527 m. The forest 
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classified as arid receives annual precipitation of 600 mm which falls mostly during the 

monsoon (July to September), with an average annual temperature of 24oC (minimum 

temperature 1oC in January and an average maximum temperature of 36oC in June) 

making the area hot and dry with frequent droughts during summer and frost in winter 

(Ahmed, 2013; Khan et al., 2013). The forest has a dominant vegetation stock of two 

climax (mosaic) species i.e. A. modesta (deciduous) and O. ferruginea (evergreen), 

however a rich understory of other species such as Justicia adhatoda, Buxus sp., 

Dodonaea viscosa and other shrubs are present at different elevations in the forest 

(Ahmed, 2013). The invasion of exotic Prosopis juliflora species was also seen at some 

locations in the HM forest (Fig. A1). 

Field data collection 

For the non-destructive estimation of tree biomass carbon, 47 plots of 20 m × 20 m 

(0.04 ha) were taken in the forest (Fig. 1, Table A1) during November 2017 to 

December 2018. To estimate the tree above ground biomass (AGB), tree dendrometric 

variables such as Diameter at Breast Height (DBH) and the total height (Ht) of the tree 

was measured following UNFCCC protocols. For multi stem trees (which forked below 

1.3 m height), the individual diameter of each stem was recorded, summed the DBH 

squares and their square root was taken (Eq.1) producing a single value of DBH for a 

tree. Tree basal area was computed using equation below (Eq.2) (Nizami, 2012). 

 

Figure 1.Spatial distribution of sampling plots taken in the HM forest 

 

 

 DBH = sqrt[DBH1
2+ DBH2

2+….DBHn
2] (Eq.1) 

 

 Basal Area = π/4 × DBH2 (Eq.2) 

 

The estimation of AGB of A. modesta and O. ferruginea in HM Reserve Forest was 

carried out using locally developed volume allometric equations which were considered 
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as a benchmark to check the robustness of other two existing biomass estimation 

methods (non-destructive) for subtropical forest in cases when local equations are not 

available. This study is first of its kind to refine and caliberate existing generic biomass 

models against locally developed models for accurate carbon accounting under REDD+ 

in Pakistan and for other forests in subtropical region. 

AGB estimation using locally developed volume equations 

Local harvest based volume allometric equations (Pakistan Forest Institute, 1993) 

were used to estimate total volume of A. modesta (Eq.3) and O. ferruginea (Eq.4); 

 

 lnTV = -9.35092 + 0.36032 lnH + 2.22653lnD (Eq.3) 

 

 lnTV = -9.3826 + 0.56528lnH + 2.09297lnD (Eq.4) 

 

Where TV is the total tree volume, ln is the natural logarithm, H is height and D is 

Diameter at Breast Height. These equations were used to compute individual tree 

volume of bi-climax community at HM forest which was later multiplied with species 

specific wood density (Philip, 1994; Nizami, 2012) adopted from World Agroforestry 

Database (Pearson and Brown 1932) to compute aboveground biomass (AGB). 

AGB estimation using generic pantropical biomass allometric equation 

The generic pantropical biomass allometric equation (Model 4 from Chave et al., 

2014) was used to regress AGB of A. modesta and O. ferruginea against the product of 

height (m), DBH (cm) and species specific wood density (gcm-3). This model (based on 

harvest data from 58 sites across tropics with variable vegetation and climatic 

conditions) is a revised and improved version of Chave et al. (2005) and was selected as 

it performs well across forest types in pantropical bioclimatic conditions (Eq.5). The 

model is reported with slightly high variance and mean percent bias when compared 

with local models but no detectable effect of environmental factors or region on AGB 

considering height, DBH and wood density as covariates.The previous version (Chave 

et al., 2005) of this model has been evaluated by Kebede and Soromessa (2018) for O. 

europea L. sub sp. cuspidata (synonym O. ferruginea) in Ethiopia where allometric 

equations were developed through semi-destructive harvest and were compared with 

species specific and generic allometric models. This model has also been previously 

documented for O. europea by Tesfaye et al. (2016) and Muhati et al. (2018). 

 

 AGBest (kg) = 0.0673 × (ρD2H)0.976 (Eq.5) 

 

From the AGBest obtained through local (Eqs.3 and 4) and generic allometric equations 

(Eq.5), belowground biomass (BGB) was calculated as 26% of the AGB (Nowak et al., 

2008). The AGB and BGB were summed across individuals of both species and total tree 

biomass (TB) was converted into total tree biomass carbon (TBC) by multiplying with 

IPCC default factor of 0.50 as carbon accounts for 50% of the total biomass. 

Calculation of carbon storage through i-Tree Eco tool 

i-Tree Eco (v6.0) tool was used to estimate tree biomass and carbon stored in bi-climax 

community (A. modesta & O. ferruginea) of HM forest. For this purpose, hourly annual 
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metrological data and field measurements of DBH, crown height, total tree height and 

crown light exposure (CLE) data was input into the tool to quantify total tree dry weight 

and carbon storage using species specific allometric equation. Crown light exposure was 

estimated considering number of sides of the crown exposed to sunlight following 

Bechtold (2003). The total tree (above and belowground) carbon in A. modesta and 

O. ferruginea was calculated using equation form 1 in the tool database (Eq.6). 

 

 Carbon Storage = exp((A + B * log(Variable) + (Mean Squared Error /2)/2 (Eq.6) 

 

where A and B are coefficients and Variable is DBH (A. modesta) or DBH & Height 

(O. ferruginea). The total tree dry weight biomass (including 26% of the belowground 

biomass) was converted to carbon stock by multiplying with a factor of 0.5 (Nowak et 

al., 2013). This tool was selected for being a novel approach which has not yet been 

used for tree species in Pakistan and also it additionally quantifies other ecosystem 

services along with biomass estimates. 

The plot based (0.04 ha) biomass estimates were up-scaled to hectare level using an 

appropriate area based conversion factor and both existing methods were evaluated 

against locally developed equations to choose the best fit model for carbon stock 

assessment of the subtropical forests in Pakistan. 

Data analysis 

For data analysis, SPSS v.19 (Statistical Package for Social Sciences) was used. 

Independent sample t-test was performed to evaluate statistical relationship between 

biophysical factors (dendrometric factors) of the surveyed population of both species. 

Mean and standard errors of biomass and carbon estimates were computed to compare 

for the variation in estimates made by each method. Multiple comparisons were made 

using Repeated Measures ANOVA and Bonferroni statistics was used to find the 

significant differences in carbon storage estimates made by each method used in this 

study. Multiple linear and logistic regression analyses were also run to choose the best 

fit model based on their relative performance considering TB as dependent and 

biophysical factors (DBH, Ht, & WD) as independent variables (Eq.7). 

 

 Y = a + b1X1 + b2X2+.....bnXn (Eq.7) 

 

In the equation above Y refers to the dependent variable, a is the Y-intercept, b1 

through bn corresponds to regression coefficients and X represents independent 

variable(s). Goodness of fit statistics was considered for a model which had high value 

of R2-adj., lowest AIC (Aikaike Information criteria), BIC (Beysian Information 

Criteria), RMSE (Root Mean Square Error) and p value ≤ 0.05. AIC and BIC were 

estimated by equations below (Eq.8 and Eq.9) where k = number of estimated 

parameters in the model and L = maximized likelihood function of the estimated model. 

 

 AIC = 2k – 2ln(L) (Eq.8) 

 

 BIC = ln(n)k – 2ln(L) (Eq.9) 
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Results 

Structural summary of the forest 

In the HM forest, a total population of 399 trees (135 trees of A. modesta and 264 

trees of O. ferruginea) was recorded in 47 survey plots (0.04 ha). Forest dendrometric 

characteristics have been presented in Table 1. O. ferruginea had higher tree density per 

hectare (150 trees/ha) than A. modesta (82 trees/ha). There was a significant difference 

in tree height (t = 3.76, df = 397, p < 0.001), DBH (t = 3.11, df = 397, p < 0.01) and 

basal area (t = 3.14, df = 397, p < 0.05) of both species but not in case of tree volume (t 

= -0.251, df = 83, p = 0.802) with highest mean DBH (20.69 ± 0.8 cm) and height (5.94 

± 0.1 m) recorded for A. modesta and basal area (4.46 ± 0.6 m2/ha) and tree volume 

(17.10 ± 2.4 m3/ha) recorded for O. ferruginea in the survey plots. 

 
Table 1. Dendrometric characteristics of the Hayat-ul-Mir Forest 

Species Trees/ha 

Height 

(m) 

DBH 

(cm) 

Basal area 

(m2/ha) 

Tree volume 

(m3/ha) 

M ± SE M ± SE M ± SE M ± SE 

A. modesta 82 5.94 ± 0.1*** 20.69 ± 0.8** 3.44 ± 0.4 16.22 ± 2.6 

O. ferruginea 150 5.15 ± 0.1 17.78 ± 0.4 4.46 ± 0.6* 17.10 ± 2.4 

***p < 0.001, **p < 0.01, *p < 0.05 

 

 

Tree biomass and carbon storage 

Both methods of biomass estimation used in this study produced comparable 

estimates for both species when evaluated against locally developed equations. On plot 

scale the TB and TBC of sampled population presented in Table 2 shows that the 

generic allometric equation of Chave et al. (2014) produced slightly higher (70.88 ton 

and 35.44 ton) while i-Tree Ecotool produced lower (58.77 ton and 29.38 ton) TB and 

TBC estimates compared to the species specific local equations for bi-climax 

community (67.12 ton and 33.56 ton). 

 
Table 2. Total tree biomass and carbon storage in survey plots 

Species 

Tree biomass (ton) Tree biomass carbon (ton) 

Local Eq. Chave et al. (2014) i-TreeEco Local Eq. 
Chave et al. 

(2014) 
i-Tree Eco 

A. modesta 28.66 28.96 16.97 14.33 14.48 8.48 

O. ferruginea 38.45 41.92 41.80 19.22 20.96 20.90 

Total 67.12 70.88 58.77 33.56 35.44 29.38 

 

 

Figure 2 illustrates the mean of TB and TBC of both species of scrub forest estimated 

using the selected methods. It can be seen from figure below that i-Tree Eco produced 

lower TB and TBC estimates (10.34 ton/ha and 5.17 ton/ha) than generic pantropical 

allometric equation (17.36 ton/ha and 8.68 ton/ha) and local (17.06 ton/ha and 8.53 ton/ha) 

allometric equations when evaluated for A. modesta. However, in case of O. ferruginea 

both existing methods produced comparable but slightly higher estimates than local 

equation. 

Repeated measures ANOVA with Greenhouse-Geisser correction showed that mean TB 

and TBC significantly differed between the methods for A. modesta (F(1.536, 205.78) = 
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31.22, p = 0.000) but not for O. ferruginea (F(1.429, 375.78) = 2.162, p = 0.132). For A. 

modesta, Post hoc test using Bonferroni correction revealed that the TB and TBC estimates 

of generic pantropical allometric equation of Chave et al. (2014) were not significantly 

different from the estimates of local equation (p = 1.000) but differed significantly in case 

of i-Tree Eco (p = 0.000) as shown in Figure 2. 
 

  

Figure 2.Mean of (a) total biomass (TB) and (b) total biomass carbon (TBC) calculated using 

three different methods (bars with similar letters are not significantly different at p ≥ 0.05) 

 

 

Model assessment 

The results of multiple linear regression analysis (Table 3) showed that the covariate 

DBH was statistically significant (p < 0.001) in all models for both species but height 

was not statistically significant in the local equations and i-Tree Eco (for O. ferruginea 

only). In case of both species, all of the models were good fit at p <0.001 but highest 

R2-adj. (0.802), lowest AIC, BIC and RMSE were reported by generic pantropical 

allometric model of Chave et al. (2014) for A. modesta. However, for O. ferruginea the 

highest R2-adj. (0.809) and lowest RMSE (0.093) were reported by local equation and 

lowest AIC and BIC by Chave et al. (2014). 

 
Table 3.Goodness of fit statistics of regression models for the prediction of TB across both 

species in the HM forest 

Models 
Selection Criteria 

Biophysical variables 
AIC BIC R2 adj. RMSE 

Acacia modesta      

Local Equation 1402 2455 0.792*** 0.186 DBH***, H 

Chave et al. (2014) 1379 2399 0.802*** 0.138 DBH***, H* 

i-Tree Eco tool 2060 2803 0.738*** 0.193 DBH*** 

Olea ferruginea      

Local Equation 4179 8013 0.809*** 0.093 DBH***, H 

Chave et al. (2014) 4057 7809 0.802*** 0.104 DBH***, H*** 

i-Tree Eco tool 4253 8174 0.752*** 0.137 DBH***, H 

*** p < 0.001, * p < 0.05, AIC = Akaike Information Criteria, BIC = Beysian Information Criteria, 

RMSE = Root Mean Square Error 
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Discussion 

This study provides a comparison of methods that can be used to predict the biomass 

carbon stock of subtropical forests in Pakistan. In this study both existing models 

compared against the locally developed equations showed goodness of fit statistics at 

p < 0.001. The individual significance of biophysical variables (DBH & Ht) in 

predicting TB was also assessed through regression analysis. In case of both species, the 

generic allometric model of Chave et al. (2014) was found better predicting TB 

considering both DBH and Ht. There was an insignificant relationship of height with 

TB showing that i-Tree Eco was predicting TB using DBH only suggesting utility of 

this tool to predict TB if height data is not available for these two species. i-Tree Eco 

provides a range of dataset of species specific allometric equations for many other 

species across diverse climatic range. The locally developed allometric equation for A. 

modesta and O. ferruginea also showed similar relation with DBH (p < 0.001) and tree 

height (p = 0.793 and p = 0.104, respectively) suggesting the relative importance of 

inclusion of individual biophysical variables in the local model. 

Goodness of fit statistics of the models used in this study was evaluated on the basis 

of multiple criteria. Any model which had high value of R2 adj., lowest AIC, BIC and 

RMSE was considered best model in predicting TB of bi-climax community of the HM 

forest. In case of this study, when compared to the locally developed allometric 

equations, the lowest AIC and BIC was found for the generic pantropical allometric 

model of Chave et al. (2014) for both species. This model also reported high value of R2 

adj. When evaluated for A. modesta but only slightly less than local equation for O. 

ferruginea. This generic model has originally been developed by taking harvest dataset 

of multiple species across the tropical region (Chave et al., 2014) and its evaluation in 

this study confirms its robustness and reliability for the forest carbon stock assessment 

in the subtropical region of Pakistan as well. Results of this study are consistent to the 

findings of Kebede and Soromessa (2018), reporting goodness of fit statistics of four 

species specific allometric equations for O. europea sub sp. cuspidata (synonym of O. 

ferruginea) at p <0.001 and found a strong correlation of AGB with DBH and height 

but insignificant relation with wood density. Similarly these results are also consistent 

to the findings of Vieiledent et al. (2012) who reported generic models of Chave et al. 

(2005) as more reliable and producing less bias for TBC estimates of tropical forests 

when compared with other generic models. 

Among the biomass and carbon estimates, the post hoc test showed no significant 

difference between the estimates made with local equation and generic allometric 

equation of Chave et al. (2014) when compared for A. modesta, but i-Tree Eco 

significantly underestimated the TB and TBC. Reasons for this underestimation might 

be because i-Tree Eco considered DBH only for A. modesta in its equation form 1 and 

also it computes the weight of wood only in TBC estimates for the deciduous tree 

species (Nowak et al., 2008). i-Tree Eco relying on DBH only did not perform well with 

low R2 adj. and high RMSE and AIC compared to the local and pantropical models. 

Similar results have been reported by Ruiz-Peinado et al. (2012), Huy et al. (2016) and 

Djomo and Chimi (2017) stating that inclusion of two (DBH & Ht) or three covariates 

(DBH, Ht & WD) in allometric models better predict biomass than models with DBH 

only as covariate. From this analysis it can be inferred that in the absence of local 

allometric equations or restriction in doing destructive harvest to accurately measure the 

TBC, the pantropical model of Chave et al. (2014) can be used as an alternative to better 
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predict the TBC relying on the field measurements of DBH, height and wood density in 

subtropical forest. 

In case of O. ferruginea, the post hoc test showed no significant difference in the 

means of TBC estimated with local equation and other two existing models. The 

analysis suggests that both existing models accurately estimated TBC for subtropical 

scrub forest compared to the local model and can be considered as equal candidate 

models in predicting TBC if the local equations are not available. In such case it could 

be advantageous to select the pantropical equation of Chave et al. (2014) than i-Tree 

Eco considering their relative values of AIC, BIC and R2 adj. 

Most of the biomass estimates in Pakistan are made using generic volume equation 

of Philip (1994) which draws simple geometric relationship between the basal area (Eq. 

2), height (H) and form factor (F) multiplied with species specific wood density (ρ) of 

tree (AGB = ρ × [BA × F × H). This model was developed by foresters and is now 

seldom used in carbon accounting as it assumes fixed form factor and also cannot 

predict biomass if height data is not available in close canopy forests (Chave et al., 

2005). A comparison of biomass estimates of this study has been made with other 

studies conducted on sub-tropical forests in Pakistan (Table 4). The TB estimates of A. 

modesta made using local allometric equation in this study are comparable to the 

findings of Nizami (2010, 2012) made through Philip (1994) in Kherimurat and Sohawa 

scrub forests in Pakistan. The species specific allometric equation used by Shaheen et 

al. (2016) underestimated the TB of A. modesta (12.7 t/ha) in the mixed forest at two 

sites in the Muzaffarabad District, Pakistan compared to the findings of this study. In 

case of O. ferruginea the TB was overestimated (approx. Four times) with volume 

equation (Philip, 1994) in Shaheen et al. (2016) than current study. The difference in the 

estimates might be due to the incorporation of differentset of biophysical variables in 

species specific, generic allometric and simple volume equations in both studies. Other 

reasons for the difference in the estimates might be related to the tree density, 

topographic and climatic differences as the subtropical forest in Muzaffarabad district is 

at a higher elevation, has low temperature and receives higher rainfall than the HM 

forest as summarized in Table 4. Located at the foothills of lesser Himalaya the 

subtropical forest in Muzaffarabad district is also under anthropogenic threats (not a 

protected forest) and the local population rely heavily on forest for its needs related to 

timber, food, fodder and fuelwood resulting in under reporting of actual tree biomass 

and carbon (Shaheen et al., 2016). 

i-TreeEco has widely been used for the estimation of carbon storage and sequestration 

in urban forests across the United States and European countries. To the best of our 

knowledge none of the study citing i-Tree Eco for reporting carbon storage of tree species 

from Pakistan was found in the literature. The tool calculates carbon storage and 

sequestration using allometric equations based on natural forest-grown North American 

tree species and socan fairly be used for both natural and urban forests (Nowak et al., 

2013; Russo et al., 2014). Results of this study (for A. modesta) are consistent to the 

findings of Russo et al. (2014) who compared the allometric equation against i-Tree Eco 

and CUFR Tree Carbon Calculator (CTCC) and reported the highest carbon storage value 

with the allometric equation (179.14 ton), followed by CTCC (140.15 ton) and lowest by 

i-Tree Eco (134.89 ton) in Bolzano’s urban forest, Italy. Results of present study for O. 

ferruginea are contrary to the Aguaron and McPherson (2012) who compared four sets of 

allometric equations i.e. i-Tree Eco, i-Tree Street, CTCC and Urban General Equations 

and calculated CO2 storage of Sacramento’s urban forest. 
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Table 4.Comparison of biomass estimates of HM forest and other subtropical forests in Pakistan 

Reference (Forest 

type) 
Study site 

Elevation 

(m) 
Legal status 

Climate Acaciamodesta Oleaferruginea 

Temp. (oC) 

Av. 

Rainfall 

(mm/yr) 

Trees/ha 

TB estimation method (t/ha) 

Trees/ha 

TB estimationmethod (t/ha) 

Volume 

eq. 

Allometric 

eq. 

i-Tree 

Eco 

Volume 

eq. 

Allometric 

eq. 
i-Tree Eco 

Current study 

(Subtropical scrub) 
Hayat-ul-Mir 457-1067 Reserved forest 24 (Av.) 800 74 17 17.4 10.3 152 21.8 23.8 23.8 

Nizami 

(2010, 2012) 

(Subtropical scrub) 

Kherimurat 
348 

Protected forest 38 (Max) 

15 (Min) 
750-780 

197 15   94 35.7   

Sohawa Protected forest 179 15   56 25.3   

Shaheen et al. (2016) 

(Subtropical scrub) 

Muzaffarabad 

District 
800-1300 NA 20 (Av.) 1511 NA  12.7  620 68.9   

NA = Not available 
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The study reported highest estimates by i-Tree Streets (6.41 Mt) and CTCC (6.4 Mt) 

followed by urban general equations (5.1 Mt) and lowest estimates by i-Tree Eco (4.9 

Mt). In both above mentioned studies i-Tree Eco produced the lowest estimates than 

other methods because in both studies AGB estimates were reduced by applying a 

correction factor of 0.80 before computing total tree dry weight. i-Tree Eco is designed 

on the basis of forest grown trees so this correction factor is applied to the open grown 

trees as they produce less aboveground biomass than forest grown trees (Aguaron and 

McPherson, 2012; Nowak et al., 2013; Russo et al., 2014). The latest version of i-Tree 

Eco however considers crown light exposure (CLE) in place of landuse and applies this 

correction factor to trees with 4 or 5 CLE. This might be one reason for differences in 

the estimates of HM carbon stock and other studies. 

All of the methods used in this study have produced comparable results with 

relatively minor mean differences which might have arisen from the variation in the 

input of tree biophysical factors and/or values of coefficients used in allometric 

equations evaluated in this study. Findings of Huy et al. (2016) also reported dissimilar 

values of coefficients of allometric equations as one reason for the variation in AGB 

estimates of broadleaf evergreen forests in Vietnam. 

Conclusion 

Reporting and implementation of REDD+ targets in Pakistan requires accurate 

assessment of forest biomass carbon through reliable methods. This study conducted in 

the HM forest reported high tree density and biomass of O. ferruginea but at lower 

DBH and height than A. modesta. The study provides first evidence of applicability of 

existing generic biomass allometric models in the subtropical forest in Pakistan. All of 

the models used in this study fitted data well but among them the models considering 

both height and DBH as covariates better predicted total biomass than other (DBH only) 

based on R2 adj., RMSE, AIC and BIC values. For O. ferruginea both existing models 

accurately predicted TB when compared to the local equation while in case of A. 

modesta significant underestimation of TB was reported by i-Tree Eco (DBH only 

model for this species). Considering the multiple criteria (AIC, BIC, R2 adj. and RMSE) 

to evaluate the good fit statistics of the existing models against the local equations, the 

generic pantropical model of Chave et al. (2014) was found better predicting TB 

suggesting its wide applicability and robustness for both deciduous and evergreen 

species while i-Tree Eco for evergreen species only in subtropical forests in the absence 

of local allometric equations. The analysis done in this study is helpful in selecting an 

appropriate biomass model for subtropical region to report carbon stock changes under 

REDD+. The study suggests that local and generic subtropical models considering the 

additional effect of other factors like crown area, site characteristics and forest type 

must be developed and caliberated for more precise accounting of national carbon stock. 
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APPENDIX 

  

  

Figure A1. (a to c) Dense co-occurring bi-climax community of A. modesta and O. ferruginea 

with shrub cover in the HM forest, (d) Setting up of sampling plots for biomass estimation 

 

 
Table A1. GPS coordinates and altitude of sampling plots 

Coordinates Altitude (m) Coordinates Altitude (m) Coordinates Altitude (m) 

32.54378N, 72.24603E 853 32.52299N, 72.29811E 806 32.54058N, 72.28813E 818 

32.54378N, 72.28457E 895 32.52590N, 72.30344E 806 32.53712N, 72.28403E 801 

32.54590N, 72.29012E 860 32.52658N, 72.30799E 823 32.53595N, 72.28708E 782 

32.54565N, 72.29782E 889 32.52653N, 72.31088E 834 32.53663N, 72.29047E 788 

32.54565N, 72.30630E 916 32.52851N, 72.30931E 835 32.53762N, 72.29443E 816 
32.54650N, 72.31582E 964 32.53119N, 72.30129E 800 32.53912N, 72.29766E 815 

32.54880N, 72.31965E 1011 32.53097N, 72.29304E 795 32.54180N, 72.29531E 822 

32.55020N, 72.32185E 1017 32.53261N, 72.28919E 756 32.57238N, 72.35765E 865 
32.54950N, 72.32417E 984 32.54402N, 72.29347E 835 32.56917N, 72.35498E 813 

32.55020N, 72.32721E 952 32.54409N, 72.30031E 861 32.56480N, 72.35040E 833 

32.55463N,72.32618E 895 32.54099N, 72.30845E 826 32.55992N, 72.35088E 757 
32.55580N, 72.32853E 975 32.53990N, 72.31048E 834 32.55402N, 72.35090E 620 

32.53060N, 72.28817E 768 32.53807N, 72.31328E 842 32.55147N, 72.34605E 721 

32.52850N, 72.29045E 779 32.53571N, 72.31151E 835 32.5500N, 72.336530E 885 
32.52599N, 72.29499E 802 32.53370N, 72.30923E 823 32.55265N, 72.33180E 909 

32.52153N, 72.29754E 788 32.54207N, 72.29202E 848   
 

a b 

c d 


