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Potential greenhouse gas emissions mitigation through increased grazing
pressure: a case study in North Portugal

Abderrahmane Ameray, Jo~ao Paulo Castro and Marina Castro

Centro de Investigaç~ao de Montanha (CIMO), Instituto Polit�ecnico de Bragança, Bragança, Portugal

ABSTRACT
Wildfires have been an important process affecting forests and rangelands worldwide. In the
Mediterranean region, wildfires burn about half a million hectares of forest and scrubland
every year. Fuel loads are the main factor controlling fire risk and its propagation. The reduc-
tion of fuel loads by grazing could help to decrease the spread and intensity of wildfires in
this region. This study aims to assess the contribution of sheep grazing on fuel load man-
agement and their role to the mitigation of wildfire greenhouse gas (GHG) emissions. The
methodological approach is based on a simulation of the grazing pressure required to
reduce a given quantity of fuel, under the assumption that if it is not consumed, it becomes
fuel. Following, a simulation model was designed to estimate the total GHG emissions pre-
vented through grazing, by reducing the risk of fire. These emissions were estimated based
on the Intergovernmental Panel on Climate Change (IPCC) framework. The accumulated fuels
were estimated to be 3126.65 kg dry matter (DM) ha�1 and the biomass potentially con-
sumed by sheep was 1416.03 kg DM ha�1 yr�1, corresponding to 45.29% of accumulated
fuel loads. Our findings suggest a value of 3.88 sheep ha�1day�1 as the ideal to reduce
4833.63 kg CO2eq ha�1 yr�1 of emissions, distributed between CO2 (�2221.76 kg CO2eq
ha�1 yr�1; 45.96%), NOx (�1873.41 kg CO2eq ha�1yr�1; 38.76%), CO (�454.55 kg CO2eq
ha�1 yr�1; 9.40%), CH4 (�186.35 kg CO2eq ha�1 yr�1; 3.86%) and N2O (�97.56 kg CO2eq
ha�1 yr�1; 2%). The results of this study also underline that livestock can help to mitigate cli-
mate change in areas prone to wildfires.

KEYWORDS
Climate change;
Mediterranean forest; small
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Introduction

Wildfires are a common disturbance in forests and
rangelands around the world: every year, they
cause significant economic and environmental
losses and contribute to global warming [1,2].
Currently, the occurrence of forest wildfires around
the world is over 200,000 per year, with burned
areas of 3.5–4.5 million km2 [3]. In Europe, approxi-
mately 65,000 fires occur each year, and about
80% of the total burnt area is in the Mediterranean
region [4]. Around half a million hectares are cur-
rently burnt every year in five southern European
Union member states (Portugal, Spain, Greece,
Italy, and France), where 20% of the burnt area is
in Portugal and Spain [5–7].

In the Mediterranean region, climate change (ris-
ing temperatures, decreasing rainfall) has been iden-
tified as a significant factor that increases the risk of
wildfires [1,8,9]. Camia and Amatulli [8] and Parente
et al. [5] point out that burnt area and summer

drought are strongly correlated. Over the next
100 years, temperatures may rise by about 4–5 �C
with up to a 50% decrease in rainfall throughout
southern Europe [10]. Consequently, more extended
hot periods and droughts are expected, thus
increasing wildfire frequency and severity [1,10]. The
European Environment Agency (EEA) projections for
2100 predict that the fire danger will increase in
European countries, where the highest absolute
danger will remain in Spain and Portugal [11]. Fire
occurrence and area burnt are projected to increase
in Portugal by 478% by 2100 [12]. Thus,
Mediterranean ecosystems could experience loss of
biodiversity and soil erosion, as well as becoming a
significant contributor to greenhouse gas (GHG)
emissions and aerosols [7,13]. In Portugal, during
2003, 2005, and 2017, CO2, CO, CH4, N2O, and NOx
emissions from wildfires exceeded 2Mt, 0.45Mt,
0.02Mt, 0.001Mt, and 0.012Mt, respectively [14].

In the Mediterranean mountains, mainly in the
Iberian Peninsula, the leading causes of wildfires
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are depopulation of the countryside, farm aban-
donment, and the reduction in grazing areas since
the mid-twentieth century [15,16]. As a result, large
areas of woody biomass have become established
[15,17], promoting the accumulation of combusti-
bles, which is correlated with the spread of wild-
fires [7,18]. Portugal, in particular, needs to
improve many aspects of firefighting, among
which is the need for a structural defence system
of fire breaks and the reduction of the fuel loads
in critical areas [19,20].

The interaction of fires and grazing has shaped
grassland and savannah landscapes around the
world since the beginning of time [21]. Grazing is a
tool to manage herbaceous and woody fuels
[22–24], and to maintain and restore heterogeneity
of landscapes [25]. The accumulated amount of dry
fire fuel, both from leaf fall and the annual produc-
tion of herbaceous material, is the main factor deter-
mining the flammability index and the propagation
of fire [26–28]. Grazing can significantly reduce the
potential fire intensity by decreasing the accumu-
lated fuel loads and disrupting the horizontal and
vertical continuity of the fuel complex [15,23,29].

Several studies have pointed out the importance
of livestock grazing in the management of fuel in
forest and woodlands (e.g. Australia, the Amazon
Forest, Southern Hemisphere Africa, Temperate
North America) [30–35]. In the semi-arid and arid
ecosystems of some areas of the USA, moderate live-
stock grazing decreases the risk of wildfires [31,33].
Also, winter grazing reduces fire fuels and increases
fire fuel moisture, which reduces flame height and
depth, rate of spread, and area burnt [32]. Similarly,
in southern European countries, Lasanta et al. [15]
found that the combustible material and the occur-
rence of fires decreases with the influence of exten-
sive grazing. The advantages of grazing are not only
that it reduces fuels from the landscape but also
that it changes wildfire behaviour by creating empty
patches and/or patches with reduced combustibles,
thereby decreasing wildfire intensity and propaga-
tion [21,29].

The grazing pressure (GP), on average, in the
northeast region of Portugal is about 0.25 sheep
ha�1 (Castro et al. [20]). In an effort to reverse
these low values, currently, the Portuguese forest
administration has been subsidizing farmers to
increase the number of herds in fire-sensitive areas
as a preventive method of fuel management [36].
The minimum GP recommended is 1.4 sheep or
goats per hectare; however, this suggested value is
empirical, there is no accurate information about

the optimal GP that should be applied to be
effective. Ensuring the animal sustained health and
production of the grassland resources need of
establishing optimal stocking rates which depend
on the management objective and is still a big
challenge for managers. A high stocking rate can
be determinant on plant composition, forage pro-
duction, erosion, and livestock production
[2,37–39]. Consequently, a proper stocking rate
should balance plant productivity and animal
requirements [40]. The positive effect of reduction
of combustible biomass by livestock consumption
seems to be especially important as a mitigation
strategy for many regions of the world where fires
have been emerging as a problem. In this paper,
our main objective was to predict the potential to
avoid GHG emissions, from wildfires, by increasing
grazing pressure in a Mediterranean forest of the
northeast of Portugal, using a simulation model
based on the IPCC framework. For this purpose,
the simulation model estimated, 1) the potential
biomass consumed by sheep and the total accu-
mulated fuels in the study area, 2) the optimal
grazing pressure understood as the maximum
number of animals that a Mediterranean forest can
support on a sustainable basis, and 3) the total
avoidable GHG emissions (CO2, CO, CH4, N2O, and
NOx) caused by wildfires, through increased GP.

Material and methods

Study area

The study was conducted in Romeu parish, a site
of community interest (SIC PT CON0043) located in
the Tr�as-os-Montes region, northeast Portugal
(41�320N, 7�020W), at 500m MSL. The climate is
Mediterranean, the mean annual temperature is
14.2 �C, and the total rainfall is 520mm, which
occurs mainly from October until May [14,41]. The
landscape is dominated by an open Mediterranean
forest with Portuguese oak (Quercus faginea Lam.),
cork oak (Quercus suber L.) and holm oak (Quercus
rotundifolia Lam.) and several shrub species such
as Cytisus scoparius L., Cytisus multiflorus L’H�er,
Lavandula stoechas L., Crataegus monogyna Jacq.,
Cistus ladanifer L., with an herbaceous stratum,
generally dominated by annual grasses.

Vegetation measurements

To estimate the total accumulated biomass (fuel
loads present above ground), and the available
biomass for animal consumption, several measures
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were made per vegetation type (herbaceous stra-
tum and shrub species). The vegetation data were
collected during the autumn of 2018. In the case
of shrub biomass assessment, the total biomass
and the current annual growth were predicted, as
well as the biovolume of each shrub species.
Additionally, the density of each shrub species was
estimated to allow the extrapolation of biomass
per hectare (Table 1).

Herbaceous biomass estimation
The herbaceous biomass Bh was determined by
cutting and weighing in sample units, using a
destructive method with double sampling in 5
plots of 2000m2 (supplementary material S1) [43].
For each plot in the study area, five squares of an
area of 0.25m2 were randomly established (25
quadrats in total), where the herbaceous vegeta-
tion was cut at ground level. All the samples were
dried at 65 �C for 48 h. Considering previous stud-
ies on foraging of sheep and goats in oak wood-
lands [22,37,44], the herbaceous biomass

consumable by sheep (Bhc) it was assumed to be
at most 75% of Bh in these conditions (Eq. 1).

Shrub biomass estimation
Shrub biomass per species. The estimation of the
shrub biomass included all species with a cover
higher than 10%, namely C. scoparius, C. multiflo-
rus, C. monogyna, Prunus spinosa L., C. ladanifer, L.
stoechas and Quercus spp. seedlings, and each of
them was indexed (j), from 1 to 7, respectively. The
individual shrub biomass (bs(j)) of each shrub’s spe-
cies, the current annual growth (bag(j)) (potentially
consumable fraction by herbivores), the fraction of
previous growth (bpg(j)), and the ratio between
annual growth and total shrub biomass (fag(j)) (Eq.
2), were estimated by the branch unit method
[45,46]. The method consists of choosing represen-
tative branches of the global structure of the shrub
(a branch unit) and counting the number of
branches. Five repetitions per species were col-
lected. For each branch, the fraction of annual and
previous growth was separated. All the samples

Table 1. Approach used to estimate total fuels and potentially consumable biomass.
Type Variable Description of estimation method Equation

Herbaceous Biomass Destructive method using
double sampling.

Bh

Consumable Essentially due to animal palatability, in
Mediterranean ecosystems only 75% of
the herbaceous biomass is consumed
by sheep

Bhc ¼ Bh � 0:75 (1)

Shrubs Biomass of each shrub per
species j resulting from
accumulated growth

Based on the branch unit method. The
selected branches were separated into two
fractions (annual and previous growth),
dried and weighed for biomass
determination.

bsðjÞ

Biomass of each shrub per
species j resulting from the
annual growth

bagðjÞ

Biomass of each shrub per
species j resulting from the
previous growth

bpgðjÞ

Percentage annual growth of
each shrub per species j

Ratio between annual growth and whole
shrub biomass

fagðjÞ ¼ bagðjÞ=bsðjÞ (2)

Volume of each shrub per
species j

Based on height (hj) and mean canopy
diameter (dj) (average of the largest
diameter, d1 and its perpendicular, d2).

vj ¼ hj � dj=2
� �2 � p (3)

bs(j)’ as adjusted bs(j) Ratio and Regression estimators’ method,
via volume.

bsðjÞ
0
; (See S3) (4)

Density per hectare per shrub
species j

Considering S ¼ 10000 m2ðplot areaÞ,
dist¼ the distance in meters from the
sampled shrub to the nearest
neighbour of the same species j and
d¼ 2 (correction factor applied in the
nearest neighbour method) [42,43].

Dj ¼ S= d � distð Þ2 (5)

Biomass per hectare per shrub
species j

Based on Dj and bsðjÞ
0

BsðjÞ ¼ Dj � bsðjÞ
0

(6)

Biomass potentially consumable
per hectare per shrub species j

The animals consume only the annual
growth of the shrubs

BscðjÞ ¼ BsðjÞ � FaðjÞ (7)

Accessibility index per shrub
species j

The animal only reaches shrubs up to 1m
in height. The accessibility index of the
j-species shrub will be 100% if its
height is equal to 1

Ia jð Þ %ð Þ ¼ 1� Hf jð Þ�1ð Þ
Hf jð Þ

(8)

Both Biomass potentially consumable
per hectare

It is the sum of the herbaceous and shrub
biomass, potentially consumable by the
sheep, considering the factors
described above

Bc ¼ Bh � 0:75þP7
j¼1 BscðjÞ � Ia jð Þ

(9)

Total Biomass Total ecosystem biomass,
potentially burnable

Bt ¼ Bh þ Bs (10)

(3) in the text it is called biovolume.
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were dried by the same process described for
herbaceous biomass. Additionally, measurements
were taken to estimate the volume of each shrub
sampled (5 repetitions per shrub species).
Therefore, for each sample, the canopy frequent
height (Hf(j)) and diameter (dj) (using the average
between the longest diameter and its perpendicu-
lar) were assessed, in order to estimate the volume
of each shrub per species j (vj) (Eq. 3).

Adjusted shrub biomass per species. Regarding
the large variability observed on bs(j) using a simple
random sampling with 5 observations (supplemen-
tary material, S2), the ratio and regression estima-
tors’ method was adapted to reduce the variance
and improve the estimation of the population
mean, getting adjust individual biomass average
values (bs(j)’) per shrub species [47,48]. The ratio and
regression estimators’ method is an adjustment
technique of a studied variable (y: bs(j)), generally
difficult to obtain, by using an auxiliary variable (x:
vj) which is usually easy to measure (supplementary
material, S3). Also, a regression analysis was per-
formed to establish the relationship between the
variable of shrub biomass (y: bs(j)) and their volume
(x: vj) as a predictor. From 20 field samples, we esti-
mated the mean population volume per species
(supplementary material; S2) and coefficient of
determination (R2), and tested the effect of biovo-
lume on biomass. R2 was used to calculate the
gains in accuracy as a ratio between the variance
estimated by the regression estimator method and
that estimated by simple and random sampling
(supplementary material; S3). In addition, regression
conditions were verified, i.e. the normality of the
residues, randomly and equally distributed around
zero (homoscedasticity).

Shrub biomass per hectare. The density of each
shrub species (Dj) (was estimated by the nearest-
neighbour method [49], using five repetitions (Eq.
5). This method is a plotless sampling in which the
distance is measured from a sample point to the
closest individual (the nearest to the random sam-
pling point). The shrub biomass per species per
hectare (Bs(j)) was estimated by the product of
density (Dj) by the adjusted biomass mean per
species through regression estimators’ method
(bs(j)’) (Eq. 6) (previous section).

Potentially consumable biomass
Assuming that animals consume only the annual
growth of shrubs, the potential consumable

biomass per hectare per shrub species j results
from the product of (Bs(j)) and fag(j) (Eq. 7). As the
potentially consumable biomass by shrub (Bsc(j))
depends on the height of the plant (Hf(j)), an acces-
sibility index (Ia(j)) per species was estimated, con-
sidering that the animal has total accessibility up
to 1m in height (Eq. 8). Note however that the
(Ia(j)¼100%) if Hf(j)¼1m. Therefore, the potentially
consumable biomass by sheep, which includes
both herbaceous and shrub species (Bc; kg DM
ha�1) was estimated by the Eq. (9). Also, the com-
bustible biomass (Bt; kg DM ha�1) corresponding
to the total of both herbaceous and shrub biomass
per hectare was calculated using Eq. (10) (Table 1).

Simulation model of GHG avoided

To model the effect of biomass consumption on
the reduction of emissions from fires, it is assumed
that the fraction of biomass consumed by the
sheep does not burn. Therefore, there is an
amount of GHG that is not released into the
atmosphere. To estimate the GHG emissions
avoided (CO2, CO, CH4, N2O, and NOx) from the
non-occurrence of wildfires through simulations of
the consumption possibilities of given grazing
pressure, the biomass consumption in the different
interactions was estimated, as well as the amount
of GHG produced per unit of organic matter burnt.

The potentially consumable biomass (Bc(i)) of a
given grazing pressure GP(i) was estimated using
Eq. (11), where i indicates the number of each iter-
ation. It was assumed a biomass consumption rate
(U) of 1 kg DM day�1 per sheep of 45 kg live weight
[50]. Considering the average of regional heads of
flocks, we started the simulation model (for i¼ 1)
using a grazing pressure of 50 sheep ha�1yr�1 (cor-
responding to 0.137 sheep ha�1day�1).

BcðiÞ ¼ GPðiÞ � U (11)

For the next iteration (iþ 1), the grazing pressure
was increased by a step of (50�i) sheep ha�1yr�1,
ending the simulation when the maximum biomass
available for consumption by sheep (Bc) was reached.
In this interactive process, groups of 50 ewes are suc-
cessively applied until reaching the optimum pres-
sure which corresponds to the total biomass
potentially consumable. The optimal daily GP found
in the last iteration n is estimated using Eq. (12).

GPoptimal ¼ BC
U � 365 (12)

As a second step, it was considered that if the
biomass was consumed it would not be burnt, and
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the total GHG emissions (Ea(i)) avoided by grazing
in this case were estimated for each iteration i,
using Eq. (13) from the IPCC guidelines [51]. Also,
the total emissions (Etotal), in a no-grazing scenario,
were estimated, using a similar expression (Eq. 13),
substituting Bc(i) by Bt (Eq. 14). Both Ea(i) and Etotal
outputs allow us to quantify the no mitigated
emissions En(i) as the difference between the out-
puts using Eq. 15. Additionally, Etotal, Ea(i) and En(i)
were quantified in kg of CO2 equivalent (kg CO2eq
ha�1 yr�1), using the Global Warming Potential
value (GWP; 100-year horizon) from the literature
and the fifth IPCC report (Table 2). The regression
functions between each mitigated GHG and graz-
ing pressure were created, using the final outputs
(For more detail see the supplementary material:
simulation model.xlsx).

EaðiÞ ¼ �GWP � ðBA � BcðiÞ � Cf � Gef � 10�3Þ (13)

Etotal ¼ GWP � ðBA � Bt � Cf � Gef � 10�3Þ (14)
EnðiÞ ¼ Etotal þ EaðiÞ (15)

where the BA (ha) is the area burned (equal 1 ha),
Cf is the combustion factor (dimensionless),
equivalent to 1 according to the IPCC, and Gef (g
kg�1) is the burnt dry matter (DM) emission factor
(Table 2). The negative sign (-) in Eq. 13 reflects a
reduction in GHG emissions into the atmosphere.

Results

Total fuels and biomass potentially consumable

Table 3 shows the regression models for each
shrub (j) between individual shrubs biomass bs(j)
and volume (vj). The correlation between the pre-
dictor vj and response bs(j) variables varies between
0.84 and 0.94, which represent the fraction of the
variance explained by the model (p< 0.05). The
values found for adjusted shrub biomass mean
(bs(j)’) were 1470.30 g DM for C. ladanifer, 1039.10 g
DM for Quercus spp. seedlings, 968.01 g DM for P.
spinosa, 579.82 g DM for C. scoparius, 475.80 g DM
for C. multiflorus, 286.67 g DM for L. stoechas, and

260.30 g DM for C. monogyna. The regression esti-
mator improved the confidence intervals of (bs(j)’)
and its accuracy, mainly for C. multiforus (20%), C.
scoparius (16.67%), L. stoechas (16.23%), and
Quercus spp. seedlings (11.88%).

Table 4 shows the potentially consumable bio-
mass per vegetation type and the total of fuel
loads, as well as the parameters used to estimate
these variables. The annual growth fraction varies
from 12% for C. monogyna to 46% for L. stoechas.
The density of the shrubs is highest in the case of
C. multiforus (1464.20 plants ha�1), followed by C.
scoparius (707.92 plants ha�1), L. stoechas (518.51
plants ha�1), and Quercus spp. seedlings (465.59
plants ha�1), and lowest in the case of P. spinosa
(140.33 plants ha�1) and C. monogyna (36.05
plants ha�1). The L. stoechas and Quercus spp.
seedlings are fully accessible for animal consump-
tion, while the least accessible are P. spinosa (55%),
C. monogyna (61%), and C. ladanifer (62%).

The value of biomass combustible presented in
the study area (Bt) was 3126.65 kg DM ha�1, com-
posed of 1103.82 kg DM ha�1 of herbaceous spe-
cies and 2022.83 kg DM ha�1 of shrubs (Table 4).
The herbaceous present 35.3% of the fuels, fol-
lowed by C. multiflorus (22.3%), Quercus spp. seed-
lings (15.5%), C. scoparius (13.1%), C. ladanifer
(6.6%), L. stoechas (4.8%), C. monogyna (1.3%), and
P. spinosa (1.1%). The potentially consumable bio-
mass (Bc) was 1416.03 kg DM ha�1 and represents
only 45.29% of the fuels. It was composed of
58.46% of herbaceous species and 41.54% of
shrubs disturbed as follow: 13.38% of C. multiflorus,
9.57% of C. scoparius, 9.57% of Quercus spp. seed-
lings, 4.83% of L. stoechas, 3.70% of C. ladanifer, 0.4
for both P. spinosa, and C. monogyna.

Grazing pressure and GHG emissions

The total expected emissions from all the fuels
(Etotal) under no-grazing scenario is about
10,672.81 kg CO2eq ha�1 yr�1 (Figure 1a), distrib-
uted between CO2 (4905.71 kg CO2eq ha�1 yr�1)
CO (1003.65 kg CO2eq ha�1 yr�1), CH4 (411.47 kg
CO2eq ha�1 yr�1), N2O (215.43 kg CO2eq ha�1), and
NOx (4136.55 kg CO2eq ha�1 yr�1. In the first inter-
action (i¼ 1), 0.137 sheep ha�1day�1 was used as
GP, it was consumed 50 Kg DM ha�1 yr�1, which
provides an opportunity to avoid 170.68 kg CO2eq
ha�1 yr�1 (Figure 1b). However, 10,502.13 CO2eq
ha�1 yr�1 will be emitted in case of fire (Figure 1b).
There is a positive and linear relationship (y¼ax)
between grazing pressure and reduction in GHG

Table 2. The burnt dry matter (DM) emission factor (Gef ;
g kg�1) and the global warming potential (GWP; 100-
year horizon).

GHG Values Source

Gef CO2 1569 [51]
CO 107
CH4 4.7
N2O 0.26
NOX 3

GWP CO2 1 [52]
CO 3
CH4 28
N2O 265 [53]
NOX 441

146 A. AMERAY ET AL.

https://doi.org/10.1080/17583004.2022.2029575


emissions (Ea) (R2) (Figure 1c). These regression
models per GHG type reflect that one sheep
ha�1day�1 could reduce 1245.93 kg CO2eq GHG
emissions from wildfires. For instance, the 1.4
sheep ha�1day�1, might contributes to mitigate
801.76 kg CO2eq ha�1 yr�1 of CO2, 676.06 kg CO2eq
ha�1 yr�1 of NOx, 164.04 kg CO2eq ha�1 yr�1 of CO,
67.24 kg CO2eq ha�1 yr�1 of CH4, and 35.21 kg
CO2eq ha�1 yr�1of NO2 and around 8928.5 kg
CO2eq ha�1 yr�1 are unmitigated (Figure 1b).
According to the model design (section 2.3), the
last iteration (29) as described in the section 2.3,
provides 3.88 sheep ha�1day�1 as the optimal GP
for the consumable biomass available (1416.03 kg
DM ha�1 yr�1) (Figure 1b). Figure 1a also illustrates
the total GHG emissions prevented (Ea) using that
GP. The grazing pressure of 3.88 sheep ha�1day�1

is able to mitigate 4833.63 kg CO2eq ha�1 yr�1,
broken down into CO2 (�2221.76 kg CO2eq;
45.96%), NOx (�1873.41 kg CO2eq; 38.76%), CO
(�454.55 kg CO2eq; 9.40%), CH4 (�186.35 kg
CO2eq; 3.86%) and N2O (�97.56 kg CO2eq; 2.02%).

Discussion

Herbaceous and shrub biomass

The values found for total shrub biomass
(2022.83 kg DM ha�1) were consistent with those
found by other authors (2190–4600 kg DM ha�1)
for similar Oak Mediterranean ecosystems [54–57],
even though its variation is great depending on

ecological conditions, tree density, disturban-
ces, etc.

The fraction of annual growth of shrubs rang-
ing from 16% to 46%, higher than those
reported by Navarro et al. [58], which can be
explained by lower densities and more favour-
able edaphic conditions. Allometric biomass
equations developed specifically for shrubs are
relatively limited in the literature. In this study,
the regression and ratio estimator to improve
the estimations of shrubs biomass was applied.
Our study proposed equations to estimate
shrub’s individual biomass before scaling up to
stand level per unit of area, with good accuracy
(R2 above 0.9, p< 0.05) using biovolume as an
explanatory variable, compared to other models
for similar species [58–60].

The values of herbaceous biomass in
Mediterranean conditions ranges from 500 kg DM
ha�1 to about 5000 kg DM ha�1 across the grow-
ing season in different types of grasslands [61]. In
this study, the value of herbaceous biomass was
1103.82 kg DM ha�1, in line with those stated by
Castro and Freitas [62] in forest ecosystems.

Therefore, the biomass consumable in the
oak forest ecosystem depends on (i) the annual
productivity of herbaceous and shrub species,
(ii) the extent of shrubby vegetation, (iii) the
proportion of the annual dry matter production
that constitutes useable browsing materials, and
(iv) the fraction that could be ingested by the
animals [63].

Table 3. Regression models between individual shrubs biomass (bs(j); g DM plant�1) and volume (vj; m
3). The adjusted

individual shrub biomass averages (bs(j)’; g DM plant�1) using regression estimator method (S3), with their standard
error (SE) and the gain in accuracy (AG; %).

Shrub species

Regression models P(>jtj) Biomass estimation

AG (%)j bs jð Þ ¼ a � vj þ b R2 Intercept vj bsðjÞ
0

SE

C. scoparius 1 bs¼491� Vþ 38.70 0.93 0.2094 0.0067�� 579.82 45.26 16.67
C.multiflorus 2 bs¼264.25� Vþ 92.66 0.94 0.0186� 0.0049�� 475.80 19.44 20
C. monogyna 3 bs¼50.14� Vþ 123.07 0.84 0.1090 0.0282� 260.30 37.6 6.29
P. spinosa 4 bs¼152.19� V-204.05 0.86 0.3818 0.0237� 968.01 178.05 7.06
C. ladanifer 5 bs¼905.64� Vþ 20.64 0.84 0.9504 0.0279� 1470.30 117.79 6.38
L. stoechas 6 bs¼565.02� Vþ 37.12 0.94 0.0022�� 0.0002��� 286.67 5.54 16.23
Quercus spp. seedlings 7 bs¼576.5� Vþ 174.60 0.91 0.2179 0.0105 � 1039.10 46.52 11.88

Significance levels: ‘���’ 0.001 ‘��’ 0.01 ‘�’ 0.05.

Table 4. Estimated parameters per vegetation types: dry matter (DM; %), annual growth fraction (fag(j); %), density of
each species (Dj; plants ha�1), accessibility index (Ia(j); %). Total fuels (Bt; kg DM ha�1) and the potentially consumable
biomass (Bc(j)) in kg DM ha�1.
Vegetation type j DM FagðjÞ Dj IaðjÞ BtðjÞ BcðjÞ
C. scoparius 1 52 42 707.92 79 410.47 136.19
C. multiflorus 2 55 40 1464.2 68 696.67 189.49
C. monogyna 3 62 12 160.57 61 41.80 3.06
P. spinosa 4 56 16 36.05 55 34.90 3.07
C. ladanifer 5 56 41 140.33 62 206.33 52.45
L. stoechas 6 57 46 518.51 1.00 148.64 68.38
Quercus spp. seedlings 7 66 28 465.59 1.00 484.03 135.53
Total shrubs 2022.83 588.17
Herbaceous – 33 1.00 1103.82 827.86
Total 3126.65 1416.03
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Fuel loads management

Several studies point out the role of the accumu-
lated fuel loads on the increasing fire frequency
and severity [15,17,18,27]. Our results suggest that
livestock can reduce fuel accumulation, contribu-
ting to the reduction of fire risk, since the grazing
pressure of 3.88 sheep ha�1day�1 can reduce the
accumulated fuel loads in the study area by about
45.29%. In south-eastern Spain, Ruiz-Mirazo and
Robles [64] found that livestock consumed
between 33 and 68% of vegetation biomass,
depending on the weather conditions of the year.

Indeed, this fuel break capacity depends on the
ecosystem’s productivity, linked to annual rainfall.
Ruiz-Mirazo and Robles [64] reported that livestock
could reduce biomass by 625 kg DM ha�1 with a
rainfall of 171mm and 1250 kg DM ha�1 with pre-
cipitation of 294mm. In our case, with 520mm of
annual rainfall, the sheep consume 1416.03 kg DM
ha�1, which represents 45.29% of the fuels in the
area, i.e. fuels cannot be removed entirely by graz-
ing. These results are in line with those found by
other authors [24,65]; (Fonseca et al. ) [65] point
out that grazing is a complementary fuel

Figure 1. (a) the total mitigated emissions (Ea; kg CO2eq ha�1 yr�1) using the optimal GP (3.88 sheep ha�1day�1), corre-
sponding to the last simulation (n) and the total emissions from all fuels (Etotal; kg CO2eq ha�1 yr�1), b) GP interaction
with the mitigated (Ea(i)) and no mitigated (En(i); kg CO2eq ha�1 yr�1) GHG emissions from accumulated fuel in the study
area, c) Linear functions of mitigated GHG emissions (Ea) through grazing in northeast Portugal.
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management process that needs to be supple-
mented with other interventions, such as pre-
scribed burning and mechanical treatment). The
range of values found for annual growth fraction
(Fag(j); %), density of each species (Dj; plants ha�1),
dry matter (%) per shrubs species could serve as a
reference point for land managers to have an idea
of the fuel load here used as a baseline to obtain
the model.

Nearly half of the Earth’s land surface is prone
to wildfire due to its vegetal cover (forest and
grasslands) so many researchers have become
interested in the use of grazing as a means of fuel
management in these regions. For instance, in
Australia, Liedloff et al. [30] found that increases
in the level of stocking rate reduce the biomass in
both woodland and grassland savannas. In Africa,
Johansson and Granstr€om [66] report that fire and
cattle interact to maintain a relatively stable sys-
tem in highlands, where fuel limitation in the early
stages of succession creates firebreaks that prevent
landscape-wide wildfires. Also, in Temperate North
America, Davis et al. [32] have highlighted the
potential of grazing to be used as a fuel control
treatment to reduce the size of wildfires, increas-
ing the likelihood of effective suppression, and
decreasing fire intensity in some Artemisia steppe
communities. Fuel reduction by grazing alters fire
behaviour by reducing fire severity, probability of
ignition and fire spread, Davis et al. [32,33] pointed
out that winter grazing decreased the area burned
after the initial fires by more than 50%, in the tem-
perate region of North America. In addition, graz-
ing also forms patches of lawns that act as barriers
to wildfire spread [21, 27,37].

In Portugal, grazing pressure is generally lower
in sensitive areas to wildfires, and it depends on
land cover and land use. Portugal’s fuel load man-
agement programme requires at least 1.4 sheep or
goats per hectare [36]. In a study carried out in the
northeast of Portugal, in a close to our study area,
Castro et al. [20] reported an grazing pressure
available of 1.84 sheep ha�1 in permanent crops,
1.73 in annual crops, 1.25 in grassland, 0.88 in
grazed forest, and 0.84 in shrublands. These values
are much lower than the ones found in this work
(3.88 sheep ha�1day�1), even though in the pre-
sent model it has determined the optimum pres-
sure to remove all the combustible load (biomass
consumable is about 45.29% of fuel loads pre-
sented in the area) that could be consumed by the
animals. Other authors stated lower values, for
instance in southern France, Etienne et al. [67]

proposed a pressure of 0.6 and 1.4 sheep ha�1 in
open areas, and up to 1.65 for forest ecosystems.
In Spain, Evlagon et al. [63] reported 1.25–2.01
goat’s ha�1 in woody vegetation, and 0.98–1.40
goat’s ha�1 in grassland vegetation. Even if the
productivity of ecosystems affects the fuel loads,
and consequently the appropriate grazing charge,
it should be reported, that the values found by
these authors predict a continuum of grazing,
while the present model simulates the optimal
grazing pressure for an existing fuel accumulation,
this is a more instantaneous approach. Mosley and
Roselle [68] point out that grazing needs to be
appropriately timed, namely, at the early boot
stage, and must be repeated a few weeks later to
control the understory vegetation regrowth.

In the other hand, sometimes grazing is pointed
out as a cause of ecosystem degradation, espe-
cially in arid areas and in ones where grazing pres-
sure is very high [69,70]. In these conditions,
grazing increases the bare soil, reducing the per-
centage of vegetation cover, thus triggering soil
erosion, especially in the arid ecosystems of north-
ern Africa where biomass growth is already very
low [69]. Therefore, the optimal grazing pressure
varies with the type of ecosystem, the environ-
mental conditions where it is found, and the
objectives for which it is used, i.e. it always
depends on the desired amount of fuel to be
removed. In addition to grazing contribution to
offset wildfires emissions and reduce fuels, it may
also affect soil organic carbon (SOC) storage. The
impact of grazing on SOC is not only climate-
dependent, but also on other site characteristics
(soil properties), and belowground allocation [71].
From a worldwide study conducted by Abdalla
et al. [72] reported that grazing intensification may
increase SOC stocks under the moist warm climate
(þ7.6%) whilst there were reductions under the
moist cool climate (�19%).

Several studies have shown that prescribed
burning is useful in fuel management [7,73,74].
Regarding GHG emissions, it is possible to signifi-
cantly reduce CO2 emissions through prescribed
burning in regions prone to fire. From a large-scale
study of all European countries, Narayan et al. [7]
estimated that approximately 11 million tonnes of
CO2 were released annually from wildfires, which
could have been avoided by almost 50% if pre-
scribed burning had been used. However, com-
pared to our study, which was conducted on a
plot scale, if prescribed burning were used instead
of grazing, the total emissions would be around
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10,672.81 kg CO2eq ha�1 (total fuels GHG emis-
sions) from understory vegetation. However, by
using grazing treatment before burning, those
emissions could be reduced by 45.29%.

Climate change and livestock balance

The contribution to climate change by livestock
farms around the world is unquestioned since
ruminants emit a significant amount of GHG from
enteric fermentation [75,76]. According to the IPCC
[51], one sheep might emit 8 kg CH4 yr�1 (224 kg
CO2eq yr�1) from the digestive process; our results
showed that one sheep might reduce emission by
only 1.72 kg CH4 yr�1 by controlling wildfires
(48.03 kg CO2eq yr�1, slope coefficient Figure 1c).
Therefore, grazing intensification would lead to
higher CH4 emissions than their mitigation by
reducing those wildfires. However, grazing live-
stock animals contribute to the positive balance of
GHG emissions, since they prevent the release of
1197.91 kg of CO2eq yr�1 sheep�1 shared between
572.69, 482.9, 117.17, and 25.15 kg of CO2eq yr�1

sheep�1, of CO2, NOx, CO, and N2O, respectively,
thereby offsetting the CH4 of enteric fermentation.
In 2003 and 2005, during the catastrophic wildfires
in Portugal, 289,084 ha of grasslands and shrub-
lands were burnt, emitting more than 94,046.36 t
CO2eq into the atmosphere [14], requiring
75.5� 103 sheep to maintain the CO2 in
the ecosystem.

Study limitations and model improvements

Statistically it would have been preferable to use a
sampling frame with a smaller area per plot and a
larger number of plots, which would have reduced
the variance of the measured variables, mainly for
shrubs. The use of the regression estimator method
improved the estimated shrub biomass values,
which were similar to those reported in the litera-
ture [54–57]. Also, the regression models developed
between biomass and biovolume can still be
improved, adjusting the sampling frame criteria.

On other hand, the model interactively simu-
lates the effect of the increased grazing charge on
the reduction of the accumulated fuels, and there-
fore the amount of GHG avoided. Regarding future
improvements, animal preferences could be inte-
grated into the evaluation of biomass consumable
to improve its estimation. Also, the consideration
of renewal rates of biomass could improve the
model, in fact, herbaceous layers recover faster
than shrubs from grazing pressure, and between

shrub species, the turnover or renewal rates are
different as well. The present model is also suitable
for use in other regions, with similar communities
since it is based on the IPCC guidelines, a globally
accepted method for reporting GHG emissions.
Regression models between mitigated GHG emis-
sions and grazing pressure (Figure 1c) could be
used for different vegetation communities, as
potentially consumable biomass was expressed as
total dry matter and used to estimate avoided
emission through grazing.

Conclusion

The regression equations for estimating the bio-
mass produced per shrub and hectare and the
annual growth found show good precision in the
estimation process, making it possible to use them
in the future. This study shows the role of grazing
in mitigating climate change by reducing fire risk
and its GHG emissions. In an open Mediterranean
forest dominated by sclerophyllous oaks, the opti-
mal grazing pressure is 3.88 sheep ha�1day�1,
achieving a reduction of about 45% of fuel loads.
Under these conditions, livestock should be seen
as a tool to mitigate climate change with a poten-
tial avoidance of 1245.94 kg CO2eq sheep�1 yr�1. It
also shows that more than 50% of the fuels remain
in the ecosystem, which can be explained by the
size of the shrubs and the small amount that can
be removed by this animal species and grazing
system. Further research should focus on other
types of animals (e.g. cattle, horses) as they are
larger and have the potential to consume taller
shrubs, and as they are heavier than sheep, they
also have a greater impact on fuel control through
trampling. The advantage of the approach taken in
this research is that it relates grazing pressure to
the amount of fuels accumulated and to the emis-
sions arising from them. This model can be used in
other types of plant communities and environ-
ments, provided that the amounts of accumulated
fuels and the intensity of removal are stated.
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