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Allometric equations for estimating on-farm 
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Abstract 

Background: Fuelwood is considered to be the primary source of cooking energy in Tanzania and, due to ongoing 
deforestation, access to fuelwood is becoming more cumbersome. On-farm agroforestry systems can reduce depend-
ency on off-farm fuel; however, the output of on-farm produced fuel is typically uncertain as production potentials are 
often not known. In this paper, we have developed allometric equations to model the above-ground woody biomass 
(AGWB) production from intercropped Gliricidia sepium (Jacq.) Kunth ex Walp (Gliricidia) shrubs and Cajanus cajan (L.) 
Millsp. (pigeon pea) plants.

Methods: We used a destructive sampling approach, for measuring the dendrometric characteristics, such as the 
root collar diameter at a 20 cm stem height  (RCD20) and the stem height to estimate the AGWB production. The 
models are based on 112 Gliricidia and 80 pigeon pea observations from annually pruned plants. Seven allometric 
equations were fitted to derive the best-fit models for the AGWB production.

Results: We found that using a natural log-transformed linear model with  RCD20 as a single predictor variable pro-
vides the highest explanatory value to estimate the AGWB production (Gliricidia: R2 = 95.7%, pigeon pea: R2 = 91.4%) 
while meeting Ordinary Least Square (OLS) estimator requirements. Adding stem height as an additional variable to 
predict the AGWB production does not improve model accuracy enough to justify the extra work for including it.

Conclusions: While on-farm pigeon pea plants produced a stable amount of woody biomass per annum, annual 
fuelwood production from Gliricidia shrubs increased over the years. Compared to the annual fuelwood consumption 
data from the literature, our results show that on-farm produced fuelwood can substantially offset the demand for 
off-farm fuel, potentially resulting in household fuelwood autarky.
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Background
Most rural households in Tanzania depend on wood 
fuel from the remaining forests. A reported annual loss 
of forest and woodlands of more than 370,000 ha  year−1 
challenges rural populations as they must cover ever 
increasing distances to collect fuelwood that meets their 
energy demands [1, 2]. This especially affects women and 
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children who are mainly responsible for collecting wood 
fuel.

The situation is aggravated by the fact that most small-
holder farmers in rural Tanzania use unimproved cook-
ing devices to cook their daily food [3], which reportedly 
consume more fuel than Improved Cook Stoves (ICS). 
Studies have shown that fuel scarcity leads to shifting 
cooking habits, including skipping meals, cooking com-
posite meals, reducing the number of cooked meals per 
day, and cooking fast meals, which are often nutrient-
poor [2, 4]. Around 80% of the Tanzanian population 
depends on fuelwood to meet domestic needs, including 
cooking, boiling water, lighting, and heating [5]. The rapid 
population growth in Tanzania and across East Africa 
is intensifying the challenge for smallholder farmers to 
meet their domestic energy needs [6, 7]. While slash-
and-burn agricultural practices might be more profit-
able in the short-term, agroforestry practices can create 
income in the medium- or long-term run [8]. Enlarging 
farmlands to meet food and domestic energy demands is 
not a sustainable solution and might entail enormously 
negative socio-economic effects. Food security is a chal-
lenge and connected to stagnating productivity of crop 
production [9]. Funk and Brown [7] have demonstrated 
that the area for agricultural production in East Africa 
has been enhanced by 55% since 1980, while at the same 
time, agricultural yields only increased by 25% [10]. The 
impact of fuel security to meet domestic cooking energy 
demand and its impact on households’ food security is 
often neglected.

Agroforestry systems can benefit small-scale farmers, 
not only enhancing soil fertility but also contributing to 
fuelwood production and reducing household depend-
ency on fuelwood from external sites [11] without com-
promising crop production [12]. While socio-economic 
benefits are connected to on-farm fuel production at the 
household level, reduced forest degradation and defor-
estation have positive effects on a global scale, with for-
ests being the major above-ground carbon sink [13].

Both on-farm tree plantations and the use of crop resi-
dues are promoted to enhance rural households’ energy 
supply, making households energy consumption more 
sustainable [14, 15]. However, the use of on-farm fuels 
is limited by obstacles such as the lack of access to tree 
seedlings and limited skills to manage on-farm trees. On-
farm fuel production is often seen as a trade-off decision 
with respect to planting food crops. Smallholder farm-
ers usually operate with limited financial resources. For 
making cost–benefit efficient decisions, it is important to 
determine the fuel production potential of on-farm fuels 
to meet the domestic energy demand. Farmers and other 
stakeholders can be supported in decision making with 

reliable allometric models that estimate costs and area 
requirements to produce on-farm wood.

There are several ways to estimate the above-ground 
biomass production of plants [16–18]: (i) Physiological-
based models estimate tree biomass based on site-spe-
cific information such as temperature, rainfall and solar 
radiation; (ii) destructive sampling approaches assessing 
physical factors such as stem diameter, stem height and 
weight of plants used to develop optimized (site-specific) 
allometric equations to model biomass production; and 
(iii) non-destructive methods using existing allometric 
equations to estimate biomass production after having 
been adapted to fit the site and species characteristics 
of the tree. Other non-destructive methods use remote 
sensing via satellite or drone images to estimate stem 
height and canopy dimensions to develop allometric 
equations.

While non-destructive approaches are less labour-
intensive than invasive field-based approaches, they 
might lead to imprecise results due to differing site condi-
tions [19, 20]. Destructive sampling methods are an often 
used approach to determine the relationship between 
dependent and independent variables to develop allo-
metric equations [21, 22], where allometric equations are 
missing.

While models that attempt to estimate the above-
ground woody biomass (AGWB) production of on-farm 
fuels are available for pigeon pea [23], models to estimate 
the AGWB production of Gliricidia are not yet estab-
lished. As allometric equations are species-specific, it 
is necessary to develop and adjust equations [19]. Most 
allometric equations use the relationship between the 
independent variables, such as stem diameter and/ or 
stem height, and the dependent variables, such as wood 
and foliage biomass [24]. Often linear and non-linear 
regression models using arithmetic or log-transformed 
data are applied [25].

The integration of on-farm trees in cropping regimes 
changes landscapes and farm management schemes. In 
this paper, we have developed initial allometric models 
for estimating the AGWB production potential of Gliri-
cidia and pigeon pea under different cropping scenarios 
in semi-arid regions in Tanzania. We have assessed the 
dendrometric variables, such as the root collar diameter 
at a 20  cm stem height  (RCD20), the stem height and 
the AGWB for estimating the AGWB production. The 
developed allometric models provide decision support 
for stakeholders to plan the on-farm AGWB production 
and allow a non-destructive determination of pigeon pea 
and Gliricidia fuelwood optimizing planting and manage-
ment decisions. As the allometric models are based upon 
empirically assessed data, they can be applied to other 
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sites with similar crop and site conditions, thus being 
widely useful.

Materials and methods
Case study site
The case study site is located at Manyusi, 1206 m above 
sea level (m.a.s.l.), Dodoma region, Tanzania (Fig.  1). 
Between 1981 and 2010, the average annual rainfall in the 
region was 590.6 mm. While the overall rainfall declined 
by 4% over the observation period, erratic rainfall poses 
an incalculable risk for smallholder farmers [26]. Most 
people in rural areas use unimproved Three-Stone-Fire 
stoves (TSF) to cook and prepare food.

Experimental design
The research trial was established at the onset of the 
cropping year in 2015. The onset of a cropping year is 
usually in late December/early January; Maize is har-
vested in June or July, while pigeon pea is harvested in 
September. In total, we analysed four different pigeon pea 
and Gliricidia fuel production systems in a randomized 
complete block design (RCBD) to determine fuel produc-
tion under different cropping systems with varying plant 
densities (Fig. 2):

• Cropping system 1 (Sole pigeon pea = PP): Pigeon 
pea was planted as a monoculture. Pigeon pea was 
planted with a spacing of 0.75 m between and 0.6 m 
within pigeon pea rows.

• Cropping system 2 (Intercropped maize and pigeon 
pea = MPP): Maize and pigeon pea were inter-
cropped. Maize and pigeon pea rows were planted 
with a spacing of 0.75 m between the rows and 0.6 m 
within the rows in an additive series design. Applying 
an additive system, pigeon pea plants were planted 
between maize plants; doubling the number of crops 
per unit area compared to cropping system 1.

• Cropping system 3 (Intercropped maize, pigeon pea 
and Gliricidia = MPPGS): Maize, pigeon pea, and 
Gliricidia were intercropped. Maize and pigeon pea 
plants were planted with a spacing of 0.75 m between 
the rows and 0.6  m within the rows, in an additive 
system by doubling the number of crops compared 
to cropping system 1. Gliricidia plants were inter-
cropped with a spacing of 4 m by 4 m between and 
within the rows.

• Cropping system 4 (Intercropped maize and Gli-
ricidia = MGS): Maize and Gliricidia were inter-
cropped. Maize was planted with a spacing of 0.75 m 
between the rows and 0.6  m within the rows. The 
Gliricidia plants were intercropped with a spacing of 
4 m by 4 m between and within the rows.

Gliricidia was coppiced twice a year. The first prun-
ing was done at the onset of crop planting; harvested 
wood was primarily used as fuelwood. Upon cutting and 
removing Gliricidia, the crops were planted. Depend-
ing on the rainfall, the second pruning of Gliricidia was 
done 6–9 weeks after planting. The green stems and foli-
age remained on the plots to serve as an organic fertilizer. 
To reduce competition between crops and weeds, weed-
ing was carried out three times within a cropping season 
using hand hoes. After harvesting pigeon pea grains, the 
plants were removed and replanted at the onset of the 
following cropping year.

Data collection and development of allometric models 
to estimate above‑ground woody biomass
In a first step, we destructively sampled Gliricidia and 
pigeon pea to determine AGWB1 (Table  1). The sam-
ples for establishing the allometric equations to estimate 
the AGWB were obtained from Gliricidia and pigeon 
pea stems from the research plot. The data collected to 
develop the allometric equations were assessed in years 
5 and 6 to assess the growth patterns of crops after Gli-
ricidia plants had been properly established. The  RCD20 
and stem height variables were selected as independent 
variables to describe the AGWB production. We cor-
rected the data set to remove outliers, all connected to 
incorrect measurement or data recording.

Moisture content of Gliricidia and pigeon pea was 
measured to estimate the dry-weight woody biomass 
production per plant. The fresh samples were oven-
dried to achieve the dry weight of the samples. In total, 
45 wood cookies were selected from different Gliricidia 
stems to determine the moisture content of freshly cut 
Gliricidia. The Gliricidia plants were sampled before the 
crop planting to avoid competition between the crops 
and the shrubs. Three cookies per stem were sampled 
from different parts of the stem (30 cm from the ground, 
from the middle and 30 cm from the top of the stem) that 
had an approximate length of 2  cm to 3  cm. The water 
content was calculated by dividing the water weight in 
grams by the total weight of the freshly cut wood. The 
average water content per Gliricidia cookie was 64.0% 
(SD 2.1). To determine the water and dry matter content 
of pigeon pea stalks, we selected 44 whole plants after the 
pigeon pea grain was harvest and calculated the water 
content based upon the relationship between the fresh 
weight and the absolute dry weight of pigeon pea stalks. 
The average water content per sample amounted to 50.0% 
(SD 6.3).

1 Note: We present the weight of AGWB at zero moisture content.
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Fig. 1 Map of the Dodoma region, Tanzania, with the case study site Manyusi
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After fitting different arithmetic (non-linear) and 
natural log-transformed (linear) models to estimate the 
AGWB per plant, we evaluated the models with regard 
to the coefficient of determination (R2) and the Akaike 
information criterion (AIC) to select the best mod-
els [27]. By definition AIC “penalizes” models that use 
additional unnecessary parameters [28]. The non-lin-
ear models (1–3) were transformed into linear models 
(4–7) using the natural logarithm to meet assumptions 
for linear regression. To use the ordinary least-square 
(OLS) estimator, we checked whether the natural log-
transformed data meet the conditions for linear regres-
sion. Therefore, we tested the assumptions of normal 

distribution of error terms, constant variance of error 
terms (homoscedasticity) and multicollinearity of 
 RCD20 and stem height.

(Model 1)AGWB
(

g
)

= a ∗ RCDb
20

(Model 2)AGWB
(

g
)

= a ∗ Stem heightb

(Model 3)AGWB
(

g
)

= a ∗ RCDb
20 ∗ Stem heightc

(Model 4)Ln_AGWB = a + b ∗ ln(RCD20)

Fig. 2 Cropping system 1: PP (a), cropping system 2: MPP (b), cropping system 3: MPPGS (c), cropping system 4: MGS (d) at Manyusi village, 
Kongwa District, Dodoma, Tanzania

Table 1 Dendrometric variables of pigeon pea and Gliricidia at Manyusi village, Kongwa District, Dodoma, Tanzania

Pigeon pea (n = 80) Gliricidia (n = 112)

Mean SD Min Max Mean SD Min Max

RCD20 (cm) 1.87 0.37 1.19 2.94 2.70 0.75 0.67 3.93

Stem height (cm) 244 34 123 294 271 93 63 464

AGWB (gram) 238 135 78 788 452 265 18 1448
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with Ln denoting the natural logarithm; a, b, and c denote 
the constant numbers developed based upon 80 pigeon 
pea and 112 Gliricidia samples.

The estimated biomass was corrected using a correc-
tion factor (CF) accounting for the bias connected to the 
log transformation. During the back-transformation of 
logarithmic to arithmetic values, median values instead 
of mean values were introduced, which leads to an 
underestimation of results [29]. To minimize this error, 
the antilog of the logarithmic value of the AGWB was 
multiplied with the CF [30]:

where SEE denotes the standard error of the estimated 
model.

Likewise, we compared the allometric models with the 
control groups of each cropping system and found that 
the AGWB estimation with model 4 provides estimates 
closest to the measured parameters. Model 4 has the 
highest prediction value using a single predictor vari-
able  (RCD20) and should be recommended for applica-
tion by stakeholders in the field. The AGWB production 
of pigeon pea per area was calculated based on assess-
ments of the dendrometric variables in cropping years 5 
and 6. The independent variables  RCD20 and stem height 
were assessed to predict the AGWB per plant. In total, 
we assessed the dendrometric variables of 131 (Crop-
ping system 1, PP), 130 (Cropping system 2, MPP), and 

(Model 5)Ln_AGWB = a + b ∗ ln
(

Stemheight
)

(Model 6)
Ln_AGWB = a+ b ∗ ln(RCD20)+ c ∗ ln

(

Stem height
)

(Model 7)
Ln_ABWG = a+ b ∗ ln

(

RCD20 ∗ Stemheight
)

CF = exp

(

SEE
2

2

)

102 (Cropping system 3, MPPGS) pigeon pea plants in a 
pre-defined area. Based upon the developed allometric 
models, we used the variable  RCD20 as a single variable to 
predict the AGWB production (model 4).

The extrapolation of the AGWB production of Gliri-
cidia per area was based on the measurements of the cur-
rent AGWB production per area in the cropping years 4, 
5, 6 and 7. Each year, 73 Gliricidia plants under cropping 
system 3 (MPPGS) and 75 Gliricidia plants under crop-
ping system 4 (MGS) were assessed.

Results
Allometric modelling of the above‑ground woody biomass 
production of pigeon pea and Gliricidia
Before developing allometric equations for predicting 
the AGWB production of pigeon pea and Gliricidia, we 
plotted the relationship between the independent vari-
ables  (RCD20 and stem height) and the dependent vari-
able (AGWB). Linear natural log-transformed models 
had higher explanatory values compared to non-linear 
models using the same variables. A visual assessment of 
natural log-transformed variables indicates a strong rela-
tionship between the  RCD20 and the AGWB. The rela-
tionship between the natural log-transformed values for 
the stem height and the AGWB does not show a compa-
rably strong linear relationship (Figs. 3 and 4).

The non-linear models (models 1–3) are able to explain 
the variation in the AGWB production of pigeon pea and 
Gliricidia to a high degree. However, with higher val-
ues of the explanatory values (exceeding the measured 
boundaries of  RCD20 and stem height), the estimation 
of the AGWB production becomes more imprecise. Our 
findings demonstrate that natural log-transformed allo-
metric models are more suitable to explain the AGWB 
production as their variables are linearised. The models 
meet the requirements of the OLS estimator for linear 
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Fig. 3 Pigeon pea—Natural log-transformed correlation between root collar  diameter20 and above-ground woody biomass (left) as well as stem 
height and above-ground woody biomass (right)
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Fig. 4 Gliricidia—Natural log-transformed correlation between root collar  diameter20 and above-ground woody biomass (left) as well as stem 
height and above-ground woody biomass (right)

Table 2 Allometric models for estimating the above-ground woody biomass of pigeon pea

a, b, c are constant numbers

*The standard error of estimate (SEE) and CF are not relevant for non-linear regression models

**The calculation of p values and AIC is not applicable for non-linear models

Model no. Regression coefficients SEE CF p value R2 (%) AIC

a b c

1 43.691 2.590 * * ** 88.5 **

2 1.377 *10–5 3.022 * * ** 39.7 **

3 5.989 2.459 0.376 * * ** 88.9 **

4 3.753 2.604 0.159 1.013  < 0.001 91.4 − 292

5 − 7.18 2.281 0.418 1.091  < 0.001 40.6 − 138

6 0.918 1.283 0.367 0.164 1.014  < 0.001 90.9 − 286

7 − 1.459 1.014 0.178 1.016  < 0.001 89.2 − 274

Table 3 Allometric models for estimating the above-ground woody biomass of Gliricidia

a, b, c are constant numbers

*The SEE and CF are not relevant for non-linear regression models

**The calculation of p values and AIC is not applicable for non-linear models

Model no. Regression coefficients SEE CF p value R2 (%) AIC

a b c

1 23.548 2.805 * * ** 87.0 **

2 0.060 1.587 * * ** 73.8 **

3 2.928 2.202 0.482 * * ** 88.8 **

4 3.427 2.540 0.207 1.022  < 0.001 95.7 − 351

5  − 6.117 2.159 0.330 1.059  < 0.001 89.1 − 246

6 0.494 1.865 0.646 0.177 1.016  < 0.001 96.9 − 386

7  − 0.332 0.830 0.179 1.016  < 0.001 96.8 − 384
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regression. For all linear models (models 4–7), the anal-
ysis reveals that there is a statistically significant rela-
tionship (p < 0.001) between the independent variables 
 (RCD20 and stem height) and the dependent variable 
(AGWB) for pigeon pea and Gliricidia (Tables 2 and 3).

With regard to pigeon pea, the arithmetic model 1 
using the independent variable  RCD20 explains more 
than 88.5% of the variation in the AGWB production. 
Combined with the independent stem height variable, 
the explanatory value (R2 = 88.9%) of the exponential 
model is slightly higher (model 3). With regard to the 
AGWB production of pigeon pea in natural log-trans-
formed linear allometric models (Models 4–7), the 
 RCD20 is the best predictor for the AGWB production 
when considering the degree of determination as well 
as the AIC. With the independent variable  RCD20, 91.4% 
of the variance of the AGWB production (model 4) can 
be explained. Combined with  RCD20, stem height was a 
good supplementary explanatory variable to explain the 
AGWB (R2 = 90.9%) (Model 6). However, a combination 
of  RCD20 and stem height does not reach the explanatory 
power of using  RCD20 as a single predictor. In addition, 
multicollinearity occurs with regard to the independ-
ent variables  RCD20 and stem height. To avoid multicol-
linearity among independent variables,  RCD20 and stem 
height were commuted as a composite variable to explain 
the AGWB production (Model 7). The resulting model 
has a lower explanatory power (89.2%) than models 4 and 
6.

Stem height alone is not a good predictor for the 
AGWB, either using the exponential model (R2 = 39.7%) 
(Model 2) or the natural log-transformed linear model 
(R2 = 40.6%) (Model 5).

With regard to AGWB production of Gliricidia, we 
detected that  RCD20 is a strong predictor for biomass 
using both non-linear (1–3) and natural log-transformed 
linear allometric models (Models 4–7). Across the arith-
metic models (Models 1–3),  RCD20 and stem height 
could explain the variation of the AGWB production best 
(R2 = 88.8%) (Model 3), followed by  RCD20 as a single 
predictor (R2 = 87.0%) (Model 1).

The linear natural log-transformed models (4–7) meet 
the statistical criteria of the OLS for estimating the 
AGWB production.  RCD20 used as a single predictor 
is also a very good predictor (R2 = 95.7%) for estimat-
ing AGWB (Model 4). We observed that a combination 
of  RCD20 and stem height provides the highest explana-
tory value for estimating AGWB (R2 = 96.9%) (Model 
6). However, as in the pigeon pea modelling case, mul-
ticollinearity exists between  RCD20 and stem height. 
Therefore,  RCD20 and stem height was tested as a com-
posite variable for predicting the AGWB production 
(R2 = 96.8%) (Model 7).

For estimating the AGWB production of Gliricidia, stem 
height is a much better predictor than it is for the AGWB 
production of pigeon pea. Using the non-linear model 
(Model 2), stem height explains 73.8% of the variation, 
while for the linear natural log-transformed model, stem 
height explains 89.1% of the variation (Model 5). However, 
the models are still outperformed by allometric models 
using  RCD20 as a single predictor variable or in combina-
tion with stem height to predict the AGWB production.

Estimating the above‑ground woody biomass production 
of pigeon pea and Gliricidia
The assessment of the AGWB production of pigeon pea 
shows that cropping system 3 (MPPGS) with three crops 
has lower crop survival rates compared to cropping sys-
tems 1 (PP) and 2 (MPP), indicating a declining survival 
rate of pigeon pea plants with higher plant density per 
area. In general, the survival rates were higher in crop-
ping year 5 than in cropping year 6. The AGWB produc-
tion per plant was highest at 109 g when using cropping 
system 1 versus 84 g when using cropping system 2 and 
94 g when using cropping system 3. The mean diameter 
of the pigeon pea stems  (RCD20) under cropping sys-
tem 1 was 9% and 6% larger compared to cropping sys-
tems 2 and 3, respectively. The AGWB production was 
23% (Cropping system 2) and 33% (Cropping system 3) 
less than with cropping system 1. Comparing the AGWB 
production between cropping year 5 (2019) and crop-
ping year 6 (2020), we observed that the AGWB differed 
largely within the cropping systems. While the AGWB 
production per  m2 declined by 16% for cropping system 
1 between cropping years 5 and 6, the AGWB produc-
tion increased by 50% for cropping system 2 and 79% for 
cropping system 3, respectively (Table 4).

With regard to Gliricidia, we standardised the AGWB 
production of the Gliricidia shrubs to  m2 for comparing 
it with the pigeon pea production. The survival rates of 
Gliricidia shrubs are much higher than those of pigeon 
pea. The AGWB production per Gliricidia plant within 
the first 3 years can be neglected due to low production. 
However, between cropping years 4 and 7, the AGWB 
production per Gliricidia plant grew. The absolute AGWB 
production was higher when using cropping system 4 
(MGS) instead of cropping system 3. During cropping 
year 4, 87% more AGWB of Gliricidia was produced when 
using cropping system 4 compared to cropping system 3. 
This relative difference in annual AGWB production was 
reduced each year up to 51% in cropping year 7 (Table 5).

Based upon the AGWB production per plant of 
pigeon pea and Gliricidia, we estimated the production 
potential at a hectare basis. For pigeon pea, we used 
the mean AGWB production per subplot of cropping 
years 5 and 6 as a proxy to estimate the production per 
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hectare. Particularly in the early years, cropping sys-
tems 1, 2 and 3 are superior with regard to the AGWB 
production compared to sole maize and Gliricidia inter-
cropping (Cropping system 4) due to the stable AGWB 
production of pigeon pea. While the AGWB production 
of cropping systems 1 and 2 do not change over time, the 
overall AGWB production of cropping systems 3 and 4 
rose due to the re-growing Gliricidia stock. At the end of 
the observation period (Cropping year 7), cropping sys-
tem 3 with a combined AGWB production of pigeon pea 
and Gliricidia demonstrated the highest AGWB output 
across all production systems. The AGWB production 
of cropping system 3 exceeded the AGWB production of 
cropping system 1 by 38%, cropping system 2 by 79% and 
cropping system 4 by 29%, respectively (Fig. 5).

Discussion
Data collection and allometric models for estimating 
the above‑ground woody biomass production
There are a variety of models that attempt to estimate 
the above-ground biomass from plants in sub-Saharan 

Africa (SSA) [31]. Destructive or non-destructive assess-
ments are used to develop allometric equations that pre-
dict the biomass production of plants [32]. A prominent 
resource-efficient method for estimating larger areas of 
forested land is remote sensing, which focuses on analys-
ing tree canopy data [33]. However, because we estimated 
the allometric equations from annually pruned plants, 
the remote assessment of the canopy was not feasible 
as canopies of annual plants have not been established. 
Therefore, we used a destructive sampling approach to 
assess dendrometric variables such as  RCD20 and stem 
height for estimating the AGWB. Destructive sampling 
approaches provide accurate information on relevant 
growth variables; however, the method is very resource-
intensive with regard to labour and time required for col-
lecting the data [34].

We assessed the dendrometric variables of annu-
ally pruned Gliricidia and pigeon pea plants in different 
years to account for the variation of growth variables 
due to environmental factors. In the literature, differ-
ent approaches to model the above ground tree biomass, 

Table 4 Survival rates, subplot size, root collar  diameter20, and the above-ground woody biomass production of pigeon pea per  m2

Cropping year: 5 (2019)

Survival rates 
(%)

Subplot area 
 (m2)

RCD20 min (cm) RCD20 max (cm) Mean  RCD20 
(cm)

AGWB_PP 
per  m2 (g)

C/system 1: PP (n = 61) 85 16.2 0.77 2.02 1.36 390

C/system 2: MPP (n = 59) 82 16.2 0.59 1.59 1.07 209

C/ system 3: MPPGS (n = 50) 69 16.2 0.81 1.55 1.06 161

Cropping year: 6 (2020)

Survival rates 
(%)

Subplot area 
 (m2)

RCD20 cm (min) RCD20 cm (max) Mean  RCD20 
(cm)

AGWB_PP 
per  m2 (g)

C/system 1: PP (n = 70) 65 24.3 0.64 2.63 1.32 328

C/system 2: MPP (n = 71) 66 24.3 0.81 2.55 1.36 313

C/system 3: MPPGS (n = 52) 48 24.3 0.66 2.37 1.46 288

Cropping year: 5 (2019) and 6 (2020)

Survival rates 
(%)

Subplot area 
 (m2)

RCD20 cm (min) RCD20 cm (max) Mean  RCD20 
(cm)

AGWB_PP 
per  m2 (g)

C/system 1: PP (n = 131) 75 40.5 0.64 2.63 1.34 353

C/system 2: MPP (n = 130) 74 40.5 0.59 2.55 1.22 271

C/system 3: MPPGS (n = 102) 59 40.5 0.66 2.37 1.26 237

Table 5 Survival rates, subplot size, root collar  diameter20, and the above-ground woody biomass production of Gliricidia per  m2

Survival rates (%) Subplot area  (m2) AGWB_GS per  m2 per cropping year (g)

4 (2018) 5 (2019) 6 (2020) 7 (2021)

C/system 3: MPPGS (n = 75) 100 1200 18 63 69 250

C/system 4: MGS (n = 73) 97 1200 33 117 114 378
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such as non-linear allometric (power-law models) or lin-
ear (log-transformed models) models, are used [23, 35]. 
Following other scholars [25], we tested different allo-
metric models and found that natural log-transformed 
models explain the variation of the AGWB production to 
a high degree. In forest science, log-transformed models 
using CFs for back-transformation of allometric relation-
ships are common and reliable [36]. A CF is required to 
account for the estimation bias introduced during log-
transformation; the usage of a correction factor enhances 
the accuracy of the model [29]. The developed models are 
suitable for estimating the AGWB production of pigeon 
pea and Gliricidia. However, external impacts, such as 
climate change, changes in temperatures, water avail-
ability and atmospheric  CO2 affect plant growth in arid 
regions; something that has to be quantified in further 
studies [37].

With regard to the AGWB production of Gliricidia, 
our results show that a linear regression model with 
two explanatory variables (natural log-transformed 
 RCD20 and natural log-transformed stem height) (Model 
6) explains the variation of the AGWB production 
(R2 = 96.9%) best. However,  RCD20 and stem height, the 
independent variables, show multicollinearity [38]. To 
resolve this issue, we constructed a composite variable 
of  RCD20 and stem height (Model 7), which also esti-
mated the AGWB very reliably (R2 = 96.8%). With regard 
to the AICs and R2, models 6 and 7 have higher predic-
tive values for estimating the AGWB production than 

model 4, but both models are based on two independ-
ent variables. Model 4 has a slightly lower explanatory 
power (R2 = 95.7%) but requires only one independent 
variable to predict the AGWB production. Considering 
the marginal loss of prediction value due to a single indi-
cator, model 4 is recommended as a baseline model for 
estimating the AGWB of Gliricidia. This is in line with 
other authors who also indicate that stem diameter alone 
is the best indicator for estimating the stem biomass of 
trees [24]. For stakeholders, it might be more practical to 
assess one single dendrometric indicator  (RCD20) instead 
of multiple ones  (RCD20 and stem height), when esti-
mating AGWB; assessing  RCD20 instead of stem height 
is recommended as  RCD20 can be non-destructively 
assessed using a caliper. The evaluation of stem height 
might be impractical in rural settings and might require 
the logging of the tree to assess the height [39].

The analysis of AGWB of pigeon pea stalks indicates 
similar results. Model 4, using  RCD20 as a single predictor 
variable, provided the highest degree of determination 
(R2 = 91.4%). This is in line with the AIC value, which also 
suggests that model 4 is the best one for predicting the 
AGWB. Similar to Gliricidia, multicollinearity is detected 
between  RCD20 and stem height, thus suggesting that 
model 6 does not meet the statistical requirements 
of OLS [24]. Model 7 can also be rejected, because the 
degree of determination is lower compared to model 4 
and because two independent variables must be assessed, 
thus increasing the workload. In line with other studies, 
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we recommend using  RCD20 as a single predictor for esti-
mating the AGWB production. Meta studies in SSA indi-
cate that 75% of the developed allometric equations are 
based upon stem diameter or circumference as predic-
tors for estimating the AGWB; 74% of allometric equa-
tions are using a single predictor variable to estimate the 
AGWB production, thus also reducing statistical prob-
lems related to multicollinearity [31]. There is a debate 
whether site and species-specificity affect the validity 
of allometric biomass equations. Nelson et  al. [40] sug-
gested that site-specific variations might have an impact 
on dendrometric variables, such as stem dimensions, 
thus requiring adapted allometric models. As Gliricidia is 
planted in different planting regimes with regard to spac-
ing and pruning time, it might be necessary to develop 
new models for different cropping and management sys-
tems. With regard to the differing management regimes 
of Gliricidia, with a growth length exceeding the annual 
pruning regime that was analysed in this study, the devel-
oped allometric models must be adapted. A sample size, 
exceeding 50 samples, is large enough to fit new allomet-
ric models acknowledging changed site conditions [41].

Assessment of the above‑ground woody biomass 
production of pigeon pea and Gliricidia
With regard to Gliricidia production, our assessment 
shows that with cropping system 4 (MGS), more Gli-
ricidia fuelwood would be produced than with cropping 
system 3 (MPPGS). The difference might be explained 
by the reduced competition between the plants in crop-
ping system 4, whereas in cropping system 3, the num-
ber of crops was 50% higher. Studies revealed that higher 
plant density leads to a higher competition for resources, 
resulting in lower yields per plant [42]. During our assess-
ment, similar results were found for pigeon pea with 
cropping system 1 (PP) showing higher plant survival 
rates than cropping systems 2 (MPP) and 3 (MPPGS), 
which both had higher plant densities. In addition, we 
found a larger  RCD20 in cropping system 1, which was 
also connected with a higher AGWB production per 
area compared to cropping systems 2 and 3. However, 
the AGWB production of pigeon pea depends on exter-
nal factors and varies from year to year. The estimated 
AGWB production from pigeon pea is not warranted as 
the underlying assumptions vary. As shown for cropping 
years 5 and 6, a comparison of the AGWB production per 
 m2 as well as the plant survival rates vary significantly 
within the cropping systems, which may lead to inaccu-
rate predictions. Further differences connected with dif-
ferent external factors (plot management, rainfall) might 
also contribute to those inaccuracies.

With regards to AGWB production of Gliricidia, we 
observed that the multi-annual pruning of Gliricidia 
shrubs is connected to a higher number of stems sprout-
ing in the subsequent year, thus suggesting an increase in 
the AGWB production per plant over the years. This is 
in line with other studies demonstrating a positive effect 
of pruning on the number of stems per plant [43]. We 
coppiced the Gliricidia plants twice a year (first prun-
ing was done at crop planting stage; second pruning was 
done around 2  months after planting). Our measured 
AGWB production per plant was in line with other stud-
ies, which indicated that 5-year-old Gliricidia plants pro-
duced up to 33.9  kg  tree−1 of fresh wood [44]. It needs 
to be emphasized that the AGWB production is directly 
connected with the number of Gliricidia stems sprout-
ing after pruning. Further research is needed to deter-
mine the best copping regimes to maximise the AGWB 
production of Gliricidia. Simons and Stewart [45] sug-
gested pruning intercropped Gliricidia plants at a height 
of 2 m to stimulate optimal fuelwood production. How-
ever, depending on the cropping system, this practice 
might not be suitable. Especially in intercropping sce-
narios with crops, it might be necessary to prune Gliri-
cidia more frequently to avoid negative impacts, such as 
shading on neighbouring crops. Kaba and Abunyewa [46] 
reported that the optimum pruning regime for Gliricidia 
plants with regard to biomass production lies between 8 
and 10  months. The produced fuel from Gliricidia and 
pigeon pea is a good substitute for off-farm fuelwood 
due to its comparably high calorific value and low smoke 
production during combustion [45]. Scientists estimated 
an average gross calorific value for different off-farm fire-
wood species of 19.8 MJ  kg−1 [47], while for a 5-year-old 
Gliricidia fuel and a fuel from pigeon pea 19.1  MJ   kg−1 
[48] and 15.0 MJ  kg−1 [49], respectively, were estimated.

Hafner et  al. [50] compared the fuel consumption of 
on-farm produced Gliricidia (1.815 tons  year−1) with 20% 
moisture content and pigeon pea (1.551 tons  year−1) with 
10% moisture content with the commonly used off-farm 
species Mimusops obtusifolia (2.273  tons  year−1) with 
20% moisture content when cooking a fast cooking meal 
using a TSF in the semi-arid Dodoma region in Tanza-
nia. The authors reported that pigeon pea and Gliricidia 
required less fuel than the off-farm species. The annual 
consumption rates were estimated based upon an average 
household size of 5 to 6 members. However, the annual 
estimated fuel consumption patterns of Gliricidia and 
pigeon pea are based upon assumptions regarding cook-
ing behaviours (fast cooking food items), household size 
(5 to 6 household members), as well as the frequency 
of cooking [50]. As these conditions might vary from 
household to household, the consumption patterns at 
the household level might vary as well. Comparing the 
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suggested annual fuel requirements with the fuelwood 
production from our agroforestry trial, less than one hec-
tare is required to cover the households’ energy demand 
with pigeon pea or Gliricidia. For cropping year 7, which 
was the last year of our observation, we found that based 
on the assessed survival rates of pigeon pea and Gliricidia 
plants, 0.40 ha with cropping system 1 and 0.52 ha with 
cropping system 2 are required to meet the annual fuel 
demand for cooking. Assuming a fuel consumption dis-
tribution of 50% pigeon pea and Gliricidia, 0.30 ha with 
cropping system 3 would be needed to be energy-self-suf-
ficient. With cropping system 4, 0.40 ha of Gliricidia are 
needed to meet household’s energy demand. The results 
of this study demonstrate the potential of on-farm fuel 
production systems to meet households’ energy demand 
and fuel autarky. However, the estimations of the AGWB 
production must be assessed carefully, as the underlying 
growth assumptions might vary depending on precipita-
tion, temperature, pests and diseases among others.

Adoption of on‑farm fuel production systems
In semi-arid Tanzania, smallholder farmers’ food secu-
rity is mainly based upon own agricultural production. 
Therefore, fuelwood production should not impair food 
production. Studies from the same research site showed 
that the integration of Gliricidia and pigeon pea in crop-
ping plans does not lead to crop yield loss but bears the 
potential to yield more using less area (sustainable inten-
sification) [51, 52]. The introduction of agroforestry sys-
tems needs to consider the whole crop/tree value chain, 
including the availability of seeds, the availability of seed-
lings, the growth rates, the local interests, as well as the 
marketability of the product [8]. The management of the 
research plot was supervised by researchers; therefore, 
the current management practices might be different 
when farmers manage agroforestry farms without con-
stant extension services. Nevertheless, a broad uptake 
of on-farm wood production at the household level is 
needed to achieve fuelwood autarky for communities. A 
study in Malawi indicated that the decision to plant on-
farm trees is mainly made by male household heads; with 
the highest tree density achieved when the trees were 
jointly managed by men and women [53]. With regard 
to pigeon pea, scientists cited that the decision to plant 
pigeon pea is connected to the expected market prices 
for pigeon pea grains [54]. The results showed that the 
AGWB production from cash crops, such as pigeon pea, 
is stable and can significantly contribute to households’ 
cooking energy demand. However, if market prices for 
the crop are insecure, farmers might refrain from incor-
porating pigeon pea in their cropping plans.

Farmers with short-term preferences for fuel might 
opt for pigeon pea due to the fact that fuel production 

from Gliricidia requires multiple years. As shown in 
this research study, the substantial contribution of Gli-
ricidia toward households’ energy demand from on-farm 
fuel production can only be expected after several years 
of growth, which might limit its uptake by smallholder 
farmers, because a quick contribution toward the house-
holds’ energy mix cannot be expected. High upfront 
investment costs incurred before Gliricidia systems sig-
nificantly add to households’ energy mix might limit the 
adoption of agroforestry systems to long-term oriented 
farmers. Additional factors underlying non-adoption of 
Gliricidia-based agroforestry systems at the smallholder 
level include a lack of access to extension services, train-
ing and financing [55]. Thangata and Alavalapati [56] 
reported that farmers’ age is negatively, while the num-
ber of farm workers is positively correlated to the adop-
tion of Gliricidia-based agroforestry systems. Coulibaly 
et al. [57] showed that the amount of land owned as well 
as the available financial resources are connected with 
the adoption of agroforestry systems. Foliage and green 
manure production from Gliricidia is not highlighted in 
this study. However, it is important to consider multiple 
benefits of foliage production from agroforestry systems 
when discussing the adoption. Specifically, increased 
organic matter and reduced carbon–nitrogen ratios 
enhance soil fertility [58]. Chirwa et al. [59] determined 
an increase in mineral nitrogen and enhanced nitrogen 
uptake of green leaf manure of Gliricidia substituting 
nitrogen-based mineral fertilizers. Especially in remote 
areas, smallholder farmers might have limited access 
to cost-intensive mineral fertilizers. Adoption of agro-
forestry systems might be encouraged via improved 
access to credit, stable market prices for pigeon pea (e.g., 
through subsidies), as well as enhanced training of small-
holder farmers and extension officers on the benefits of 
agroforestry systems.

Conclusion
In this study, we quantified the AGWB production from 
four Gliricidia and pigeon pea intercropping systems 
under semi-arid conditions. The developed allomet-
ric equations help to estimate the on-farm fuel produc-
tion potential of smallholder farmers to optimize local 
agricultural production programmes. The comparison 
of fuel production with literature-based household fuel 
consumption patterns indicated that on-farm fuel pro-
duction systems might substantially cover a household’s 
fuel demand, ultimately leading to complete fuel autarky. 
To apply the developed allometric equations, stakehold-
ers are required to only measure the single variable, 
 RCD20, within a cross sectional area and fill the resulting 
data into the recommended formulae to reliably predict 
the AGWB production from pigeon pea and Gliricidia. 
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Assessing an additional variable, such as stem height, is 
not necessary as it only marginally affects the explana-
tory value of the tested allometric models. The suggested 
Gliricidia and pigeon pea systems can be implemented by 
smallholder farmers, as less than one hectare is needed 
to meet the annual energy demand of an average-sized 
household. Annual growth of Gliricidia and pigeon pea 
depends on multiple factors, such as farm management 
and environmental factors. More research is needed to 
understand the main drivers of Gliricidia and pigeon 
pea growth to optimize the estimation of the AGWB 
production. To obtain benefits of agroforestry systems, 
the identification of drivers of dissemination as well as 
determinants of adoption of Gliricidia and pigeon pea 
systems is vital. On site practitioners should not neglect 
the importance of capacity building at the local level. 
Enhancing local knowledge on seedling production, dis-
ease management and tree pruning practices might stim-
ulate the usage of pigeon pea and Gliricidia intercropping 
systems.
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