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Abstract

Shrubland ecosystems cover a large part of the five Mediterranean regions of the world,
and monitoring their biomass is crucial for assessing fire risk and carbon sequestration.
However, biomass models for multi-stemmed shrubs remain scarce, making the quantita-
tive assessment of shrubland biomass imprecise and often unreliable. Here, we measured,
harvested, and weighed 411 specimens at two representative sites to quantify aboveground
biomass (AGB) in 14 shrub species. To develop species-specific and general models of
AGB, we used observations on total height (HT), diameter at collar height (DCH), number
of stems (NS), and crown size as well as different geometric shapes representing crown
area (CA) and bulk volume (BV). General models including all species were fit, including
species identity as a random effect to take variation across species into account. A k-fold
cross-validation was used to assess and compare the ability of the models to predict inde-
pendent data. Individual AGB varied markedly both within and among the 14 species, with
on average higher values at the site characterized by lower shrub density and species rich-
ness. Two biomass components, woody and leaf +twig, were distinguished, and species-
specific means of the woody and leaf + twig proportion varied between 30 and 60%. We
found that crown BV assessed on different geometric shapes was suitable to predict the
biomass for different shrub species and that additional variables were rarely beneficial. The
best general model included BV represented as an inverted truncated cone, derived from
crown diameter (CD), HT and the DCH of the longest stem. This study provides novel
allometric equations essential for assessing AGB shrublands in central Chile. Our general
multi-species models based on BV geometry could prove very useful for future studies in
Mediterranean shrublands, allowing us to estimate biomass through indirect, non-destruc-
tive methods.

Keywords Biomass model - Allometric equations - Biomass allocation - Crown
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Introduction

Mediterranean shrubland globally covers 2.8-10° km? (Chapin et al. 2011) within five Med-
iterranean zones (the Mediterranean basin, California, central Chile, the western Cape of
South Africa, and southwest and south Australia), which are referred to by different terms,
such as Chaparral (USA), Matorral (Chile), Fynbos (South Africa), or Garrigue (the Medi-
terranean basin) (Cowling et al. 1996; Saglam et al. 2008). These ecosystems are character-
ized by a highly diverse array of (mostly) evergreen and drought-resistant shrubs adapted
to the region’s hot, dry summers and mild, rainy winters (Médail and Quézel 1999; Cowl-
ing et al. 2015). The importance of Mediterranean shrubland on a global scale includes
carbon sequestration and biodiversity conservation, prevention of soil erosion and desertifi-
cation, water storage, catalyzing nutrient cycles, and climate change mitigation (Conti and
Diaz 2013; Gratani et al. 2013; Ruiz-Peinado et al. 2013; Pasalodos-Tato et al. 2015; Mad-
rigal-Gonzélez et al. 2023). In Chile, Mediterranean shrubland is represented by the scle-
rophyllous type of vegetation and covers 1.5 Mha (INFOR 2022). It is classified as one of
the 25 biodiversity hotspots in the world due to its high endemism and, as a consequence,
is designated for conservation priority (Myers et al. 2000). Despite the great importance of
this ecosystem, Mediterranean shrubland has suffered multiple anthropogenic disturbances
since Euro-Chilean settlement, such as urban expansion, forest fires, agricultural expan-
sion, logging for firewood, and over-grazing from livestock, all of which have substantially
reduced its extent (Schulz et al. 2011; Smith-Ramirez et al. 2023).

Allometric equations are fundamental for the biomass and carbon stock quantification
of Mediterranean shrubland, which are important inputs within the Kyoto Protocol agree-
ment and the implementation of REDD + initiatives under the UNFCCC (Nyamukuru et al.
2023). A few studies have developed allometric equations to estimate the aboveground bio-
mass (AGB) in shrub species in different regions using crown attributes (e.g., Vora 1988;
Usé et al. 1997; Paton et al. 2002; Huff et al. 2017). In Chile, biomass equations have
been created mostly for large native tree species (e.g., Caldentey 1995; Kutchartt et al.
2021), but scant information is available for multi-stemmed shrubs (Orrego 2014; Cruz
et al. 2015). This lack of information makes it difficult to estimate AGB in shrubs using
indirect methods, either using species-specific models or general models. The advantage of
general models is that they obviate the need for species identification, making them useful
for remote sensing applications, especially combining models based on crown area (CA)
at individual tree level with aerial photographs, drone-flight, or airborne laser scanning
data (Menéndez Miguélez et al. 2022). However, species-specific models are expected to
provide more accurate estimates of biomass than generic models (Buech and Rugg 1989;
Sah et al. 2004; Paul et al. 2013; Annighofer et al. 2016). Similarly, information regarding
biomass allocation (e.g., woody biomass, leaves, twigs, roots, etc.) is poor in the shrub bio-
mass literature. Separating biomass allocation is particularly important in Mediterranean
shrubland because different biomass fractions are affected differently by fire in this fire-
mediated ecosystem (e.g., Papi6 and Trabaud 1990), but also for other ecological consid-
erations, such as the soil nutrient status, or browsing by livestock (Peichl and Arain 2007).

Shrub biomass can be modelled through classic allometric relationships between weight
and diameter at breast height (DBH) (Cruz et al. 2015). However, the architecture of
shrubs is different from that of trees (Yao et al. 2021). Shrubs do not have a single stem,
and selecting one out of many to estimate the entire plant biomass is often not appropri-
ate due to the difficulty of obtaining an accurate stem diameter for a multi-stemmed plant
(Zeng et al. 2010). Even measuring the diameters of all the stems (Matula et al. 2015) or
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the thickest one in an individual does not necessarily allow for correctly assessing woody
biomass (Northup et al. 2005). Thus, other covariables have been proposed in the literature.
Measuring length and diameter of the canopy allows computing its CA or bulk volume
(BV), which are useful covariables to estimate AGB in shrubs (Ludwig et al. 1975; Navar
et al. 2004; Ali et al. 2015; Yao et al. 2021). These can be easily measured in the field
or through remote sensing. Different authors, such as Ludwig et al. (1975), Murray and
Jacobson (1982), Usé et al. (1997), and Conti et al. (2013), have proposed several geomet-
ric shape approaches to assess the CA and BV of the crown to predict AGB, which could
be more beneficial instead of measuring the stem diameter in some specific shrubs. Other
explanatory variables such as total height (HT), number of stems (NS), age, wood density
(WD), or stem diameter at different heights can improve biomass models in addition to
crown size and shape (Chave et al. 2005; Alvarez et al. 2012; Conti et al. 2013; Ali et al.
2015; Huang et al. 2022; Kouamé et al. 2022). All in all, the inclusion of robust allometric
equations for shrub species in a national database is an important input to improving forest
inventories and carbon stock quantification, especially because of constant anthropogenic
disturbances to this fragile ecosystem. Hence, robust biomass equations are essential to be
able to quantify the carbon capture ability of new and restored shrublands.

In this study, we aimed to (1) develop species-specific and general AGB models for 14
dominant shrub species in the sclerophyllous Mediterranean shrubland of central Chile, (2)
test predictive variables using geometric shapes of the crown, such as different crown pro-
jection areas and bulk volumes, and examine whether variables additional to the main pre-
dictor variable improve the models, and (3) determine biomass allocation between woody
and leaf + twig biomass in the species studied.

Material and methods
Study area

The study was conducted at two representative sites of arborescent shrub species at mature
stage in the Mediterranean ecosystem of the O’Higgins region in central Chile (Liibert
and Pliscoff 2018; Miranda 2022). One site was located at Cortaderal (34°35'S 71°29'W)
and the other site at Miraflores (34°08'S 70°37'W) (Fig. 1). The cover vegetation differed
between sites. Cortaderal was arborescent, semi-dense (50-75%) to dense (>75%), with
abundant herbaceous vegetation and shrub regrowth, while Miraflores was semi-dense to
open (25-50%), with little herbaceous vegetation and sparse recent woody growth. The
vegetation cover among open and semi-dense areas represents 32% and 35% of the shrub-
land area, respectively (CONAF 2021), and corresponds to sites that have been heavily
intervened during the last two centuries. In the last 40-50 years, there has been a process
of natural recovery of native sclerophyllous vegetation, although sporadic grazing persists
(Schulz et al. 2010). Temperatures are higher at Miraflores than Cortaderal, with a mean
temperature of 16.3 °C in Miraflores compared to 12.0 °C in Cortaderal. The estimated
mean annual precipitation is slightly higher at Cortaderal with 725 mm, compared to the
688 mm in Miraflores, which represent a steep area, which is much more pronounced com-
pared to Cortaderal sector (Kutchartt et al. 2022). In general, both Cortaderal and Mira-
flores have marked dry seasons (Fick and Hijmans 2017). The soils at the Cortaderal are
moderately deep, on andesitic rocks and diorites with different degrees of weathering. The
texture is characterized by silty clay loam at the surface and clayey loam at depth, with
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Fig.1 Study area. A Location of the O’Higgins region within the Republic of Chile B The triangles indi-
cate the Cortaderal and Miraflores sites and in circles the cities of Santa Cruz and Rancagua, central Chile

organic carbon content decreasing with depth, with 4.4% at 0-12 cm, 2.4% at 12-28 cm,
and 1.5% at 28-50. The soils at Miraflores vary from 20 to 70 cm in depth, with a rocky
substrate appearing at 42 cm. The thin soil was formed from eruptive rocks containing
dioritic and porphyritic rocks with little to moderate weathering. Slight to moderate stoni-
ness was found on the surface, with occasional rocky outcrops. The texture is silty clay
loam at the surface and clay loam at depth. The organic carbon decreases from 1.8% at
0-16 cm to 0.8% at 16-42 cm (CIREN 1996).

Field data collection

During the summer of 2018, 411 shrubs of 14 species were sampled at the two sites (two plots
of 1,000 m? at each site; see Table 1). The shrubs within the plots were measured, harvested
and weighed. The recorded attributes were DCH (identifying the longest stem as a representa-
tive one), measured with a calliper; crown diameter (CD; values between the two-perpendic-
ular axis, north- and east-oriented); crown length (CL); and HT; measured with a measuring
tape; and the NS, which were counted (Table 1). After the shrubs were harvested, woody bio-
mass (WB) and leaf+ twig biomass (LTB) were separated and weighed fresh for each entire
shrub in the field using a digital scale with a 100 kg capacity and a graduation of 100 g to get
only the component fractions. Leaves and twigs< 1 cm in diameter were considered a single
component in order to simplify the fieldwork (e.g., Wang and Niu 2016). For Podanthus miti-
qui and Retanilla trinervia, WB was not separated from LTB because a significant part of its
foliage had fallen at the time of sampling. Thus, for these two species, we only computed the
total AGB and were unable to weigh the leaf fraction (see Table 1). Finally, samples for WD
and moisture content (MC) determination were collected at 0.3 m aboveground and measured
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using a piece of stem in the laboratory to calculate the dry weight of each shrub (see more
details in Kutchartt et al. 2022).

Crown area and bulk volume

From the field data, additional dimensions were calculated to characterize the crown areas
and volumes of the shrubs. CA was computed as both a circle (1) and an ellipse (2) and
later used as a covariate for model-based prediction of AGB.

CD, + CD,\*
CAc = % : <Ty> (1)
V4
CAe=7 - (CD,-CD,) )

where CA, is the crown area of a circle and CA, is the crown area of an ellipse in m?, CD,
is the crown diameter on the x-axis, and CDj is the crown diameter on the y-axis (perpen-
dicular to the x-axis) in m.

In addition to computing CA, and CA_, DCH, CL and HT were used to calculate the
volumes of the crown and of the entire shrub (e.g., Tian et al. 2014). The shrub crown was
depicted by a solid of revolution corresponding to the most common species. We used the
volume of six geometric shapes in total. In the case of an elliptical cone and hemi-sphere,
both HT and CL have been used to determine volume. The other two geometric figures
were referred to as the inverted truncated cone and elliptical cube, with the aim of explor-
ing which geometric figure could best fit the actual crown of the shrubs studied (Fig. 2).
Hereafter, the volume of each geometric shape was also tested as a covariate in our model-
ling fits. The volume we calculated was BV, also known as apparent biovolume (m?), which
refers to the specific body of the plant (e.g., Blanco Oyonarte and Navarro Cerrillo 2003).
Therefore, the crown volume will be defined as the BV hereafter.

Biomass modelling

Basic shrub attributes such as DCH, HT, NS and CD were plotted to analyse their gen-
eral and species-specific relationships (Fig. 3), and to understand if and how the diverse
architectural shapes of the shrubs needed to be considered for modelling purposes. Shrub
AGB was modelled using the mathematical expression y=aX" (e.g., Zianis and Mencuc-
cini 2004) and derivates of this form to check whether adding more covariables improved
the model’s fit and predictive ability (e.g., Conti et al. 2019). Either DCH, CA, or BV were
selected as the main predictor variables, and HT and NS were additional variables for the
species-specific models. In total, we formulated thirteen models (Eqs. 3-13), some of
which received different inputs for CA and BV.

Y = f,DCH" (3)
Y = py(DCH?)" )
Y = p,DCH? HT": 6))
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Fig.2 Geometric shapes used to calculate different crown BV that were included as variables in the total
AGB models. Where BV is the bulk volume referring to the specific geometric shapes, DCH is the diameter
at collar height, HT is the total height, CD, is the crown diameter north—south axis, CDy is the crown diam-
eter west—east axis, CD is the mean value between CD, and CDy and CL is the crown length
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simple linear models fitted to the data of each species. Crossing lines indicate interaction effects mediated
by species, e.g., a strong, species-specific difference in the degree of interaction of the variables (compare
slope differences) or even negative instead of positive relations (only given the NS vs. CD (K. oblonga))

where DCH is the diameter at collar height in cm, CA is the crown area in m?2, the sub-
script (x) refers to circle (c) or ellipse (e), BV is the bulk volume in m®, and the subscript
designates one of six geometric shapes used as a covariate in the model (Fig. 2), HT is the
total height in m, and NS is the number of stems.

Because two approaches were used for calculating CA, Eqgs. 7, 8, and 9 actually
represent six different models. Similarly, six different geometric shapes were used to
compute BV (Fig. 2), increasing the number of models derived from Egs. 10, 11, and
12 from three to eighteen. In total, twenty-nine models were tested for each of the 14
shrub species to identify the best species-specific biomass model.

In addition, we developed linear mixed effects models, considering independent
variables such as CA, or BV, or derivates of DCH as a single explanatory variable and
species as a random effect, to identify the best simple general shrub biomass model.
Taking into account different variances per species (Tischer et al. 2020), random inter-
cept and slope models were fitted by maximum likelihood (ML), resulting in unbiased
estimates for the general intercept and slope parameters. The ML approach stands for a
parameter estimation procedure that makes the observations most probable and allows
a comparison between models.
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Model selection criteria and validation methods

The main criterion to compare the models was their ability to reliably predict data to
which they were not fitted. Because the number of observations per species was rela-
tively low and independent data were not available, the data at hand were repeatedly
used to perform k-fold cross-validation. For this approach, the data were split into five
folds (subsets): four as training data (model fitting) and one for testing (comparing
model predictions with real observations). For a single k-fold cross-validation, each of
the folds was used once for testing and the others for training. In a repeated k-fold cross-
validation, the sampling of the data into folds is repeated. Here we performed 1,000
repetitions of each fivefold cross-validation and evaluated the model based on its ability
to predict the testing data points, which accounted for 20% of the total data in each of
the 5,000 evaluation steps. To correct the bias when the predicted data were transformed
from a logarithmic scale back to the original scale, the correction factor (CF) by Bask-
erville (1972) was calculated and used for each step.

2
CF=e<SE2E > (14)

where CF is the correction factor, e is the exponent, and the SEE is the standard error of
the estimation. Correction factors were thus calculated for each model and will be reported
along with the best model equations and their parameters, so that corrected response vari-
ables can be calculated by multiplying the result of the given equation with the respective
CF.

To evaluate and compare tested models, several performance criteria for assessing
were calculated as arithmetic mean of the criteria computed for each of the step of the
k-fold cross-validation. A number of criteria were used to compare the performance of
the models tested. The root mean square error (RMSE, kg; Eq. 15), the mean absolute
percentage error (MAPE, %; Eq. 16), and the coefficient of determination (R% Eq. 17)
were used to evaluate the goodness-of-fit, in particular of all species-specific models
fitted with ordinary least squares regression. To select the best model, the RMSE based
on a repeated k-fold cross-validation (CV-based) was used to rank the models in order
to avoid selecting overfitted models. Models were considered to be indistinguishable by
RMSE, when their estimated RMSE was lower than a threshold defined by the lowest
RMSE plus two times its standard deviation. These models were in addition compared
by the percent relative standard error (PRSE, %; Eq. 18) of their parameter estimates to
check the uncertainty in each parameter, finally representing an evaluation similar to the
scheme of the Akaike information criterion (AIC; Eq. 19). For the PRSE comparison,
the maximum PRSE of each model was derived from all parameters associated with a
covariate, i.e. expect the intercept. The exclusion of the intercept in this evaluation was
applied to avoid that intercepts estimated to be around zero, and which are therefore
not important, but still show some uncertainty in determination, will inflate the maxi-
mum PRSE used for this model ranking in the second step. While the CV-based RMSE
— PRSE evaluation was used for the species-specific models, the AIC was used as the
primary evaluation criterion for the general models, which were fitted by maximum
likelihood and where the best model was identified as the one with the lowest AIC.
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(15)
(16)
n _5 2
RP=1- fol b f’)z (17)
Yo -y
PRSE =100 - @ (18)
AIC = =2In(L) +2p (19)

where y; is the observed value, 9, is the predicted value, y; is the mean value, n is the num-
ber of samples, p is the number of parameters, L is the likelihood of the fitted model, P is
the parameter estimate, and SE(P) is the parameter standard error.

Collinearity and heteroscedasticity are common issues in statistical models, in particular
when plant traits are considered to be highly correlated. Our approach included the a priori
definition of shrub (BV) geometries, calculated using one or more different plant variables.
The goal was to identify geometries most suitable for biomass predictions. It is therefore
important to note that we do not infer the effect of the variables used, which can be biased
by collinearity. Considering the goodness of fit of the cross-validation, we selected those
models that demonstrated to be most accurate in predicting the biomass of shrubs to which
the model was not fitted, thus demonstrating both the practical usability and uncertainties
of the models and associated shrub geometries presented.

Analyses were carried out using R version 4.2.3. (R Core Team 2023), using the lme4
package (Bates et al. 2015) for linear mixed effects modelling.

Results
Species-specific AGB models

The species-specific equations varied widely in model errors, which ranged from 30.4
to 86.1% in MAPE (Table 2). The highest MAPEs were found in species such as B.
linearis, K. oblonga, A. dentata, and A. chilensis, while the lowest MAPE was found in
M. obtusa. R? also ranged widely, from 0.851 to 0.429, consistent with the wide range
in MAPE. In none of the fourteen species analysed, the performance of the model in
RMSE and PRSE improved by adding covariates such as HT and NS (Table 2). The
inclusion of HT was suitable only as a combined variable (DCH?HT) in three out of the
fourteen species analysed, but HT as an additional single covariate was not present in
any of the best species-specific models, as was also the case with NS. WD was found
not to enhance AGB predictions in the preliminary analysis and was not included as a
covariate in the model list (see Annex 1). In the Cortaderal site, seven shrub species
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Table 2 The best total AGB models found for each shrub species at Cortaderal and Miraflores sites. While
the RMSE, MAPE and R2 are based on a repeated k-fold cross-validation, the correction factor and param-
eter estimates are given for a fit to the complete data

Species Model Parameter estimates (with PRSE in %) Cross-validation based model

performance

bo B CF RMSE (kg) MAPE (%) R
Cortaderal
A. chilensis Y = ﬁong' 1.887 (22.7) 0.585(16.5) 1.25 225+0.1 86.1+59 0442
A. dentata Y = B(DCH?HT)" 0.177 (16.9)  0.727 (10.6) 1.28 3.38+0.1 842+2.6 0.588
B. linearis* Y = ﬂogvsﬁn 3759 (7.6) 0.740(6.8) 1.22 1.94+0.1 71.8+12 0.736
B. macraei Y = ﬂoBVf' 2.086(11.2) 0.675(12.0) 1.08 1.06+0.1 37.8+1.5 0.734
B. horrida Y = ﬁoBVf' 1.030 (606.1) 0.750 (14.3) 1.10 0.16+0.0 40.3+19 0.820
E. pulverulenta y — ﬂoBVS' 1.451(18.5) 0.920(5.8) 1.07 1.21+0.1 344+12 0.811
G. foliosa Y = ﬁoBVf' 2499 (10.2) 1.001(7.4) 1.13 2.82+04 50.6+2.8 0.789
K. oblonga Y = fo(DCH?HT)? 0.155(15.1)  0.687 (10.9) 1.25 1.25+0.1 755+7.5 0.810
L. hirsuta Y = B,(DCH?HT)" 0.561 (41.1) 0.422(12.9) 1.05 1.10+0.1 31.1+2.1 0.614
M. obtusa Y = ﬁoBVf' 3.402(5.3) 0919(42) 1.05 3.14+0.1 304+14 0.851
T. bicolor Y = ﬁOCAf‘ 0.198 (10.3) 0.443(19.4) 1.05 0.03+0.0 324+13 0488
Miraflores
C. salicifolia  y — ﬁOBVQﬂI 4297 (6.4)  0.809(10.0) 1.09 6.33+0.5 41.6+19 0.604
P. mitiqui Y = ﬂOCAf‘ 1.308 (39.5) 0.727 (12.6) 1.09 1.36+0.1 423+2.0 0472
R. trinervia Y = ﬁovil 8.103 (10.2) 0.366 (26.7) 1.11 8.12+04 46.0+22 0429

Y =response variable as total AGB (aboveground biomass; kg), BV =bulk volume (1, 2, 3, 4, 5 and 6 val-
ues are specified in Fig. 2; m3), CA =crown area (c=circle and e=ellipse; mz), DCH =diameter at collar
height (cm), HT =total height (m), NS =number of stems, f, and B, =model parameters estimated by log—
log ordinary least squares and their percent relative standard error PRSE (%), R>= coefficient of determi-
nation, CF=correction factor, RMSE (kg) =root mean square error and MAPE (%) =mean absolute per-
centage error

*B. linearis was the only species found in both sites, with 42 individuals at Cortaderal and 25 in Miraflores.
Therefore, the models included 67 individuals as a single model

(A. chilensis, B. linearis, B. macraei, B. horrida, E. pulverulenta, G. foliosa, and M.
obtusa) were based only on one covariate, using the BV as the explanatory variable that
was found to be the best. On the other hand, the best model in T. bicolor was also found
based on only one covariate, using the elliptical area (CA,) as the best explanatory vari-
able. For the other three species presented in the Cortaderal site (A. dentata, K. oblonga,
and L. hirsuta), the combined variable (DCH?HT) was the best predictor for total AGB
(Table 2). However, the MAPEs in two of these species were relatively high, with 84.2%
in A. dentata and 75.5% in K. oblonga, respectively. At the Miraflores site, the best
model for two species, C. salicifolia and R. trinervia, had the BV as the best explana-
tory variable to predict AGB (Table 2). In P. mitique, the best model was based on a cir-
cle area (CA,), being the model of choice, also based on a single covariate. The full list
of the twenty-nine equations and accuracy metrics for the 14 species-specific models is
available in Annex 1, including the nine models that used WD as an additional covariate
that was only used during the preliminary analysis.
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Fig.4 General relationships between total AGB and BV estimates BV, BV,, BV;, BV, BV, BV, CA esti-
mates CA_, CA,, DCH, its quadratic form DCH? and its product with height DCH?HT

General shrub AGB model

We fitted eleven general AGB models, including species identity as a random effect, to
take variance attributable to species identity into account (Fig. 4). The model using BV
estimates based on an inverted truncated cone (BV;) calculated by DCH, CD, and HT
had the lowest cross-validation-based RMSE (3.54 kg) and MAPE (54.3%) (Table 3).
The alternative models had markedly worse performance (AAIC > 15), with the model
based on BV,, which represents an elliptical cube shape, providing the second-best
overall results. In general, BV estimates were found to be better general predictors for
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A. chilensis 1 0.38 0.16
A. dentata - 044 0.18
B. horrida 1 047 0.14
B. macraei- 0.60 0.14
E. pulverulenta- 0.33 0.1
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3 K oblonga 035 0.12
L. hirsuta 036 0.17
M. obtusa- 044 0.12
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C. salicifolia 0.47 0.15
0.25 0.50 0.75 mean  sd

Proportion of leaf and twig biomass

Fig.5 Boxplots indicating the variability in the proportion of leaf and twig biomass according to shrub spe-
cies

total AGB than CA or DCH. Models solely based on classical attributes such as DCH
and HT exceeded 90% in the cross-validation based mean average prediction error.

Biomass allocation

The relative allocation of biomass to the woody and leaf+twig components varied by
species (Fig. 5). Some, such as B. linearis (710%), E. pulverulenta (67%), and K. oblonga
(65%), had higher proportions of WB. Only one species, B. macraei, had the opposite pat-
tern, with 60% of its total biomass in leaves and twigs.

Discussion
Species-specific AGB models

CA and BV were highly effective predictors in our models, indicating that crown size is
more important for shrub AGB prediction than measurements used for trees such as stem
diameter (Paton et al. 2002), as reported in most previous studies (Ludwig et al. 1975;
Hierro et al. 2000; Blanco Oyonarte and Navarro Cerrillo 2003; Tian et al. 2014; Huff et al.
2017; Flade et al. 2020; Yao et al. 2021). Among the few studies reporting different results,
Chen et al. (2023) found that HT, DCH, or the combined variable (DCH?HT) were the
best predictors in most of the equations. According to these authors, species that exhibited
weak fits using CA and BV were mostly small trees, while our study focused exclusively
on shrubs. Manolis et al. (2016) found that estimating AGB by DBH as explanatory-vari-
able was an accurate predictor for multiple sprouting oak trees in the Mediterranean area.
While short multi-stemmed trees (such oaks) are integral to the Mediterranean shrubland
landscape, their architectural structure can significantly differ from that of shrub species.
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Consequently, allometric equations developed for multi-stemmed trees may prove inade-
quate when applied to shrubs in the Mediterranean region.

Our study stands out among the few that have compared various geometric crown
shapes to estimate BV. Although De Caceres et al. (2019) did not consider alternative geo-
metric shapes to calculate BV, because authors suggested that this approach often leads
to proportional values in B, (Usé6 et al. 1997), but it depends on the specific morphology
of the shrub species. For this reason, other authors (e.g., Ludwig et al. 1975; Yao et al.
2021), who tested shapes such as the inverted cone, circular and elliptical cylinders, and
hemispherical shapes found good fits for the inverted cone. However, Paton et al. (2002)
suggested that complex forms do not provide major improvements through coefficients of
determination in log-log equations, probably because they deviate from the current shape/
architecture of the shrubs. Our results identified differences in error metrics among the
six different geometric shapes, but, for most species, the inverted cone was the best shape,
indicating that this shrub geometry is among the most prevalent and useful for species-
specific prediction of biomass.

In addition to CA or BV, none of the models improved with the inclusion of additional
covariates such as HT or NS. Therefore, our findings illustrate that the addition of other
single covariates does not necessarily improve the prediction of shrub biomass. Consider-
ing that the estimates of BV originate from calculations already including measurements
on shrub HT, CD and DCH, this is not surprising. But it demonstrates that measurements
of CA, e.g. by remote sensing, can provide a good alternative to the other more measure-
ment intensive approaches depending on measurements of HT and DCH.

Models of only a few species, A. dentata, K. oblonga, and L. hirsuta, gave slightly better
results using the combined explanatory variable DCH?HT instead of crown-related vari-
ables (CA or BV). Similar findings were previously reported by other authors, such as Liu
et al. (2015) and Chen et al. (2023), who suggest using this combined variable as a predic-
tor for shrub AGB. However, the model performances for these species were low in gen-
eral, with a MAPE of 84.2% for A. dentata and 75.5% for K. oblonga.

General AGB models

As expected, general AGB models, which were applied to very diverse shrub species,
showed higher RMSE and MAPE and lower R? than most of the species-specific mod-
els (with the exception of four species such as A. chilensis, A. dentata, B. linearis, and
K. oblonga that shower higher MAPE compared to the best general model — BV;), This
effect of species-specific models becoming more tailored to the specific characteristics
of each species was already demonstrated by Buech and Rugg (1989) and is in line with
more recent studies (e.g., Annighofer et al. 2016). Thus, the slightly worse performance
of general models is likely due to large inter-specific variation in trait-AGB relationships,
which cannot be captured so well in one model as in separate species-specific models.
Despite this disadvantage, when species-specific biomass models are not available, or spe-
cies information is not available, generic allometric models can provide a cost-effective
prediction of stand-level AGB (Navar et al. 2004; Paul et al. 2016). In addition, to date,
models based on remote sensing estimation of AGB cannot employ species-specific infor-
mation, and therefore only generalized biomass models can be applied for their calibration
using ground AGB data (Yang et al. 2017; Bayen et al. 2020; Flade et al. 2020; Menéndez-
Miguélez et al. 2022). We consider our general models to be suitable for stand-level bio-
mass estimation.
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According to our model evaluation, the six best general models were all based on BV.
The next-best models were based on CA and then on the combined variable and DCH. Our
findings confirm, as with the species-specific models, that models based on crown attrib-
utes are more effective than the classical stem diameter measurements, which are often
made on trees. Our results were in line with those of Conti et al. (2019), who have sug-
gested that DCH, CD, and HT can be combined to provide robust AGB estimates of indi-
vidual shrub species. On the other hand, although the best models came out with BV as the
best predictor variable, CA also gave satisfactory results (Table 3). The advantage of the
CA is that currently there are several satellite images available (e.g., Chen et al. 2018) in
which the shrub crown can be segmented and therefore their area can be estimated, allow-
ing us to estimate their biomass without the need to recognise the shrub species.

Overall, if no detailed information on shrub species identity or shrub geometries is
available, but measurements on HT, CD and DCH, then the inverted cone geometry BV,
can be used to estimate shrub volume and with this finally shrub biomass. Alternatively,
direct measurements of shrub volume can be applied to the general biomass models using
BV;. If, however, only measurements of CA are available, the CA_ model can provide AGB
estimates with a mean average prediction error of 59%, which is only 5% higher than esti-
mates with the best model based on BV;. On the other hand, the disadvantage of using BV,
lies in the measurement of the DCH, while BV, models do not require this measurement as
an alternative, resulting in only 1.5% higher error estimates compared to BV.

Stem, and leaf + twig biomass

Our results in the studied Mediterranean species indicated higher proportions of WB than
LTB in 11 of the 12 shrub species, in agreement with Navar et al. (2004) and Tian et al.
(2014). Navarro Cerrillo and Blanco Oyonarte (2006) found that the proportion of leaves
for some Mediterranean shrub species was between 15 and 21% of the total AGB. How-
ever, in most of species investigated in our study, more than one-third of the biomass was
made up of elements with a diameter of less than 1 cm (i.e. leaves and twigs). This propor-
tion is certainly influenced by the threshold we used (1 cm, as suggested by Wang and Niu
2016), which was different from other studies (Murray and Jacobson 1982; Saglam et al.
2008; Huff et al. 2017; De Céceres et al. 2019) and influenced by the age and height of the
individuals and community concerned (Armand et al. 1993; Navarro Cerrillo and Blanco
Oyonarte 2006; Vega et al. 2022). In any case, our results highlight that a large part of the
shrub biomass was made up of small parts with high flammability, such as B. macraei, B.
horrida, and C. salicifolia. Estimating the biomass of leaves and twigs is crucial, especially
in the central part of Chile, where wildfires of high severity are common (De la Barrera
et al. 2018). Therefore, the information provided in this study is fundamental for quantify-
ing the mean proportion of fine biomass in total fuel load and assessing fire risk in dry
shrublands in Chile.

Conclusions
This study provides new species-specific and general allometric equations to estimate AGB
for 14 shrub species in Mediterranean-type shrublands in Central Chile, for which such

models are scarce. In particular, specific models should be preferred for detailed and spe-
cies-specific studies, while general models are suitable for stand-level biomass estimates,
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including those based on information derived from remote sensing. Our models tested vari-
ous predictors for shrub AGB estimates, thereby contributing to the field of shrub biomass
modelling, which has been largely understudied in comparison to the extensive research on
allomeric equations for tree biomass estimates. Our study showed that crown dimension
(mostly BV) is the best predictor for Mediterranean shrub biomass, with the inverted trun-
cated cone as the best shape for both several species individually and for the general model.
Only for a few species, the CA model performs as the best. This information is essential for
land managers, ecologists, forest modellers interested in assessing shrubland carbon stock,
and fire modellers for assessing fuel loads in fire-prone environments.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s11056-024-10081-7.
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