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within a windbreak on a wine estate in the Western 
Cape Provence, South Africa. Power functions were 
constructed to explain tree height, whole tree above-
ground woody biomass, stem and branch biomass 
as a function of stem diameter at 1.3  m. Additional 
functions were developed to predict individual branch 
length and biomass based on branch stub diameter. 
The presented models explained each variable with 
high significance. The models could be used to esti-
mate carbon stock per km of windbreak for the given 
example. Furthermore, bark percentage predicted by 
stem sectional diameter was modelled to provide a 
function that can separate wood and bark fractions as 
a further outlook for the species’ utilisation.

Abstract The integration of trees within agricul-
tural systems delivers the opportunity to provide 
multiple benefits over those afforded by agricul-
ture without trees. The use of windbreaks as a form 
of agroforestry, in water scarce environments, is 
primarily used to reduce windspeeds in order to 
decrease evapotranspiration. Quick growing poplar 
species such as Populus simonii ((Carrière) Wesm.) 
are frequently utilised within windbreak structures, 
but to date, few allometric equations are available 
to quantify biomass production and to make infer-
ences about carbon storage potential of this species, 
and none outside the forest. To fill this knowledge 
gap, we destructively sampled 17 P. simonii growing 
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Introduction

Windbreaks often consist of trees planted in a single 
line with close tree spacing to form a dense barrier in 
farmed landscapes. Sometimes, multi-row windbreak 
structures are also used. Windbreaks consisting of 
trees have both direct and indirect influences on the 
crop, have rotations of greater than one year and can 
diversify the products derived from them, which may 
be crops or non-timber forest product plus timber or 
firewood.

The primary function of a windbreak is to slow and 
redirect the wind field over the protected cropping 
area, with windbreak influence reaching mean values 
of 15 times windbreak height into the adjacent field 
(Weninger et al. 2021). Windbreaks are often aligned 
perpendicular to the prevailing wind or winds that are 
disruptive at certain times of the year. This deflection 
of the wind field has been shown to influence mul-
tiple environmental variables on the leeward side 
of the structure, positively influencing air and soil 
temperatures, humidity and evapotranspiration rates 
(du Toit et  al. 2019; Veste et  al. 2020; Podhrázská 
et  al. 2021). The resultant shading effect from trees 
on the adjacent crop (Bohn Reckziegel et  al. 2021, 
2022) increases crop yield in water limited systems 
(Moreno 2008; Campi et al. 2009). But shading may 
equally present negative effects on growth in other 
regions due to increased competition for light and 
other resources dependent on factors such as tree 
density and individual site conditions (Ivezić et  al. 
2021). The presence of trees forming windbreaks 
within farmed landscapes not only provides direct 
influence on local site climate. It also influences other 
site attributes and ecosystem services such as soil 
nutrient content, water redistribution patterns, and 
impacts the above and belowground carbon seques-
tration potential of the site, offering a longer-term 
storage potential than conventional agricultural crop-
ping without trees (Geertsema et al. 2016; Sheppard 
et al. 2020; Weninger et al. 2021). The utilisation of 
tree rows as windbreaks is commonplace in the West-
ern Cape Province, South Africa (Veste et al. 2020). 
A trade-off between productive space and protective 
function is often a deciding factor in their placement 

and dimensions, additional benefits derived from such 
tree rows may influence their utilisation. The estab-
lishment and tending of trees within a farmed land-
scape can be considered a form of agroforestry.

Many tree species are used within windbreaks, 
shelterbelts and hedgerows. Attributes of trees com-
monly used for this application including fast growth, 
dense branching structure with long crowns, low com-
petition (i.e. can be established at high density and 
do not compete with the intercrop) as well as wind, 
sun and frost tolerance. One commonly used genus 
is Populus (Poplars), these are a group of 25 to 30 
species belonging to the family Salicaceae. Populus 
simonii ((Carrière) Wesm.) is part of the Populus sec-
tion Tacamahaca (balsam poplars) and is commonly 
known as Simon’s/Simon poplar or as Chinese cot-
tonwood since the species is native to north-eastern 
China and Mongolia. P. simonii has been introduced 
into North America, Australasia and southern Africa, 
in particular, South Africa. Alongside its frequent uti-
lisation in shelterbelts, it is commonly utilised for low 
quality timber applications such as pallet wood, or for 
energy wood and for phytoremediation purposes. The 
genus offers fast growth and easy establishment, and 
therefore, a quick and efficient formation of a wind-
break structure with minimal initial costs and tending. 
Due to a limited utilisation of a durable timber prod-
uct, only limited long-term carbon storage potential 
can be realised from Poplar species planted in wind-
breaks, nevertheless, the practice allows for an addi-
tional degree of carbon uptake and storage over mul-
tiple years in contrast to treeless agricultural cropping 
regimes.

Land under agricultural cultivation has a high 
potential for the storage of carbon, the integration of 
trees into treeless landscapes provides an opportu-
nity for the increase and preservation of soil organic 
carbon stocks (Maier et  al. 2023) as well as carbon 
stored in aboveground biomass (AGB) (Zomer et al. 
2016) and belowground biomass (Magalhães 2015). 
The concept of carbon farming specifically incorpo-
rates agroforestry as functional systems that integrate 
trees with conventional arable and livestock systems 
resulting in decreased Greenhouse gas emissions and 
increased carbon storage (Sharma et al. 2021). Zomer 
et  al. (2016) estimated biomass carbon on agricul-
tural land suggesting a mean national value for South 
Africa of > 10 Mg C  ha−1 with little change between 
2000 and 2010.
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Modelling in order to construct allometric equa-
tions is frequently utilised as a mean of exploring 
parameters in the natural world based on the idea 
of biological scaling. In this sense, the researcher is 
able to acquire a hard to obtain metric (i.e. in this 
case weight of biomass) from easily attainable meas-
urements such as diameter at breast height (DBH; 
the stem diameter measured at a standard height of 
1.3 m) or total tree height. Allometry is based on the 
sampling of a population and the construction of an 
allometric equation through regression. The use of 
allometric equations is commonplace for the bio-
mass and volumetric modelling in trees (Picard et al. 
2012; Henry et al. 2013; Morhart et al. 2013a, 2013b, 
2016). To date there are few studies focusing on the 
biomass production of P. simonii. Previous investiga-
tions stem exclusively from Chinese literature. For 
example, Gao et  al (2014) investigated the biomass 
and carbon storage potential of the species in planta-
tions producing two factor equations for leaf, branch, 
truck root and whole tree fractions. Other works are 
evident by title but lack an English translation of the 
main text. It is our understanding that this is the first 
instance where biomass modelling of P. simonii has 
been reported specifically for trees sampled from 
outside the forest. Our aim is to present allometric 
equations applicable for P.  simonii trees grown in 
windbreak situations as a form of agroforestry under 
a Mediterranean climate. Allometric equations are to 
be based on DBH as an independent predictor vari-
able and to use this information to make suggestions 
for potential carbon storage in the given study system. 
Beside equations for whole tree biomass estimation, 
we also provide information on tree components such 
as stem, total branch, individual branch and bark pro-
portion as well as bark thickness.

Materials and methods

Site description

The sample trees were derived from a windbreak 
located in the vineyards of the Babylonstoren Estate 
in the Western Cape near Stellenbosch, South Africa 
(coordinates: 33° 49′ 34.6764ʺ S, 18° 55′ 16.734ʺ 
E, 198  m  a.s.l.; Fig.  1), close to the town of Paarl 
(Fig. 1). The site experiences a hot summer Mediter-
ranean climate (Köppen-Geiger classification: CSa, 

c.f. (Peel et al. 2007)) with wet winters and dry sum-
mers with an average annual precipitation sum of 
770 mm and a mean annual temperature of 17.6  °C 
(Bargmann 2003; Meadows 2015; Climate-Data.org 
2022). Annual temperature and precipitation distribu-
tion can be seen in Fig. 2. Topography has been sug-
gested to highly influence local climate, particularly 
increasing the precipitation sum (Bargmann 2003). 
For this reason, actual precipitation on the study site 
may be higher than stated for Paarl.

Located in the Franschhoek wine valley at the 
foot of the Simonsberg, soils are derived from clays 
weathered from the sedimentary Malmesbury group 
formations and sandy loams from the Cape Granite 
Suite (Wellington 1955; Bargmann 2003). A detailed 
geological description of the region is given by Barg-
mann (2003) in relation to the extensive wine cultiva-
tion in the region. The site is flat and located within 
an active wine estate, the windbreak is flanked by 
vines and citrus plantations (see Fig. 1b and c). For 
this reason, irrigation, pest management and fertilisa-
tion effects on growth cannot be discounted.

This study focuses on P. simonii trees, with a 
planting date of 2000, in a single row with an average 
initial spacing of 1 m, forming a windbreak. Manage-
ment of the windbreak is limited and likely restricted 
to maintenance of access to the adjacent trackway. 
Due to the low planting density with limited competi-
tion outside the row, we consider the trees to show a 
more open growth form, particularly in the axis per-
pendicular to the windbreak row.

Fieldwork

Fieldwork was carried out during January 2021. Prior 
to felling, tree ID numbers and DBH measurements 
were recorded, DBH was marked on the stem for each 
sample tree. Trees were felled at a height of 10 cm. 
The following measurements were made post felling 
(see also Fig. 3): total length of the tree, as a proxy 
for standing tree height; the branch diameter at the 
cut face (hereafter branch stub diameter), measured 
in two perpendicular directions as well as its length 
from stub to tip. Five sample branches per tree were 
identified from five equal sections in the live crown. 
After debranching, any leaves on the sample branches 
were separated from the branches and wet mass for 
branches without leaves, was recorded. Disks were 
marked to be removed every metre along the stem, 
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including at the base (0.3 m), at 1.3 m and at the min-
imum stem diameter of 7  cm. An overview of indi-
vidual tree sampling strategy is given in Fig. 3. Wet 
mass for all the disks were recorded in the field using 
a scale with an accuracy of 1.0 g. The fresh weight of 
the billets (i.e. the remaining stem wood not sampled 
as discs) between the disks and tree top were deter-
mined in the field using a hanging scale with an accu-
racy of 0.25 kg.

Laboratory work

Branches were dried at 105  °C according to the 
ISO 18134–2 standard (ISO 2017) until of constant 
weight, measured using a scale with an accuracy of 
0.1 g. The average over- and under-bark diameter of 
all disks were measured to calculate the average wet 
bark thickness. The wet disks were de-barked and 
wet mass were recorded for disks and bark sepa-
rately. The water volume displacement was recorded 
for all disks, utilising the Archimedean principle, for 

Fig. 1  Location inforation: a Study site location near Paarl, 
Western Cape, South Africa. Adapted from (d-maps 2023a, 
2023b). b High-resolution orthophoto of the study area on the 
Babylonstoren wine estate, Stellenbosch, South Africa recon-

structed from drone images (ground resolution 2.34 cm/pixel), 
including location detail for the sampled Populus simonii 
windbreak (blue dashed line) between citrus fields, c the sam-
ple windbreak prior to sampling

Fig. 2  Climate diagram using data from the 1991 to 2021 cli-
mate normal period for the weather station of the town Paarl 
approximately 10.5  km north east of the study site. Data 
originated from Climate-Data.org (2022). Bars represent the 
monthly precipitation sums (mm), the line is the monthly mean 
temperature, upper ribbon is the monthly maximum tempera-
ture, lower ribbon is the monthly minimum temperature (°C)
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wood density calculation. Disks and bark were then 
dried separately to 105  °C until of constant weight. 
An individual tree conversion factor derived from the 
sampled stem discs was calculated as a ratio of wet 
weight against dry weight following forced drying. 
The conversion factor was applied to the fresh field 
weights for the whole tree, thus, providing whole tree 
dry weight for each of the sample trees.

Data analyses

All data exploration and analysis were carried out 
using the R programming environment 4.2.1 (R Core 
Team 2023). Linear and exponential regressions were 
fitted to the data using the function lm() (Wilkinson 
and Rogers 1973; Chambers 1992). The alpha level of 
significance was assumed to be at 0.05 for all analy-
ses. We followed common practice to apply non-lin-
ear allometric equations as this is an efficient method 
of relating an easily measurable parameter to that of a 
less obtainable dependent factor, such as dry tree bio-
mass (Parresol 1999; Zianis et al. 2005; Picard et al. 
2012; Morhart et al. 2013a, 2016; Cifuentes Jara et al. 
2015; Roxburgh et al. 2015). DBH is frequently used 
as predictor (Zianis et  al. 2005; Picard et  al. 2012) 
and is known to be strongly indicative of dry above-
ground biomass.

Due to the nature of non-linear regression meth-
ods violating the assumption of homoscedasticity 
when using original measurement scales, log-trans-
formation is necessary (Seifert and Seifert 2014). 
Where Y is the dependent variable (biomass com-
partment) and X the independent predictor variable 
(DBH), the data was log transformed, resulting in 
the following equation (Eq. 1). Here, a is the inter-
cept, b the slope and ε describes the additive error.

When modelling branch relationships, the data 
was also log-transformed and a linear mixed effect 
model procedure was used, where the individual 
tree was included in the model as a random effect 
using the R package lme4 (Bates et al. 2015). Poten-
tial linear mixed effect models are denoted as “b” 
models.

This renders a linear relationship and denoting 
the correct model fit of an allometric power equation 
(Picard et  al. 2012). Nevertheless, log-transformed 
data introduced a systematic negative bias to the data 
set (Baskerville 1972; Sprugel 1983; Zeng and Tang 
2011). Such bias is generally accepted to be rectified 
utilising Eq. 2 where σ is the residual standard error 
of the regression as given in Eq.  2 forming a cor-
rection factor (CF) as given in Eq. 3 (Sprugel 1983; 
Zeng and Tang 2011).

(1)InY = a + bInX + �

Fig. 3  Schematic showing 
sampling design
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In order to apply the regression for the calcula-
tion of AGB in arithmetic form, Eq. 1 must be back-
transformed according to Eq.  4 using the regression 
coefficients derived from the function and the CF as 
described in Eq. 3.

To provide confidence intervals to our corrected 
power functions (Eq. 4), we applied bootstrapping of 
the model coefficients by randomly resampling the 
data. After bootstrapping the model was based on 
1000 resamples, we determined the confidence per-
centiles (0.025 and 0.975) of all bootstrapped coef-
ficients and applied the correction factor CF to the 
percentiles.

Outliers were removed if they were identified as 
being outside 1.5 times the interquartile range above 
the upper quartile or lower quartile. Goodness of fit 
was evaluated utilising the adjusted coefficient of 
determination  (R2

adj), a metric that considers the 
number of variables in a data set, or the conditional 
 R2 if a mixed model was used and through the evalu-
ation of relative squared error (RSE). Homoscedastic-
ity of the residuals was checked using the Breusch-
Pagan test (Breusch and Pagan 1979; Koenker 1981; 
Krämer and Sonnberger 1986) in the lmtest package. 
Normal distribution was assessed utilising the Sha-
piro–Wilk test (Shapiro and Wilk 1965). A Durbin-
Watson test (Durbin and Watson 1950) was applied 
to assess whether there was autocorrelation between 
residuals.

The issue of additivity (Seifert and Seifert 2014), 
in regards to separated tree portions was investigated 
by applying beta regression (Cribari-Neto and Zeileis 
2010; Douma and Weedon 2019). Beta regressions 
can be used to model the proportions of the constitu-
ent biomass compartments of whole trees. The pre-
dicted proportions can then be multiplied with the 
predictions of a model for total tree biomass to derive 
the biomass of the modelled compartments. Never-
theless, neither the intercept nor slope as output from 

(2)
� =

√

√

√

√

√

n
∑

i = 1

(

InY
i
− InŶ

i

)2

(n − 2)

(3)CF = exp

(

�2

2

)

(4)Y = e
a
X
b
CF�

the beta regression were significant for this dataset. 
Therefore, we conclude that the model is not stating 
anything about the relation between dependent and 
independent variables and can be disregarded.

In order to present a comparison of our biomass 
model for AGB with other models found in the lit-
erature, the GlobAllomeTree database (Henry et  al. 
2013) was explored alongside internet-based search 
engines. With a lack of specific P. simonii focused 
studies, the search was initially expanded to include 
all Populus species from the Tacamahaca (balsam 
poplars) section. This also yielded limited results so 
the search was again broadened to include all Populus 
studies with biomass models that had a similar DBH 
range and where possible, similar tree age. Within 
this modified search criteria, no comparable stud-
ies from Mediterranean climate regions were found, 
therefore, studies with a broader geographical range 
were included in order to frame the presented data in 
our study, namely:

• P. maximowicii × P. trichocarpa hybrids located 
in southern Germany with a DBH range of 
1.8  cm–8.9  cm, n = 30, harvested at 3  years old 
(Morhart et al. 2013a);

• A generalised model derived from five Populus 
hybrids (namely: P. trichocarpa × P. deltoides, 
P. deltoides × P. nigra, P. canadensis × P. maxi-
mowiczii, P. nigra × P. maximowiczii, P. maxi-
mowiczii × P. balsamifera), with a DBH range of 
4.3 cm–37.3 cm, n = 120, harvested after 13 years 
in Québec, Canada (Truax et al. 2014);

• P. canadensis × P. maximowiczii hybrids 
in Québec, Canada with DBH ranges from 
7.5  cm–24.0  cm, n = 36, harvested after 14 years 
(Fortier et al. 2017);

• P. balsamifera and P. tremuloides with a DBH 
range of 5 cm–35 cm in Canada with the equation 
obtained via the GlobAllomeTree database (Singh 
and Misra 1979);

• P. tremula in Sweden including a DBH range of 
20 cm–108 cm, n = 111, harvested at ages between 
5 and 24 years (Johansson 1999).

The quantification of the carbon storage capac-
ity and the energetic potential of trees in windbreaks 
requires the knowledge of the carbon content of sin-
gle trees. To calculate the individual tree’s carbon 
content, we assumed a dry carbon concentration of 
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45% (stem and branch fractions) as derived by Gao 
et  al. (2014) from P. simonii plantations in semiarid 
temperate region of northwest China, the authors give 
mean carbon content values for different compart-
ments namely leaf, branch, stem and root. Carbon 
dioxide equivalent  (CO2e) was estimated by multi-
plying the calculated carbon content value by 3.67 
(Guest et  al. 2013). Root to shoot ratios (RS) may 
be applied to partially describe biomass partitioning 
belowground in the absence of sampling. Various 
root to shoot ratios for hybrid poplar are given and 
vary according to poplar species, age and tree density 
alongside site conditions. Mean values range from 
approximately 0.2 to 0.3 in the literature (Puri et al. 
1994; Fang et al. 2007; McIvor et al. 2009; Benomar 
et  al. 2012; Fortier et  al. 2015; Oliveira et  al. 2018) 
and in some cases less (Fortier et  al. 2015), how-
ever, these are hybrid poplars grown on short rota-
tions often at very high density. A generalised ratio 
supported by the IPCC (1996) suggests a RS of 0.25 
for temperate broadleaf species which would encom-
pass P. simonii in much of its distribution range. Nev-
ertheless, in dry climates the RS will increase (Kou 

et al. 2022), in a meta-analysis of pine and eucalypt 
allometry, du Toit et  al. (2016) found that mean 
annual precipitation sum was a strong predictor of 
RS, especially in drier climates. The authors showed 
that in climates with 700  mm mean annual precipi-
tation sum, such as experienced in Paarl, the RS of 
pine and eucalypt species was increased. Due to the 
dry nature of the site respectively, a value of 0.3 was 
therefore utilised within this study to reflect increased 
biomass allocation to the root system. The value was 
combined with the derived biomass function to gain 
an estimate of belowground biomass and carbon stor-
age therein.

Results

Exploration of tree parameters

The tree biometric parameters are listed in Table 1 
for each sampled tree. Tree DBH varied between 
6.9  cm and 31  cm (mean 20.3  cm) and measured 
tree length post felling between 6.20 m and 20.1 m 

Table 1  Results of the full tree measurement campaign

Tree ID DBH (cm) Height (m) Conv. factor Fresh weight (kg) Dry weight (kg)

Branch Stem Tree Branch Stem Tree

1 6.90 6.20 0.52 6.50 12.28 18.78 3.40 6.39 9.76
2 16.20 11.00 0.46 36.35 102.35 138.70 16.73 47.08 63.80
3 19.20 11.06 0.44 79.50 114.14 193.64 34.88 50.22 85.20
4 17.80 11.40 0.44 51.00 112.51 163.51 22.26 49.51 71.95
5 23.90 13.00 0.60 170.50 237.84 408.34 101.91 142.71 245.01
6 19.60 11.20 0.44 72.50 170.85 243.35 31.79 75.17 107.07
7 25.00 12.53 0.46 130.00 260.58 390.58 59.70 119.87 179.67
8 27.30 17.00 0.45 153.30 443.46 596.76 68.77 199.56 268.54
9 22.90 13.74 0.45 45.10 195.49 240.59 20.07 87.97 108.27
10 12.90 9.80 0.44 27.10 52.37 79.47 11.91 23.04 34.97
11 11.80 7.80 0.45 17.90 28.18 46.08 8.03 12.68 20.73
12 17.60 12.20 0.45 60.60 119.31 179.91 27.57 53.69 80.96
13 28.90 15.50 0.45 201.30 444.16 645.46 90.62 199.87 290.46
14 31.00 20.10 0.48 267.45 448.21 715.66 127.48 215.14 343.52
15 30.90 17.90 0.45 226.00 577.05 803.05 100.99 259.67 361.37
16 20.50 15.00 0.45 116.00 223.69 339.69 52.08 100.66 152.86
17 13.30 8.50 0.63 33.00 57.58 90.58 20.64 36.28 57.07
Min 6.90 6.20 – – – – – – –
Mean 20.30 12.60 – – – – – – –
Max 31.00 20.10 – – – – – – –
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(mean 12.6 m). Approximately 90% of all sampled 
trees (n = 17) were above 10  cm DBH and 80% of 
above 10  m in height. Mean windbreak width was 
4.9 m as a proxy for mean crown diameter perpen-
dicular to the axis of the windbreak row.

A summary of the applied tree-wise conversion 
factors plus the wet and dry weights of the sam-
pled woody component can be found in Table  1. 
The mean of the tree fresh biomass (± the standard 
error) was 311.42  kg (± 59.59  kg), ranging from 
18.78 kg to 803.05 kg with 32% of the biomass rep-
resenting the branch biomass with a mean biomass 
weight of 99.65 kg (± 19.23 kg). Figure 4 outlines 
the data distribution frequency of DBH, tree length, 
branch stub diameter and individual branch length, 
each data set displays an approximate bell curve 
distribution.

Tree and branch allometry

The measured DBH and height of the sampled trees 
display a strong relation with the fitting of a power 
regression model (see Fig. 5 and Table 2), all model 
assumptions were met. Field measurements of tree 
DBH and height are highly correlated  (R2

adj = 0.896) 
with individual branch length similarly demonstrat-
ing a high correlation with branch stub diameter 
 (R2

adj = 0.802). Likewise, all model assumptions were 
met.

Biomass estimation

The assessment of dry woody AGB was carried out 
by regressing tree biomass with measured tree bio-
metric parameters, specifically DBH, defined as 

Fig. 4  Sample data distribution: a Frequency of DBH, b frequency of tree length, c frequency of branch stub diameter, d frequency 
of branch length
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a log-transformed predictor (Picard et  al. 2015). 
Height as an independent predictor variable did not 
significantly improve the models, and was therefore, 
excluded from the modelling process. The whole tree 
biomass, the dry tree stem biomass and the branch 
dry biomass are explained by utilising a power func-
tion as is commonplace in biomass studies. DBH 
is shown to be an excellent predictor of the three 
dependent variables explaining 95.4%, 95.9% and 
88.3% of the variance for each of the latter dependent 
variables respectively.

Function coefficients and statistical measures of 
model fit are given in Table 2. P-values derived from 
the SW and BP tests were greater than 0.05, thus, also 
indicating normality and homogeneity of the residu-
als. Plots showing DBH against individual depend-
ent variables are shown in Fig. 6 showing the whole 
tree biomass alongside stem and branch stem biomass 
portions. Comparisons were made between the cur-
rent study and similar studies from the literature. Fig-
ure 7 shows the current model for AGB for P. simonii 
plotted against six other models. Selection of com-
parison models included models that concerned Pop-
ulus spp. (Tacamahaca section and hybrids) but also 
included other Populus sections that had individuals 
sampled from outside a closed forest environment. 
The displayed models vary in their range of applica-
bility across all diameters, i.e. the range of tree sizes 
sampled. This is reflected in the length of each curve 
shown in Fig. 7 without extrapolation.

The branch biomass is shown to be highly corre-
lated with the branch diameter  (R2

adj = 0.871). The 
branch stub diameter explains more than two third 
of branch biomass variance as shown in Fig. 8. The 

majority of branches sampled have a branch stub 
diameter of 40  mm or less (see also Table  2) with 
larger diameters (> 40  mm) represented by fewer 
samples.

Bark and wood partitioning

Bark biomass was predicted as a function of sectional 
diameter using data collected from sample discs col-
lected from the stem. Figure  9 shows the resultant 
model (model 7b, see also Table 2) which was fitted 
using a power model. The  R2

adj suggests that nearly 
77% of the variation can be explained by the model. 
With increasing diameter of the stem sections, bark 
proportion reduces. Double bark thickness (model 8b, 
see also Table  2) measured in cm is also displayed 
in Fig. 9 plotted against sectional diameter; it can be 
observed that with increasing diameter of the stem 
the double bark thickness also increases. The  R2

adj 
suggests that 76% of the variation can be explained 
by the presented model.

Carbon stock

The calculated  CO2e storage of a tree with increas-
ing diameter is shown in Fig.  10. The mean study 
tree with a DBH of 20.3 cm will store, estimated by 
the model using a power function as shown in Eq. 4 
(see Fig. 10), on average of 199 kg  CO2e. We can fur-
ther calculate that based on the sampled windbreak 
198.5  Mg  CO2e  km−1 is stored on average in the 
AGB, or by upscaling for comparison with other stud-
ies based on mean windbreak width a total storage 

Fig. 5  Relation a between 
DBH (cm) and total tree 
height (m); b between 
branch stub diameter (mm) 
and individual branch 
length (m). The shaded 
zone represents the 95% 
confidence interval
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of 110.7 Mg C  ha−1 or 406.2 Mg  CO2e  ha−1 can be 
reported.

Utilising the derived biomass function for whole 
tree biomass combined with the generalised RS of 
0.3 an estimate of belowground biomass and associ-
ated carbon storage can be made. For the calculated 
mean tree with a DBH of 20.3 cm, 59.7 kg  CO2e is 
potentially stored in the belowground portion. On the 
assumption of 1 m tree spacing, 6.0 Mg  CO2e  km−1 
belowground carbon storage can be estimated to be 
stored within the example P. simonii windbreak.

Discussion

Few biomass studies that explore the AGB production 
potential of P. simonii are available in the literature. 
It was our primary objective to contribute a specific 
function describing AGB for this species focused on 
trees outside the forest, in particular with a focus on 
agroforestry systems. We presented models for tree 
height and individual branch length alongside bio-
mass models describing total dry AGB, stem bio-
mass, total branch biomass and individual branch bio-
mass. We also provide models for an assessment of 
bark proportion and bark thickness based on sectional 
diameter.

Tree parameters and biomass production

The prediction of total tree height could be made with 
a high degree of accuracy as a function of DBH with 
nearly 90% of the variation explained by the model. 
The presented model (model 1a; Table  2) is limited 
in range to the sampled trees, therefore, accurate in 
the DBH range of 6.90 cm to 31.0 cm. Site-specific 
factors such as local climate and soil properties must 
also be accounted for when applying the model. 
These factors correspondingly include micro and 
macro effects of location, competition, and on agri-
cultural sites, indirect fertilisation and irrigation. 
These results were derived specifically from a sin-
gle row windbreak located in a wine estate in South 
Africa, within a Mediterranean climate, for this rea-
son the derived allometric equations should equally 
only be applied to similar situations. DBH, as is com-
monly shown (Paul et al. 2016), was a suitable predic-
tor variable demonstrating high  R2

adj values as a met-
ric of model fit. Height as an independent predictor Ta
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variable did not significantly improve the models and 
was therefore excluded from the modelling process, 
also negating the need for a two-factor function. DBH 
represents a measurement which is measured quickly 
and accurately in the field. Height measurements, 
however, can have a larger variation due to measure-
ment inaccuracies, deteriorating with increasing tree 
height. While every effort was taken to produce accu-
rate analytical results following a defined and tested 
protocol, human and accuracy errors in the determi-
nation of fresh weight of the whole tree by weighing 
multiple parts cannot be discounted. The low number 
of sample trees (n = 17) was limited by the labour-
intensive nature and cost effectiveness of the exer-
cise of the sampling technique as is commonplace in 

biomass studies (Roxburgh et al. 2015), but nonethe-
less, may provide a source of uncertainty consider-
ing between tree variability in growth form (Vorster 
et  al. 2020). Likewise, a relatively narrow range of 
tree dimensions means that the resultant function is 
limited in its predictive capacity to trees of similar 
dimensions and under comparable growing condi-
tions. The accuracy of dried weights is relative to the 
accuracy of the field scale.

Fig. 6  Observed values of a Aboveground tree dry biomass (Model 3a), b Stem dry biomass and (Model 4a), c branch dry biomass 
(Model 5a) as a function of DBH (cm). The shaded zone represents the 95% confidence interval

Fig. 7  Model comparison with other Populus spp. models 
from the literature. Our model (Populus simonii) is shown with 
the black line with the grey shaded zone representing the 95% 
confidence interval

Fig. 8  Observed values of individual branch biomass as a 
function of branch stub diameter (model 6b). The shaded zone 
represents the 95% confidence interval
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The sample trees were taken from a single row 
windbreak with a defined between tree spacing of 
1 m. Given the location of these trees, we assume that 
the trees were not as heavily influenced by competi-
tion pressure as in forests with higher canopy closure. 
Therefore, we also assume that the growing habit of 
the sample trees is more akin to open-grown trees. 
While the management of individual trees was not 
evident (i.e. pruning, lopping, clearance from the 

trackside etc.) their growth may have been affected 
by the adjacent farming activities and presence of a 
farm track at the base of the windbreak on the north-
eastern side (i.e. possible soil compaction or root 
disturbance).

Model 2b (Table  2) describing individual branch 
length predicted by branch stub diameter (explicitly 
the diameter at the first order divide between the main 
stem and branch) was also highly significant, a sam-
ple size of 84 branches provided a robust basis for 
the regression. Individual sample sizes ranged from 
a lower boundary of 7  mm up to 78  mm. The larg-
est branch stub diameters (> 60 mm) were only rep-
resented by two branches, this might have influenced 
the slope at its upper limit. The prediction of individ-
ual branch length can be considered to be less accu-
rate than the DBH/height model as branch extension 
is also influenced by genetics, site conditions, com-
petition, management, damage and shading (Ceule-
mans et  al. 1990; King 1997; Souch and Stephens 
1998). Furthermore, we assume that “within” row 
branch extension would be more heavily influenced 
by competition than “between” row branch extension. 
We demonstrated that branch stub diameter is a reli-
able predictor of individual branch biomass (model 
6b), in the same way that DBH is an important pre-
dictor for whole tree biomass and other aboveground 
tree portions. Since branch diameter (n = 84) explains 

Fig. 9  Bark biomass per-
centage (purple line; model 
7b, Table 2) and double 
bark thickness (cm) (orange 
line; model 8b, Table 2) 
plotted against sectional 
diameter (cm). The shaded 
zones represent the 95% 
confidence interval of each 
data set
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Fig. 10  Aboveground carbon dioxide equivalent  (CO2e) stor-
age per tree in relation to DBH. The shaded zone represents 
the 95% confidence interval
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significant variability of branch biomass, a diameter-
based generalised model is clearly a representation 
of branch biomass response to site condition and/or 
competition.

Comparison between existing studies and our 
data (Fig. 7) showed differences can be seen, seated 
between the Aspen studies (Populus section Populus) 
(Singh and Misra 1979; Johansson 1999) and the pre-
sented Tacamahaca studies (Singh and Misra 1979; 
Morhart et al. 2013a; Truax et al. 2014; Fortier et al. 
2017), these displayed a greater biomass production, 
although this cannot be attributed to species alone. 
The Tacamahaca studies show similarity in their 
curves alongside the AGB model presented in this 
paper. At larger diameters, the studies show increas-
ing divergence. Nevertheless, we can generalise and 
suggest that the Tacamahaca studies show 10%–20% 
less biomass production than the P. simonii sample 
at the given DBH range and the Aspen studies show 
20%–30% more. Climate and site conditions cannot 
be accounted for in such generalisations and are most 
likely to play highly influential roles on tree growth in 
each situation.

Bark proportion

Bark thickness varies with tree species, age, rate of 
growth influenced by climate, competition and posi-
tion on the tree with thicker bark at the base of the tree 
and thinnest within the crown (Konôpka et al. 2022). 
Based on the samples taken which were exclusively 
from the stem, we modelled bark percentage as a 
function of sectional diameter. This allows practition-
ers to gauge the proportion of bark biomass in relation 
to the amount of woody biomass at tree level based 
on any measured diameter in the tree. Once again, the 
suggested function is limited in its predictive capacity 
to trees of the same species, the measured sectional 
diameter range and comparable climatic and site con-
ditions. As a rule, sectional diameter is a function of 
age and, concurring with Konôpka et al. (2022) bark 
proportion and bark thickness can be described by 
increasing sectional diameter. While we only sampled 
trees of one age, inferences can still be made to trees 
of the same species under similar climatic conditions 
but of different age by comparing sectional diameter. 
Generally speaking, larger proportions of nutrients 
are contained within the bark than in woody portions, 
with smaller diameters. In previous work, Morhart 

et al. (2013a) measured dry bark biomass as a func-
tion of diameter class when studying short-rotation 
poplar hybrids. Both models correlate closely, vali-
dating our approach. While in closed forest produc-
tion systems it is more likely that crown material is 
left on site to decay, returning nutrients to the site 
(Seifert and Seifert 2014) also increasing soil organic 
carbon. In agricultural systems where land utilisation 
is more structured, felled trees or arisings from prun-
ing treatments may be cleared away more completely, 
hence, representing an export of nutrient and bio-
mass. The appreciation of such biomass functions can 
be used as a basis for a quantification of such nutrient 
export.

Biomass determination for utilisation and ecosystem 
services

The utilisation of woody perennial species as wind-
breaks in agricultural environments is common-
place. The need to quantify biomass production 
justifies the sampling and the production of allo-
metric equations as a tool that can be utilised by 
land owners to estimate the biomass of the growing 
stock. The Poplar genus as a whole is well repre-
sented within allometric equation studies, this can 
be largely attributed to its utilisation and success 
within short-rotation coppice systems producing 
biomass feed stocks for energy generation purposes. 
Here, the quantification of biomass is essential for 
comparisons between sites and clonal varieties as 
an estimation of oven dry yield. Within agricul-
tural settings it is less likely that windbreaks once 
removed will be utilised for industrial energy con-
version, rather for a more informal and local fire-
wood use, especially as the resultant timber is of 
very low quality and of small diameter. Of greater 
interest in such situations is the carbon storage 
potential of longer-lived windbreak structures. As 
classical energy production systems utilising poplar 
will be harvested on a 3 to 10-year rotation, wind-
breaks have the potential to offer a mid-term carbon 
sink on lands that would otherwise be treeless. The 
estimation of biomass can be used as a proxy for 
carbon accounting in such systems with an assump-
tion that carbon constitutes 45% of dry woody bio-
mass (Gao et  al. 2014) with further estimation of 
 CO2e using a multiplication factor based on atomic 
weight (Guest et al. 2013). By applying our models, 
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we have been able to suggest that approximately 
198.5  Mg  CO2e  km−1 could be sequestered in the 
aboveground portion of our example windbreak, 
with the potential of a further 6.0  Mg  CO2e  km−1 
of windbreak length for the belowground biomass. 
Uncertainties in the applied RS ratio connected to 
variation in species, site conditions, inter and intra 
species competition and tree age may provide a 
deviation in this estimate (e.g. a RS of 0.25 would 
yield approximately 5.0 Mg  CO2e  km−1 and an RS 
of 0.2, a yield of 4.0  Mg  CO2e  km−1). Neverthe-
less, this constitutes a substantial figure that can be 
accounted for within a total on-farm carbon storage 
budget over a tree-less farm and aligns with the con-
cept of ‘carbon-farming’ (Sharma et  al. 2021) and 
carbon storage within agroforestry systems (Zomer 
et  al. 2016). Other contemporary studies have also 
made estimations of carbon storage within woody 
biomass within farmed landscapes. Native hedge-
rows in temperate north-western Europe have also 
been intensively studied concerning biomass pro-
duction and carbon storage. Although dimensionally 
smaller (e.g. 1–4 m wide and up to 3.5 m in height), 
carbon storage in the range of 35–47 Mg C  ha−1 or 
approximately 20–30 Mg  CO2e  km−1 was also pos-
sible despite a reduced height and width (Axe et al. 
2017; Drexler et  al. 2021; Biffi et  al. 2023; Black 
et  al. 2023) in comparison with the poplar wind-
break presented in this study. This emphasises the 
potential of incorporating woody perennials within 
a farmed landscape, highlighting the increased 
carbon storage. Caution should be applied when 
considering values on a hectare basis for linear 
structures, especially when comparing with closed 
canopy forest stands, where carbon storage would 
be overestimated as it does not account for mortal-
ity and self-thinning effects due to high tree density.

Alternative methods have been made to assess the 
aboveground carbon content of trees; one promis-
ing method for biomass assessment as an alternative 
to destructive sampling is the utilisation of LiDAR 
(Light Detection and Ranging) in the form of terres-
trial laser scanning. Here high-resolution point cloud 
data can be utilised to construct highly accurate quan-
titative structural models where tree volume or vol-
umes of defined tree parts can be ascertained for the 
calculation of carbon content (Schindler et al. 2023a, 
2023b). Nevertheless, non-destructive methods still 
currently rely on the extrapolation of data derived 

from destructive sampling and subsequent analysis, 
reinforcing the ongoing necessity for species-wise 
and location-based traditional biomass studies.

The presence of windbreak trees can increase soil 
organic carbon stocks and the nutrient status of the 
surrounding soils through litterfall (Gao et al. 2014). 
The belowground biomass of trees, i.e. the root por-
tion, has been suggested to range between 20 and 
26% by species specific studies (e.g. Boscia Senega-
lensis (Awé et al. 2021) or Eucalyptus (Kuyah et al. 
2013)) or more generalised sources (Santantonio et al. 
1977; IPCC 1996; Cairns et  al. 1997). Estimations 
of belowground biomass are hard to obtain due to 
extensive methods required to excavate root biomass 
(Magalhães 2015), especially on a scale required to 
construct meaningful biomass functions. For this rea-
son, RS are frequently applied as a mean to estimate 
belowground carbon stocks. Within this study we 
did not make an active assessment of belowground 
woody biomass and relied on a generalised RS based 
on dryland ecosystems. Nevertheless, variability due 
to vegetation type, climate variables and individual 
tree parameters can influence the biomass partition-
ing (Pregitzer et al. 1990). For this reason, RS should 
be more specific towards species, woodland type and 
region (Magalhães and Seifert 2015). It is common 
to only find AGB functions, but with the increasing 
importance of carbon accountancy and the utilisation 
of trees on agricultural land for multipurpose benefits, 
efforts should be directed at also empirically quali-
fying belowground stocks. Upon the removal of the 
windbreak structure, if the belowground biomass por-
tion remain in-situ, a net increase in residual below-
ground carbon can be assumed. More accurate esti-
mate of belowground biomass remain in the realms 
of destructive sampling and at present can only be 
achieved by root excavation, however methods for 
example utilising ground penetrating radar may hold 
promise for the future (Sun et al. 2023).

Conclusions

We present a set of allometric equations for P. simonii 
based on samples derived from a windbreak located 
on a wine estate near Stellenbosch, South Africa. 
Models for total tree height, AGB, stem and total 
branch biomass are given utilising DBH as a quick 
and accurate predictor variable. Alongside, functions 
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for individual branch length and individual branch 
biomass are given as a function of branch stub diam-
eter. Lastly, functions to estimate the bark proportion 
and bark thickness have also been presented utilising 
sectional diameter as independent variable.

Data was collected from one site, for one species at 
one age under specific climatic conditions, therefore, 
the transferability of results is limited to similar culti-
vation situations of P. simonii. The utilisation of pop-
lar as a windbreak species in the Western Cape Prov-
ince is commonplace due to its easy establishment 
and fast growth. It is likely that our results can be 
directly transferred to other windbreak structures in 
the region. The quantification of whole tree biomass 
and the biomass of separate tree components allows 
for complete accountability for in-situ (e.g. ecosystem 
services) and ex-situ (e.g. utilisation of tree biomass 
for energetic use) benefits, for estimating volume pro-
duction, or for example, as a basis for a quantification 
of nutrient export an issue of particular importance 
within agroforestry systems.

We discussed how such functions can be further 
applied for the estimation of belowground biomass 
and whole tree carbon storage, both relevant for the 
promotion and utilisation of trees in agricultural sys-
tems. Windbreaks such as those evaluated within this 
study are generally longer lived than the crops culti-
vated between, but are inherently shorter lived than 
trees located within forest stands, which is largely 
due to management constraints and perceived nega-
tive impacts of large trees on farms. Nevertheless, 
the opportunity to store carbon within both the above 
and belowground portions of woody biomass pro-
vides an additional and alternative opportunity for 
mid-term carbon sequestration on land which is fre-
quently utilised in the absence of trees. These ben-
efits can be considered additional to the provision of 
wind and water erosion reduction benefits alongside 
the intended, and primary, sheltering effects of wind-
breaks influencing windspeeds, evapotranspiration as 
well as air and surface temperatures on the leeward 
side which are also of high relevance (Sheppard et al. 
2020; Veste et al. 2020).
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