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Abstract: Feed production is an important contributor to the environmental impacts caused by
livestock production. In Portugal, non-dairy cattle are commonly fed with a mixture of grazing
and forages/concentrate feed. Sown biodiverse permanent pastures rich in legumes (SBP) were
introduced to provide quality animal feed and offset concentrate consumption. SBP also sequester
large amounts of carbon in soils. Here, we used a comparative life cycle assessment approach to test
the substitution of concentrate through installation of high-yield SBP. Using field data for the Alentejo
region in Portugal, we compare the global warming potential of a baseline scenario where cattle is
fed in low-yield, semi-natural pastures supplemented with feeds that vary in the ratio of silage to
concentrate, and a second scenario where the feed is substituted with high-yield SBP. Although SBP
use more fertilizers and machinery, this replacement avoids the emission of about 3 t CO2eq/ha even
after SBP stop sequestering carbon. Using crude fiber to establish the equivalence between scenarios
leads to higher avoided impact, owing to the fact that the fiber content of SBP is also higher. SBP can
avoid 25% emissions from beef production per kg of live animal weight.

Keywords: life cycle impact assessment; global warming potential; sown pastures; livestock
production; extensive meat production; industrial ecology

1. Introduction

The agri-food sector is responsible for a high share of direct and indirect environmental impacts [1].
Livestock production, including feed production, is a major contributor to the world’s total greenhouse
gas (GHG) emissions [2–4]. This is the result of energy use in food production (mostly fossil fuels
consumed in machinery used for agricultural operations) [5], fertilizer production [6], carbon loss
due to direct and indirect land transformation and occupation [2,7], and methane (CH4) and nitrogen
oxide (N2O) emissions [2]. Livestock is also one of the main drivers in biodiversity loss due to land
use changes required for feed production [4,8].

Sown biodiverse permanent pastures rich in legumes (SBP) are a mixture of selected high-yield
legumes and grasses that provide quality animal feed [9–11]. These pastures have been developed since
the 1960s in Portugal, with the main objective of increasing grassland productivity and sustainable
stocking rates, by sowing mixes of up to 20 species/cultivars of legumes and grasses [10,12]. The
main co-effect of increased productivity is the increase in soil organic matter (SOM), which translates
into carbon storage and consequent sequestration from the atmosphere. SBP are estimated to have
sequestrated 3.5 million tons of carbon dioxide (CO2) as soil carbon between 1996 and 2008 in an
area of 94,260 hectares in Portugal [9,13,14]. Between 2008 and 2014, these pastures were additionally
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supported by the Portuguese Government through the Portuguese Carbon Fund (PCF), to assist the
country in keeping with Portuguese goals for the Kyoto Protocol under the Agriculture, Forestry, and
Other Land Uses activities of Article 3.4. The PCF supported the installation and maintenance of SBP
using a system of service payments for carbon sequestration. As a consequence, 1095 farmers installed
SBP in an area of more than 4% of the country’s agricultural land [10]. The majority of the area of SBP
(over 90%) was installed in the agricultural region of Alentejo; namely in highly important “Montado”
areas, an agro-forestry landscape of high biodiversity value [15].

The high yields of SBP are achieved because of (a) the biodiversity effect on productivity,
(b) the selection of high-yield and locally adapted grass and legume species, and (c) technical
support for precision management that often involves phosphate fertilization and pH correction
using limestone [10]. To farmers, the costs with management are counter-weighed by a decrease
or elimination of the need for commercial concentrate feeds for ruminants, because SBP increased
productivity when compared with their most common alternative land use system observed in farms
before sowing—semi-natural pastures (SNP). Savings in concentrate feeds are an additional ecological
and economic benefit for the country [9].

Despite the savings in feed consumption, SBP require more agricultural operations and inputs
for production, such as seeds production and machinery for installation, and regular applications of
phosphate fertilizer and limestone for maintenance. So far, a plot-level assessment of GHG emissions
has been carried out [16], but no life cycle assessment (LCA) study has ever been carried out to also
assess indirect emissions. The balance between increased material and energy use in SBP and reduction
of concentrate thus remains indeterminate.

The objective of this study was to assess the environmental impact, in terms of global warming
potential (GWP), of substituting commercial feeds with SBP for cattle production. We compared two
animal feed scenarios: (1) SNP and commercial feed and (2) a combination of SNP and SBP. We used a
cradle-to-farm-gate approach, considering the impact of all supply-chain and on-farm emissions and
also including carbon sequestration in SBP.

2. Materials and Methods

2.1. Goal and Scope Definition

The main goal of this study was to determine the environmental impact/benefit of switching
from a baseline cattle feed system consisting of low-yield SNP that require feed supplementation into
a second system where the concentrate is progressively substituted by installing high-yield SBP. We
determined the impacts throughout the life cycle in a cradle-to-gate perspective, from raw materials to
the production feed system, following the ISO 14040 and ISO 14067 guidelines [17,18].

LCA is a method widely used for integrated assessments of environmental impacts and
resources used throughout the product supply chain [19–21]. LCA has been used in numerous
agri-food studies, in order to identify environmental hotspots and possible solutions to mitigate
environmental burdens [5,22–24]. It is often applied, to meat production in particular, given the high
indirect environmental impacts associated with this sector [25,26] related to feeds. Concentrate
production, in particular, can lead to indirect land transformations due to the production of
ingredients [25,27]. A careful analysis of livestock feed, and its corresponding optimization, is thus a
crucial environmental challenge.

We used a comparative LCA (CLCA) approach, because the two systems can be considered
substitutes, as demonstrated by field observations [10]. The main difference between conducting a
CLCA in relation to conducting separate attributional LCA studies for each subsystem and comparing
results is that in CLCA, all common aspects in the life cycles of each subsystem are eliminated from
the analysis. This method thus reduces the data requirements and eliminates cluttering of the results
by focusing only on the distinction between the systems.



Sustainability 2018, 10, 4184 3 of 23

2.2. Functional Unit Description

It would be inaccurate to directly compare the impacts of 1 ha of SBP to 1 ha of SNP due to
the replacement of the concentrate. We thus considered two scenarios, which correspond to two
instants commonly observed among farmers. In the beginning (“initial” scenario), farm land is used
exclusively for grazing in SNP. SNP are mostly low-yielding grasses that fail to provide a complete
feed. Ruminants in SNP require concentrate to complement their dietary requirements. At the second
period (“final” scenario), farmers sow SBP, the high-yield mixtures of legumes and grasses that are
more productive than SNP [10]. However, farmers will only sow the area required to suppress the
need for commercial feeds, or the whole area of the farm, whichever is smallest. This is because of the
fact that we assume livestock units (LU) are kept constant in the farm, and consequently there is no
increase in total stocking rate [10]. Farmers do not need more area of SBP than what is strictly required
for the stocking rate they possess, which remains constant throughout the analysis. This is depicted
graphically in Figure 1. Please note that all abbreviations used in figures and tables are located at the
end of the paper.
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Figure 1. Land use scenarios for substitution of feed by increased production in sown biodiverse
permanent pastures rich in legumes (SBP). i—initial (semi-natural pastures (SNP) + feed) scenario;
f—final (SNP + SBP) scenario.

The functional unit (FU) is defined as 1 ha equivalent of SBP per year (equivalent because of the
calculation of SBP area in the final situation as a function of the amount and nutritional quality of the
commercial feed in the beginning; thus, the 1 ha equivalent of SBP comprises both SBP and SNP). The
equivalence between scenarios is defined in Section 2.4.

2.3. Description of the System and System Boundaries

We included all cradle-to-farm-gate activities related to the three production systems involved
in the two scenarios (Figure 2). Because of the use of CLCA as defined before, we include only the
inputs and outputs that are exclusive to each of three production systems. The baseline system is a
combination of SNP and commercial concentrate feed. The second system is a combination of SNP
and SBP, using a representative seed mixture used by farmers in Alentejo from Teixeira et al. [10] for
the latter. We assumed that, for each hectare in a farm, farmers replace a certain fraction of the hectare
(previously occupied by SNP) with SBP until the need for concentrate feed is eliminated. SBP requires
installation (year 1) and maintenance processes and intermediary consumption of materials.

There are, therefore, three subsystems (SNP pastures, SBP, and supplementary feed) within the
two systems in the analysis (SNP + feed, and SNP + SBP). The SBP subsystem includes installation
and maintenance activities and materials used (inputs), also including output flows associated (such
as emissions). In the first year after installation of SBP, the pasture is not ready to be used as feed (in
order to build the seed bank for re-sowing the following year). Concentrate is thus also required in
the first year for the SBP system. The SNP system requires only machinery for field operations and
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associated emissions, as frequent tillage is necessary to remove invasive shrubs. The commercial feed
system includes only the life cycle of the production of its ingredients. We assumed that the impacts of
industrial concentrate manufacturing are negligible.
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Figure 2. System overview and system boundaries involving three subsystems: concentrate,
semi-natural pasture (SNP), and sown biodiverse permanent pastures rich in legumes (SBP).

2.4. Scenario Equivalency

As described in Section 2.2, the condition for scenario equivalence is that the nutritional contents
of concentrate are nutritionally fully replaced with the feed grazed in SBP. This condition must be
operationalized in relation to particular nutritional indicators (e.g., energy, protein, or fiber), which
for simplification, we generically designate as “nutritional forage units” (NFU). We followed the
method proposed by Teixeira [9] to derive the equation for calculation of impacts, which follows from
three balance conditions: (1) nutritional equivalence (the requirement that the total amount of a given
nutritional indicator is equal in the initial and final situations); (2) area invariance; and (3) stocking
rate invariance. This equivalence, together with the CLCA approach, means that all emissions that are
invariant with the area or stocking rate were not included in the analysis as they are similar between
scenarios. This included all emissions from animals (enteric fermentation, dung, and urine) and
some emissions from soils (N2O emissions from soils). The Appendix A of this paper provides a
detailed description of the calculation procedure that leads to the establishment of the formula for the
calculation of the difference of impacts between scenarios per functional unit. Note that throughout
this paper, variables denoted in braces are per unit of area, and variables denoted in chevrons are per
unit of mass. The difference of impacts for the first year is

Itotal
f − Itotal

i

ASBP
f

= {I}SBP − {I}SNP (1)

where {I}f
total is the total environmental impact in the final scenario, {I}i

total is the total environmental
impact in the initial scenario, {I}SBP is the environmental impact per unit area of SBP, {I}SNP is the
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environmental impact per unit area of SNP, and Af
SBP is the area of SBP installed. The criteria of area

equivalence is not fully verified in this model because during the first year SBP, cannot be grazed, but
the area of SNP has already been decreased—which could mean that farmers could need to provide
additional feed to cattle unless they owned additional grazing land to momentarily compensate the
decrease in SNP area. We assumed, as a simplification, the latter case, that is, that in the baseline
situation, all area is covered by SNP, but for the first year in the final situation, the area of SNP is higher
than the total area for the following years. {I}SBP and {I}SNP are determined using, respectively

{I}SBP = {I}SBP
op + {I}SBP

N2O − {I}
SBP
CO2

(2)

and
{I}SNP = {I}SNP

op (3)

where {I}SBP
op and {I}SNP

op are the CO2 equivalent impacts of the production and use of all inputs
(machinery, materials, energy) used in management operations on SBP (installation or maintenance)
and SNP, respectively; {I}SBP

N2O is the amount of nitrous oxide (N2O) emitted in SBP (measured in CO2

equivalents); and {I}SBP
CO2

is the amount of carbon dioxide sequestered in SBP. These additional flows
only exist in SBP and not in SNP, and as such, have to be considered in the difference between scenarios.

The difference in impacts between scenarios after the first year is calculated using

Itotal
f − Itotal

i

ASBP
f

= {I}SBP − {I}SNP −
(
ε− 1
ε

)
{NFU}SBP

〈NFU〉feed 〈I〉
feed (4)

where ε is the ratio between the NFU provided by one hectare of SBP and that provided by one hectare
of SNP, {NFU}SBP are the NFU of SBP per unit of area, 〈NFU〉feed is the NFU of commercial feed per
unit of mass, and 〈I〉feed is the environmental impact of commercial feed.

We considered that the parameter ε is equal to the ratio between the average stocking rates of SBP
(0.91 LU/ha) and SNP (0.39 LU/ha), which, using empirical data [28], is equal to 2.33. This difference in
stocking rate is due to the difference in yield and quality of the pasture. Carneiro et al. [28] surveyed six
farms over five years to discover that primary aboveground production is consistently approximately
double in SBP in relation to that in SNP throughout the years of settlement. Additionally, SNP have
few to no legumes, and consequently are lower in protein [29].

2.5. Inventory Analysis

In recent years, LCA regionalization has been one of the main trends within the LCA
community [30], as it is of crucial importance for accuracy in results. There are now regionalized
agricultural inventories in Portugal, and Alentejo in particular, that enable LCA analyses based on
scale-consistent local data [31]. While in the past, the absence of data and models limited the analyses,
there are now resources for using a specific inventory for SBP and SNP in Alentejo [31].

Regional fact sheets [32] from the Alentejo region in Portugal indicate that SNP require only an
annual spring harrowing process. SBP installation involves materials (lime and fertilizers) and their
respective transport and agricultural processes (sowing, liming, harrowing, rolling, and fertilizing)
during the first year. After year 1, maintenance requires less agricultural processes (liming and
fertilizing) and materials (Terraprima personal communication). We considered that SBP require the
application of 2 t of lime for pH correction in installation and 0.4 t of superphosphate. Lime application
then occurs every four years (year 4 and year 8 after installation) and superphosphate application
every two years (years 3, 5, 7, and 9). This is a worst-case scenario, as in actual pastures, the need
for liming and phosphorus is assessed through soil analysis and may not be required in the specified
year. The inventory flows for these materials, as well as of the seed mix of grasses and legumes, were
collected from the ecoinvent v3.4 database [33].
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The ruminants used in the analysis were cows, namely the Alentejana breed, which is
autochthonous and common in Alentejo. The composition of a typical commercial feed (concentrated
and forage) for this breed is presented by Costa et al. [34]. The ingredients are maize, wheat, barley,
soybean meal, sunflower meal, hydrogenated fat, calcium carbonate, and sodium bicarbonate. There
are two main formulations of this feed, depending on the ratio of commercial concentrate/forage
(low quantity of silage maize—LF; high maize silage content—HF) that is fed to the animals. Table 1
shows the amount of each ingredient in the feed. Inventory flows for these materials were also
obtained from ecoinvent [33]. The full list of ecoinvent processes used are presented in Supplementary
Materials File S1.

Table 1. Concentrate feed composition (per kg of feed) and quantification of nutritional indicators,
from Costa et al. [34]. CP—crude protein; CF—crude fiber; NDF—neutral detergent fiber; GE—gross
energy; DM—dry matter.

Ingredient
Quantity (kg/t DM) CP CF NDF GE

Low Forage High Forage % DM MJ/kg DM

Maize silage 300.0 700.0 7.2 21.5 46.2 19.0
Maize grain 227.5 97.5 9.4 2.5 12.2 18.7
Wheat grain 140.7 60.3 12.6 2.6 13.9 18.2
Barley grain 137.9 59.1 11.8 5.2 21.7 18.4

Soybean meal 94.5 40.5 51.8 6.7 13.7 19.7
Sunflower meal 56 24 32.4 27.9 45 19.4

Hydrogenated fat 9.1 3.9 - - - -
Calcium carbonate 14 6 - - - -

Sodium bicarbonate 7 3 - - - -
Calcium phosphate 6.3 2.7 - - - -

Salt 5.6 2.4 - - - -
Vitamin mineral 1.4 0.6 - - - -

The idea of nutritional equivalence between SBP and commercial feed expressed by NFU in
Equation (4) was operationalized using four nutritional indicators: crude protein (CP) (estimated
nitrogen content of feed), crude fiber (CF) (indigestible carbohydrate component), neutral detergent
fiber (NDF) (measures the structural components in plant cells), and gross energy (GE) (energy
released by burning feed in excess oxygen). The values for each NFU in commercial feed are also
shown in Table 1.

To determine which species are sown in SBP, we used a representative seed mixture from
Teixeira et al. [10], reproduced in Table 2. Given that the exact amount of each species or variant in
the mixture was impossible to obtain, we assumed that the distribution between legumes and grasses
seeds is in the proportion of 60–40% [10]. We considered the number of grasses and seeds in the
mixture and assumed equal distribution—that is, each legume species or variant was assumed to
be 5% of the total and each grass was assumed to be 25% of the total. Nutritional indicators of each
species/variant were obtained from INRA et al. [29] and are also presented in Table 2. When data for a
specific species/variant were unavailable, we used a related variant from the same family. Namely,
data for Trifolium repens were used to estimate data for Trifolium balansae; data for Trifolium incarnatum
were used to replace Trifolium incarnatus; Trifolium alexandrinum data were used instead of those of
Trifolium vesiculosum; and Ornithopus sativus data were used instead of those of Ornithopus compressus
and Biserrula pelecinus.

In the absence of data, we assumed that animals only graze the species sown, and ignore
spontaneous edible plants in SBP. Nevertheless, the abundance and proportion of total dry matter
(DM) production of legumes–grasses is different from the proportion sown. Legumes and grass DM
production varies along the years; in the first year, the proportion is 50/50%, but the fraction of
legume yield decreases until approximately the fifth year and then remains constant, according to
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Teixeira et al. [10]. We assumed that legume abundance decreases 5% per year between years 2 and 5
(grasses increase at the same rate).

Table 2. Plant composition for sown biodiverse permanent pastures rich in legumes (SBP) and
quantification of nutritional indicators.

Type Species
CP CF NDF GE

% DM MJ/kg DM

Legumes

Trifolium subterraneum 18.7 22.1 27.2 18.4
Trifolium balansae 24.9 19.6 27.5 18.3

Trifolium resupinatum 21.6 18.6 28.2 17.6
Trifolium vesiculosum 19.9 22.3 44.8 17.4
Trifolium incarnatus 15.9 19.9 37.2 18.1
Biserrula pelecinus 24.4 18.7 30.2 18.4

Grasses

Ornithopus sativus 24.4 18.7 30.2 18.4
Ornithopus compressus 24.4 18.7 30.2 18.4

Lolium multiflorum 25.9 19.5 46.0 18.6
Dactylis glomerata 16.3 29.7 59.9 18.0

To estimate carbon dioxide sequestration in SBP, we used the calibration of the Rothamsted
Carbon Model (RothC) by Morais et al. [35]. This model was calibrated specifically for SBP using
measured data. The parameters used were the root to shoot ratio (0.98), livestock intake fraction (0.61),
livestock excretion during grazing (1.53 t C/LU), and the RothC parameter of the ratio between easily
decomposable plant material (DPM) and resistant plant material (RPM) (value: 1.09). We ran the
RothC model using an aboveground productivity of 7 t DM/ha, stocking rate of 1 LU/ha, initial SOC
content of 7.4 t C/ha (equivalent to the SOM concentration of 0.87% in 10 cm topsoil [11]), and the
average climatic conditions in the region of Alentejo (temperature: 16 ◦C, precipitation: 75 mm [36]).

The N2O emissions from legume nitrogen fixation were calculated using firstly the nitrogen
fixation factor for SBP in the Portuguese National Inventory Report (NIR) [37] of 0.026 kg N fixed/kg
DM and a yield of 7 t DM/ha. Then, N2O emissions were calculated according to the Intergovernmental
Panel on Climate Change (IPCC) emission factor (0.01 kg N2O–N kg−1 N fixed) [38].

The impact category selected in this study was global warming potential (GWP) for a time horizon
of 100 years with climate carbon (CC) feedback factors (IPCC Fifth Assessment Report, AR5) [39]. The
impact is expressed in kg of carbon dioxide equivalent (CO2e). The characterization factors for the
most important GHG are 1 for CO2, 34 for CH4, and 298 for N2O. Impact assessment was carried out
up to the classification and characterization phases. Normalization and weighting were not performed
so that results could be interpreted independently at midpoint. We used the SimaPro 8.5 software to
perform the impact assessment.

2.6. Scenario Assessment

Equation (4) provide the difference in impacts between scenarios on a hectare of SBP basis. It does
not require knowing the exact fraction of the farm that is occupied by SBP in the final scenario. The
fraction of farm that is sown, that is, how much area of SBP farmers have to install in order to eliminate
concentrated feeds, is co-determined with the amount of feed provided to animals. Maintaining the
notation of the Appendix A, let x denote the fraction of the area in the final scenario that is occupied by
SBP, and let {M}feed denote the weight of concentrate/silage fed to animals per hectare in the initial
scenario. It can be shown (in the Appendix A) that neither one can be determined independently, that
is, there are several combinations of the two variables that yield the same environmental impacts. The
relation between the variables is expressed by

{M}feed

x
=

(
ε− 1
ε

)
{NFU}SBP

〈NFU〉feed (5)
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The terms on the right-hand side of the equation are known, as shown previously. Parameter ε
is 2.33, and the others are obtained from Tables 1 and 2. For each possible value of x (which varies
between 0 and 1), we calculated the quantity of concentrate provided to the animal, in the absence
of SBP.

Then, to check if scenarios are indeed equivalent, we multiplied the amount of concentrate by
〈NFU〉feed to obtain the total nutrition provided by the concentrate. We summed the latter value to
{NFU}SNP (which we know is approximately half of the value for SBP, because ε = 2.33) to obtain the
total nutrition provided to animals in the initial situation. Then, we determined the nutritional amount
of feed provided in second scenario, which is equal to the sum of the product of the fraction of SBP
and {NFU}SBPPRL and the fraction of SNP (which is 1 − x) multiplied by {NFU}SNP.

One last verification was made by using the most likely {M}feed for this breed of Alentejana cows,
and then checking whether the respective value for x is similar to the observed fraction of the area
sown in farms in the PCF project. In this project, farmers on average sowed up to 20% of the areas
of their farms (Terraprima, personal communication). We calculated {M}feed as the product of the
following: (a) the stocking rate of 0.39 LU/ha [28], considering that there is always one adult cow and
one steer together in the pasture (one birth per year, and the steer is sold at one year old), where one
adult cow is 1 LU and one steer is 0.4 LU; (b) the weight of the one-year-old steer (323.7 kg) [40] and the
adult cow (677.3 kg); and (c) the amount of feed one cow and steer eat per day, which is between 0.5%
and 1.5% of their live weight. Using these estimates for {M}feed, we applied Equation (5) to obtain a
lower and upper bound for the SBP fraction (x), xMIN and xMAX, respectively. We also considered an
average feed consumption (xAVE) for animal intake of 1% of live weight. With xAVE, xMIN, and xMAX

values, we calculated the lower, upper, and average of the impact, respectively, in each individual
scenario (SNP and commercial feed) as well as SBP and SNP (using Equations (A5) and (A7) in the
Appendix A, respectively). We also assessed εcrit, the value required for the difference in nutritional
quality between pasture types such that all area would have been converted to SBP—defined by x
= 1, using Equation (A18), for each x value. Finally, we estimate the difference between situations
according using, for the first and following years, respectively,

{I}total
f − {I}total

i

Atotal = x({I}SBPPRL − {I}SNP) (6)

and
{I}total

f − {I}total
i

Atotal = x({I}SBP − {I}SNP)− 〈I〉feed{M}feed (7)

This procedure, expressed by Equations (6) and (7), enables the calculation of the difference of
impacts per unit of area of the farm, rather than area of SBP. We then also changed the reference
unit from area to meat produced to obtain the difference in impacts between scenarios for each
kg of meat. This analysis assumed that the carcass output of each one-year old steer is equal
to 70.1% of the live weight of the animals [40]. We thus assessed the potential reduction of the
total impacts of beef production due to conversion to SBP, considering a similar production system,
from Eldesouky et al. [41], which studied an extensive production system in the Spanish Montado
(considering the “extensive beef/calf cattle farm” production system, with calves sold at weaning).
The commercial feed consumed was mostly composed by forage, similar to the HF feed considered in
this study (percentage of forage: 74% for Eldesouky et al. [41] and 70% in this study). The stocking rate
in this study was also similar to the SNP stocking rate (Eldesouky et al. [41]: 0.36; SNP in this study:
0.39). We also assessed avoided emissions considering the global average beef production impacts,
from Poore and Nemecek [42].
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3. Results

3.1. Nutritional Equivalencies between Pasture and Concentrate

Table 3 displays the average nutritional equivalence ratio, along the years, between SBP and
commercial feeds (LF and HF). The ratio in LF feed is always higher than that in HF feed. The ratio for
CF is the highest for HF feed type because SBP plants have more CF than maize silage (which is 70% of
the overall feed). Regarding the LF feed, the ratio for NDF is the highest, as it is also related to the fiber
content of plants. The indicator related to energy (GE) is where the ratios are lower, meaning that the
concentrate provides comparatively more energy than nutrients to cattle. The nutritional equivalence
ratios tend to increase with time because of the reduction of legumes and increase of grasses (with
higher nutritional index values). The variation between ratios is higher in the LF feed than in the HF
feed. The HF ratios are mostly dominated by the maize forage (70% of total mass), while in the LF
feed, the proportion is more diluted among all ingredients, which leads to more variance in nutritional
values. The ratios in Table 3 enabled the environmental impact assessment using Equation (4).

Table 3. Average nutritional equivalences ratio ({NFU}SBP/〈NFU〉feed—t/ha) between SBP and
concentrate feed. NFU—nutritional forage units.

NFU Ratio Feed 1st Year 2nd Year 3rd Year 4th Year 5th Year and Following

CP
Low forage 8.85 8.72 8.66 8.57 8.33
High forage 12.34 12.18 12.07 11.97 11.63

CF
Low forage 17.03 17.77 18.22 17.98 18.37
High forage 10.54 10.99 11.26 11.12 11.36

NDF
Low forage 15.67 16.22 16.69 17.00 17.45
High forage 10.67 11.05 11.37 11.58 11.89

GE
Low forage 7.38 7.37 7.37 7.35 7.35
High forage 7.29 7.30 7.30 7.27 7.27

3.2. Life Cycle Impact Assessment

The vast majority of the impacts of SBP (installation and maintenance) are because of lime and
phosphorus fertilizer production, transportation, and application. In the installation of SBP, lime
application is responsible for 61% of the total impact. In the following year, phosphorus fertilizer is
responsible for 80% (in years without lime application). Regarding the feed, soybean meal is the main
source of impact, in both formulations, with 45% (in the LF feed) and 37% (in the HF feed). Soybean
meal only represents 10% (LF feed) and 5% (HF feed) of the feeds, but its unit impact, 4.4 kg CO2e/kg,
is significantly higher than cereals grains (e.g., maize grain: 0.63 kg CO2e/kg) and maize silage (0.16 kg
CO2e/kg) because of the difference in the cereals productivity (higher maize silage productivity dilutes
the impact in a higher quantity of product than the maize grain with lower productivity). The LF
feed impact is 0.92 t CO2e/t feed; for the HF feed, the impact is 0.49 t CO2e/t feed. Regarding carbon
sequestration, it is higher in the first year (12 t CO2/ha) and decreases during the 10-year period (in
the tenth year carbon sequestration is about 2 CO2/ha), until soil organic matter (SOM) saturation is
eventually reached. N2O emissions from legumes are 1 t CO2e/ha in the first year and then decrease,
reaching 0.825 t CO2e/ha in the fifth year.

The full list of results is available in Supplementary Materials File S1. Figure 3 depicts the
difference between the final situation (SNP and SBP) and the initial situation (SNP and commercial
feed). In Figure 3, a negative value means that in final situation, the impact is lower than in the
baseline situation. In the scenario with SBP and SNP, GHG emissions are lower than in the baseline
situation in every year, including the first year (SBP installation year). Despite the fact that in the first
year, there is no usable yield, the carbon sequestration more than compensates for feed requirements.
Figure 3 also shows, for the nutritional indicators used to establish scenario equivalency, the average,
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minimum (GE), and maximum (LF feed: CF; HF feed: NDF) results. Replacing LF feed (Figure 3a)
saves more GHG emissions than replacing HF feed (Figure 3b) on average. The impact difference
reduces significantly in the second year because there are no inputs in SBP (including liming) and
carbon sequestration is still high (8.5 t CO2e/ha). In the third and fourth year, the impact difference
reduces significantly because of phosphorus fertilizer (in third year) and liming (in the fourth year)
and carbon sequestration reduces to 3 t CO2e/ha.
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The only aspect that significantly influences differences in results is the nutritional indicator used
to establish an equivalence between scenarios. This is particularly important because commercial
feeds, on a nutritional unit basis, have much higher impacts than SBP and SNP (e.g., LF feed: 6.5 t
CO2e/t CP; HF feed: 3.5 t CO2e/t CP; SBP: 0.5 t CO2e/t CP). The variation between GE and CF in LF
feed is 5.7 t CO2e/ha SBP, while in HF, it is only 1.3 t CO2e/ha SBP. This occurs as a result of lower
variation in the nutritional ratios (Table 3) of the HF feed because of the high proportion of maize
silage. On average, LF feed substitution leads to an avoided impact that is 60% higher when compared
with the avoided impact using the HF feed.

The difference of impacts between scenarios diminishes SOM saturation (“SOM sat” in Figure 3)
is reached, that is, when SBP no longer significantly store carbon in soils. The impact differential from
this year on can only be attributed to the reduction in emissions due to the replacement of concentrate
with SBP. The long-term effect of SBP is thus a saving of between 2 and 6 t CO2e per hectare of SBP
and per year.

3.3. Scenario Assessment Results

The full list of results for the scenario assessment is available in Supplementary Materials File
S1. Table 4 shows the co-dependency of {M}feed and x, resulting from the application of Equation (5)
for specific numbers of x. The higher the quantity of feed that is given to animals in each hectare of
SNP in the initial situation, the greater the area of SBP necessary to replace it. As we considered a
constant nutritional provision by each type of pasture, this also means that more energy is required by
cattle. The quotient between {M}feed and x varies between the first and fifth year (due to the change in
prevalence of legumes) and is on average 3.8 kg LF feed per ha of SBP and 3.1 kg HF feed per ha of SBP.
The same area of SBP installed thus replaces a lower amount of HF feed than of LF feed. Regarding
{NFU}feed and {NFU}total

i (or {NFU}total
f ), they are equal for both feeds, according to Equations (A3)
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and (A4), respectively. As all the parameters in Table 4 are explicitly dependent on x (SBP fraction),
they increase when x also increases.

Table 4. Initial and final average nutritional content for each scenario of SBP area. NFU—nutritional
forage units; i—initial situation; f—final situation.

SBP Fraction (x)
{M}feed {NFU}feed {NFU}total

i ={NFU}total
f

Low Forage High Forage Low and High Forage Low and High Forage

0 0.00 0.00 0 14,314
0.1 0.71 0.59 1909 16,223
0.2 1.43 1.18 3817 18,131
0.3 2.14 1.77 5726 20,040
0.4 2.86 2.36 7634 21,949
0.5 3.57 2.95 9543 23,857
0.6 4.28 3.54 11,451 25,766
0.7 5.00 4.13 13,360 27,674
0.8 5.71 4.72 15,269 29,583
0.9 6.43 5.31 17,177 31,491
1.0 7.14 5.90 19,086 33,400

We obtained an average xAVE of 13% (LF feed) and 14% (HF feed) considering that one cow and
steer eat 0.76 t/ha·yr per day. The xAVE for the LF feed ranges between 7% and 20%, and between 10%
and 21% for the HF feed. The maximum in both feeds is obtained using GE equivalence. GE is similar
in both commercial feed formulations (Table 3). The xMIN was calculated considering that one cow
and steer eats 0.5% of its live weight (0.39 t/ha·yr) per day. The average xMIN is 6% (LF feed) and 7%
(HF feed). The xMIN ranges between 4% and 10% (LF feed) and between 5% and 10% (HF feed). The
xMAX was calculated considering that one cow and steer eats 1.5% of its live weight (1.14 t/ha·yr) per
day. The average xMAX is 19% (LF feed) and 21% (HF feed). The xMAX ranges between 12 and 30% for
both feed types. These results for x mean that SBP would never need to be installed in more than a
third of the farm area to compensate for a realistic amount of concentrate consumption—and usually
are installed in 20% or less of the farm. This is because of the relatively high nutritional content of SBP
plants when compared with concentrate feed ingredients.

For each value of x, there is a εcrit (which corresponds to converting 1 ha of SNP in SBP). The
εcrit does not change considerably between years (nutritional ratios are similar between years) and
between feed types. For the xAVE, the average εcrit f is 1.17 or LF feed and 1.18 for HF feed. For the
xMIN, the average εcrit is 1.08 (LF feed) and 1.09 (HF feed). Finally, for the xMAX, the average εcrit is
1.25 (LF feed) and 1.27 (HF feed). Consequently, SBP only need to be marginally more productive than
SNP for the replacement to pay off.

Figure 4 depicts the impacts of each scenario individually (rather than the difference between
the two). The initial situation (SNP and feed) is shown in blue and the final situation (SBP and SNP)
in orange. Regardless of x, the impact in the initial situation is always greater than zero, mainly
because of feed consumption (the only operation used in SNP is one annual tillage). Regarding the
feed, HF feed leads to a lower impact, because its unitary impact is significantly lower than for LF
feed. The impact of the final situation during the first 10 years is always negative as a result of carbon
sequestration (a similar trend as shown in Figure 3). When SBP no longer sequestrate carbon (i.e.,
reach SOM saturation), the impact of the final situation is higher than zero because of the annual tillage
operation in the SNP fraction of area (i.e., 1 − x). In the 10-year period, impact increases with the
reduction of x, as carbon sequestration is lower (xMIN leads to lower impact avoided; and xMAX leads
to higher impact avoided). When SOM saturation is reached, the greater the x, the greater the impact,
because the area where N2O emission occurs is higher (average impact of xMIN for HF feed: 95 kg
CO2e/ha plot (SBP + SNP); average impact of xMAX for HF feed: 229 kg CO2e/ha plot).



Sustainability 2018, 10, 4184 12 of 23

Sustainability 2018, 10, 4184 12 of 23 

 

Figure 4. Average impact scenarios along the time for average optimum, minimum, and maximum 

SBP fraction. (a,b)—optimum sown biodiverse permanent rich in legumes pastures (SBP) fraction; 

(c,d)—minimum SBP fraction; (e,f)—maximum SBP fraction. (a,c,e)—low forage commercial feed; 

(b,d,f)—high forage commercial feed. SOM—soil organic matter. 

The difference in impact between scenarios per unit of farm area when SBP no longer sequester 

carbon, calculated using Equation (7), is shown in Table 5. The results per kg of meat produced are 

also present in Table 5. As in Figure 3, a negative number means that the final scenario (SBP and SNP) 

has lower emissions than the baseline (SNP and feed). Regardless of the year, the difference of impact 

between the two scenarios is negative, even when SBP reaches SOM saturation. This is because of the 

effect of feed substitution dominating over the extra emissions from material and energy use in SBP. 

The impact avoided is 591 (LF feed) and 247 kg CO2e/ha (HF feed), considering the x���. The impact 

difference also increases with the SBP area as a result of the increase of {M}���� with x. The avoided 

impact per kg of meat is 17 (LF feed) and 7 kg CO2e/kg meat (HF feed), considering the x���. In the 

initial 10-year period after SBP installation, avoided impact is even higher, 35 (LF feed) and 26 kg 

CO2e/kg meat per year (HF feed), for x���. 

Table 5. Average of difference in impacts between the initial and final situations (from the 11th year 

forward). 

SBP Fraction (�) 
System Impact Meat Impact 

kg CO2e/ha eq. kg CO2e/kg of Fat- and Bone-Free Meat 

 Low Forage High Forage Low Forage High Forage 

Optimum (x���) −591 −247 −17 −7 

Minimum (x���) −296 −123 −9 −4 

Maximum (x���) −887 −370 −26 −11 

For a similar production system in Spain [41], the meat production impact obtained was about 

21 kg CO2e/kg beef live weight, converting from IPCC AR4 GWP factors [43] to IPCC AR5 [39] (30 kg 

CO2e/kg of fat- and bone-free meat, considering the carcass output is equal to 70.1% of the live weight 

of the animals [40]). Thus, SBP installation could reduce total impacts of beef by about 25% (using HF 

Figure 4. Average impact scenarios along the time for average optimum, minimum, and maximum
SBP fraction. (a,b)—optimum sown biodiverse permanent rich in legumes pastures (SBP) fraction;
(c,d)—minimum SBP fraction; (e,f)—maximum SBP fraction. (a,c,e)—low forage commercial feed;
(b,d,f)—high forage commercial feed. SOM—soil organic matter.

The difference in impact between scenarios per unit of farm area when SBP no longer sequester
carbon, calculated using Equation (7), is shown in Table 5. The results per kg of meat produced are
also present in Table 5. As in Figure 3, a negative number means that the final scenario (SBP and SNP)
has lower emissions than the baseline (SNP and feed). Regardless of the year, the difference of impact
between the two scenarios is negative, even when SBP reaches SOM saturation. This is because of
the effect of feed substitution dominating over the extra emissions from material and energy use in
SBP. The impact avoided is 591 (LF feed) and 247 kg CO2e/ha (HF feed), considering the xAVE. The
impact difference also increases with the SBP area as a result of the increase of {M}feed with x. The
avoided impact per kg of meat is 17 (LF feed) and 7 kg CO2e/kg meat (HF feed), considering the xAVE.
In the initial 10-year period after SBP installation, avoided impact is even higher, 35 (LF feed) and
26 kg CO2e/kg meat per year (HF feed), for xAVE.

Table 5. Average of difference in impacts between the initial and final situations (from the 11th
year forward).

SBP Fraction (x)
System Impact Meat Impact

kg CO2e/ha eq. kg CO2e/kg of Fat- and Bone-Free Meat

Low Forage High Forage Low Forage High Forage

Optimum (xAVE) −591 −247 −17 −7
Minimum (xMIN) −296 −123 −9 −4
Maximum (xMAX) −887 −370 −26 −11
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For a similar production system in Spain [41], the meat production impact obtained was about
21 kg CO2e/kg beef live weight, converting from IPCC AR4 GWP factors [43] to IPCC AR5 [39]
(30 kg CO2e/kg of fat- and bone-free meat, considering the carcass output is equal to 70.1% of the live
weight of the animals [40]). Thus, SBP installation could reduce total impacts of beef by about 25%
(using HF feed avoided impact from Table 5, for xAVE). The world average meat production impact is
90 kg CO2e/kg of fat- and bone-free meat [42] (using IPCC factors with CC feedbacks [39]). This value
includes different production systems, also including purely intensive production, and as such, it is
not comparable with results from this study. Nevertheless, if we assume that the Spanish production
system is on the lower end of the distribution of global average impacts, simply using the SNP + HF
feed would already reduce emissions from approximately 90 to 21 kg CO2e/kg beef live weight. There
would be an additional 25% reduction from further converting to SBP—leading to a potential total
accumulated reduction of average emissions due to the production of meat in the SNP + SBP scenario
of approximately 80%.

4. Discussion

The results of this paper assess and compare the environmental impacts of two realistic pasture
systems in Portugal as a way to assess the consequential effects of installing and maintaining SBP.
The comparison was performed using an innovative approach that resorts to energy and nutritional
equivalences between the systems first proposed for the specific comparison of pasture systems by
Teixeira [9]. The analysis was greatly simplified because of the fact that there is ample empirical
evidence that one scenario does follow from the other one. In the 1000 farms of the PCF project, SBP
were installed in former areas of SNP. Therefore, rather than performing a dedicated LCA for each
system, which would be more burdensome and include redundant processes and flows, we followed
a simpler and easier to interpret comparative approach. The consequential approach followed is
interesting in this case because SBP cannot be assessed without including effects that are inextricably
connected with their installation and added material and energy consumption, as well as feed avoided.
So far, however, this analysis had stayed at the farm level and included only direct emissions. The
approach followed here highlights these effects rather than diluting them within the entire carbon
footprint of meat products for each of the systems.

The results show that phosphorus fertilizer and lime application are the main contribution to
the total emissions assessed for SBP pastures (for installation, but also for maintenance). This issue
was identified in Teixeira et al. [10], but never duly quantified. Phosphorus fertilizer is not only an
environmental issue in SBP, but also an economic issue, as identified by Almeida et al. [44], as the
fertilizer costs have been gradually increasing over the years. As future work, an economic comparison
between systems should be made in order to complete the assessment. For example, through life cycle
costing (LCC), as suggested by several authors [45–47], with the purpose of emphasizing relationships
and trade-offs between the economic and life cycle environmental performance.

Regarding the equivalence method, it is possible to conclude that energetic equivalence provides
different emissions in comparison with crude protein and fiber equivalences. For example, when crude
fiber is used to establish the equivalence of scenarios, the difference between scenarios is about 50%
higher (low forage feed) than when using gross energy. This is because of the fact that SBP have higher
nutritional quality and thus can replace more quantity of feed. For high forage feed, the variation
between nutritional equivalences is significantly lower as silage dominates the composition of the feed
and the variability of the indicators is smaller.

To assess the variability of the results when faced with different assumptions, we used sensitivity
analysis whenever possible. One example is the required feed consumption for the desired growth
level of the steer. This analysis revealed high sensitivity of results depending on the animal feed
requirements considered (0.5% or 1.5% of live weight). The difference between scenarios increases
with higher feed requirements because of the high unitary impacts of the concentrate.
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There were, however, several assumptions made in the work that influence results and we were
unable to include them in the (quantitative) sensitivity analysis. Reverting some of these assumptions
would likely cause the difference in emissions between the scenarios to increase, while for others, it
would decrease. Starting with assumptions that would make the relative benefit of sowing SBP larger,
there is the fact that it is not entirely true that SBP cannot be grazed during the first year. Although it
is a good management practice to avoid grazing during the establishment of the pasture to ensure a
good seed bank for the following years, during the summer months, it is possible (and desirable) to
graze in order to ensure good germination of grasses and legumes during autumn, as well as to control
infesting plants. This means that animals do take some of their feed from SBP during the first year,
and consequently there is some replacement of concentrate. This fact would improve the performance
of the system with SBP. Additionally, relatively to commercial feeds, we assumed that all ingredients
were produced locally (in the farm where the pastures are situated). This is a conservative approach
that underestimates the impacts of feeds, mostly because it disregards feed transport, which can be an
important phase because of consumption of energy and associated GHG emissions (can contribute up
to 15% of total emissions of the feed) [5,42]. This approach could only amplify the differences between
systems, as considering more transportation of ingredients would make the unitary impacts of the
feed larger. These assumptions do not compromise the main conclusions regarding the comparison
of scenarios.

Regarding assumptions that would lower the difference between scenarios, the most important
one is that we did not consider any feed consumption in SBP. This was a simplification required
because of the lack of data on the distribution of DM yield in SBP throughout the year. Good practices
for SBP management state that at least during early spring, grazing should be light to ensure a healthy
re-establishment of the seed bank. It is also possible that during the summer months, yields decrease
as a result of the lack of rainfall—as these are rainfed pastures. If we assume a worst case scenario
where there is no pasture intake during one month in early spring and two months in the summer,
that would mean that for one quarter of the year, cattle would require feed. This means that all
results presented here would be approximately reduced by one quarter. For example, the avoided
impact per kg of meat would be approximately 13 (rather than 17) for LF feed and 5 (rather than 7) kg
CO2e/kg meat for HF feed. This would also not compromise the main conclusions from this study.
Also relevant to note is that SBP are technically more demanding from farmers and their installation
can fail. A critical problem is the lack of prevalence of legumes. However, the sample of farms used
to collect data used in this assessment [28] included some cases where the installation was less than
fully successful. Therefore, the assessment in this work was already carried out using an average of all
likely situations. Finally, we used two realistic feed formulations that enabled us to test the effects of
silage, but there is a vast array of feeds used for beef cattle in Portugal. Feed formulations can and
should also be optimized to achieve specific animal growth requirements and to better complement
nutrition obtained from pastures, as well as to decrease GHG emissions [48]. In this paper, we did not
assess those potentially optimized feeds. We also used a commercial feed formulation rich in cereal
grains. Some commercial feeds include a higher share of co-products (cereals husk, meals, and others).
Those feeds can have lower impacts [49], depending on the exact co-products. Here, we additionally
considered that changing animals diets would not change live weight gain, which is a simplification
that can change the results for avoided impact per kg of meat. Further, the feeds used were originally
intended for fattening, and not for less than one-year-old steers or adult cows. Given the high energy
provided by the feed to the animal, the fact that we consider this particular feed here means that the
difference between scenarios could even be larger (as less area of SBP might be needed to replace
feeds). In the future, results can be improved by considering the change in live weight gain due to
changes in diets and the different commercial feeds consumed by different animal classes.

Other assumptions made are more unclear regarding the consequences for results. We assumed
that ε = 2.33, which is equal to the ratio between stocking rates in SBP and SNP, according to
Carneiro et al. [28]. The definition of this parameter is a ratio between nutritional contents, but
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the lack of a representative breakdown of the species composition of SNP prevented us from using that
definition literally. Therefore, we used stocking rates as a proxy. We also assumed, in the calculation of
nutritional equivalencies between scenarios, that the proportion of the area of SBP was equal to the
proportion between dry matter.

Here, we also used the IPCC AR5 GWP factors with CC feedback for impact assessment. The
GWP factors with CC feedback are higher than the factors without carbon feedback (e.g., N2O with
CC factor: 298; N2O without CC factor: 265). Nevertheless, the results are not considerably affected
by this. If IPCC GWP without CC feedbacks had been used, the savings due to conversion to SBP
would decrease by less than 6% (i.e., less than 0.1 t CO2e/ha). Finally, we did not consider N2O
emissions from pastures litter. We assumed that the litter fraction is equal in both situations (SNP plus
commercial feed and SBP plus SNP).

Future developments to this paper should be considered in the future. One example is the
reassessment of the N2O emissions from legumes. Here, we used a default value to estimate this
flux. However, the factor was not dependent on the fraction of legumes (responsible for soil nitrogen
fixation and soil N2O emissions). Further, the IPCC [38] does not even consider N2O emissions from
biological nitrogen fixation because of a lack of evidence that they contribute significantly to soil N2O
emissions. If we had disregarded those emissions, the avoided impact due to SBP installation would
be even higher. Finally, an option to improve the estimation of livestock intake and animal growth
may be the use of mass-balance approaches [16].

Ultimately, we converted our reference flow into a mass unit (kilograms of meat as a final product)
as it is the choice of most studies targeting meat production (among others, [41,50–52]). Alternatively,
another common unit in other studies is one live animal (among others, [53,54]). This mass unit should,
however, be adjusted for nutritional value, as performed by Poore and Nemecek [42]. Meat from SBP
and meat produced using concentrate feed likely diverge in terms of their quality, as meat from SBP is
nutritionally superior [10], as well as carcass yield, so new differences may arise if this differentiation
is included in future LCAs of these systems.

Species variability in SBP is the most relevant uncertainty not addressed in this paper. Further
improvements in the estimation of carbon sequestration can also be made, namely through the
application of a geographical LCA, where the difference between scenarios is assessed for multiple
sub-regions within Alentejo. The key parameter missing to perform such an evaluation is a regionalized
estimation of the yield of SBP. A remote sensing approach is a viable alternative to estimate regionalized
aboveground biomass productivity [55,56]. This approach also has limitations, such as, for example, the
influence of tree cover. This effect is particularly relevant in these “Montado” agri-forestry regions due
to high tree cover density (e.g., 170 trees/ha of Quercus suber [57]), 2 as trees also influence aboveground
biomass productivity [58]. Here, we used the process-based model RothC calibrated for SBP (root to
shoot ratio, livestock intake fraction, livestock excretion during grazing, and easily decomposable plant
material (DPM)/resistant plant material (RPM) ratio), which can consider some site-specific conditions
if available—such as regionalized aboveground productivity and stocking rate. Regionalization would
be welcome for other parameters of the study. For example, we used a single mixture of sown species,
but mixtures are tailor-made for different site conditions (such as soil density and soil organic matter
(SOM)). Even more importantly, the species found in the pasture some years after installation could
deviate considerably from their proportion in the mixture of seeds used. This could considerably
change the nutritional value of the pasture. For example, in the same group, average CP content in
two distinguished clover species can range from 19% DM (for Trifolium subterraneum) and 25% DM (for
Trifolium balansae). This difference can be even more significant between different plant groups [29].
Further work is required to better understand species variation with location, management practices,
and other aspects not identified yet. To do this, more field work is required, including multiple sites
studied over a long period.

In this study, we only focused on the contribution of SBP for climate change mitigation.
Nevertheless, in the future, other ecosystem services should be addressed, for example, leaching
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reduction or effects on biodiversity [59]. There is evidence that SBP reduce nitrogen leaching when
compared with SNP [60], but not in a life cycle assessment approach. Besides placing more emphasis
on the regionalization of the inventories and activity data, these additional impact categories should
also be assessed using regionalized life cycle impact assessment methods [31]. There are now
multiple highly regionalized methods available, mainly focusing on land use [61,62] and biodiversity
impacts [63,64].

5. Conclusions

Through the comparative assessment of GHG emissions of two cattle feed systems in Alentejo,
Portugal, we found that the system with a combination of SNP and SBP has lower emissions than the
system with SNP and feed, for both feeds considered. The main reason for this is that the replacement
of concentrate by SBP is highly beneficial in terms of GHG emissions. The main protein sources of the
concentrate, such as soybean meal, have high unitary impacts, and as such, even a minimal level of
replacement with SBP grazing can compensate for the added impacts due to fertilization and liming.
SBP have the added benefit of sequestering carbon (on average, 8 t CO2e per hectare of SBP and per
year during the 10-year period after installation), but the beneficial effects of replacing feeds take place
even after SOM saturates in SBP soils. The installation of SBP in less than 20% of the area of SNP can
thus avoid 3 t CO2e per hectare of SBP and per year simply because of the replacement of the feed. Per
kg of meat, this decreases emissions by at least 25%, considering comparable grazing systems.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/10/11/4184/
s1, S1: Ecoinvent processes used and results.
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The following abbreviations are used in this manuscript, including variable names (with variable units
in parentheses):

CC Climate carbon
CF Crude Fiber
CLCA Comparative life cycle assessment
CH4 Methane
CO2 Carbon dioxide
CO2e Carbon dioxide equivalent
CP Crude Protein
DM Dry matter
DPM Easily decomposable plant material
FU Fucntional unit
GE Gross energy
GHG Greenhouse gas
GWP Global warming potential
HF High forage
IPCC Intergovernmental Panel on Climate Change
LCA Life Cycle Assessment

http://www.mdpi.com/2071-1050/10/11/4184/s1
http://www.mdpi.com/2071-1050/10/11/4184/s1


Sustainability 2018, 10, 4184 17 of 23

LCC Life cycle costing
LF Low forage
LU Livestcok unit
NDF Neutral detergent fiber
NFU Nutritional forage units
NIR National Inventory Report
N2O Nitrous oxide
PCF Portuguese Carbon Fund
RothC Rothamsted Carbon Model
RPM Resistant plant material
SBP Sown biodiverse permanent pastures rich in legumes
SNP Semi-natural pastures
SOM Soil organic matter
x Sown biodiverse permanent pastures rich in legumes fraction

Appendix A

To define the equivalence between scenarios, we begin by defining several balances. We follow the method
proposed by Teixeira [9]. Variables presented as <y> express quantity of y per unit mass, and {y} express quantity
of y per unit area. All variables were defined on an annual basis (omitted for simplicity).

The first equivalence is the area balance, measured in hectares (ha), which states that the total area (Atotal)
must be equal to the SNP area (ASNP

i ) in the beginning (time i), and to the sum of the areas of SNP (ASNP
f ) with

SBP (ASBP
f ) in the second scenario (time f).

Atotal = ASNP
i = ASNP

f + ASBP
f (A1)

Next is the livestock balance. The stocking rate is measured in livestock units per unit area (LU), a unit that
measures livestock heads on the basis of the nutritional or feed requirement of each type of animal. The number
of LU is constant in the two scenarios (no change in animal stock).

LUtotal = LUi = LUf (A2)

As there is no change in stocking rate, the animal feed energy requirements in the two scenarios are the
same, which leads us to the energy balance,

LU
(

NFU
LU

)total
= ASNP

i {NFU}SNP + ASNP
i {NFU}feed

= ASNP
f {NFU}SNP + ASBP

f {NFU}SBP
(A3)

where we have introduced the nutritional forage units measured in nutritional indicator per unit area (ha) of the
commercial feed ({NFU}feed) and the feed grazed on pastures by the cattle ({NFU}SNP), respectively. Note that
these may be more than strictly required at time i and/or f. However, providing more NFU (e.g., energy, protein,
fiber) than required to animals would be cost-ineffective to farmers, and as such, we use as an assumption exact
nutritional equivalence between scenarios. Regarding the feed, the energy content is assessed per unit of mass.
In order to do so, a conversion is required

{NFU}feed =
{NFU}feed

{M}feed {M}
feed = 〈NFU〉feed{M}feed (A4)

where {M} is the quantity of feed (t) required yearly per area unit of SNP in the initial scenario.
Regarding the impact calculation, in the initial scenario, the impact is the sum of the impact of SNP and the

feed in the entire area of the farm.
{I}total

i = ASNP
i ·({I}SNP + {I}feed) (A5)

where {I} is the environmental impact per hectare. The commercial feed impact should be assessed per unit of
mass, and as such,

{I}feed =
{I}feed

{M}feed {M}
feed = 〈I〉feed{M}feed (A6)



Sustainability 2018, 10, 4184 18 of 23

The impacts in the second scenario are

{I}total
f = ASNP

i {I}SNP + ASBP
f {I}SBP (A7)

where {I}SNP and {I}SBP are
{I}SBP = {I}SBP

op + {I}SBP
N2O − {I}

SBP
CO2

(A8)

{I}SNP = {I}SNP
f = {I}SNP

op (A9)

where {I}SBP
op and {I}SNP

op are the environmental impact of management operations on SBP (installation or

maintenance) and SNP, respectively. {I}SBP
N2O is the amount of nitrous oxide (N2O) emitted in SBP, and {I}SBP

CO2
is

the amount of carbon dioxide sequestered in SBP.
Therefore, the difference in impacts between the two scenarios is as follows:

{I}total
f − {I}total

i = ASNP
f {I}SNP + ASBP

f {I}SBP −ASNP
i ·({I}SNP + {I}feed) (A10)

Rearranging the expression using the area balance in Equation (A1) and substituting {I}feed from
Equation (A6), we find the following:

{I}total
f − {I}total

i = ASBP
f ({I}SBP − {I}SNP)−Atotal〈I〉feed{M}feed (A11)

As our objective is to find the impact of the installation of 1 ha of SBP (which is the functional unit), we
should divide Equation (A11) by the area of SBP.

Itotal
f − Itotal

i

ASBP
f

= {I}SBP − {I}SNP − Atotal

ASBP
f
〈I〉feed{M}feed (A12)

Two terms in Equation (A12) are unknown: {M}feed (we do not know how much feed is consumed per
hectare of SNP because there is large variability and uncertainty due to farm-specific variations); the fraction
of total farm area that is sown with SBP (area required to replace commercial feed). We define this fraction as x
(dimensionless).

x ≡
ASBP

f

Atotal (A13)

We then return to the energy balance Equation (A3) and use the area balance and x to modify it.

{NFU}SNP + 〈NFU〉feed{M}feed = (1− x){NFU}SNP + x{NFU}SBP (A14)

Dividing this equation by {NFU}SNP,

1 +
〈NFU〉feed

{NFU}SNP {M}
feed = (1− x) + x

{NFU}SBP

{NFU}SNP (A15)

Here, we need to introduce a new variable, the ratio of forage production between SBP and SNP (ε).

ε =
{NFU}SBP

{NFU}SNP (A16)

We define this variable because the energy content per unit area of both pasture types is unknown. However,
we know that it should be roughly proportional to the ratio between stocking rates in SBP and SNP. Therefore,
we may assume that the ratio in stocking rates (dimensionless) corresponds to the ratio in forage content of both
types of pasture.

Using this variable in Equation (A15), and solving for x, we obtain

x =
1

ε− 1
〈NFU〉feed

{NFU}SNP {M}
feed (A17)

The graphical representation of Equation (A17) is shown in Figure A1.
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There is an εcrit, which is the value for which all area is converted to SBP—and thus is defined by x = 1.
Resorting to Equations (A15) and (A18),

εcrit = 1 +
{NFU}SNP

〈NFU〉feed {M}
feed (A18)

We return to the difference in impacts between scenarios per unit of SBP area. We use the inverse of Equation
(A16) and substitute it in Equation (A17) to obtain

Itotal
f − Itotal

i

ASBP
f

= {I}SBP − {I}SNP − (ε− 1)
{NFU}SNP

〈NFU〉feed 〈I〉
feed (A19)

Finally, using ε,

Itotal
f − Itotal

i

ASBP
f

= {I}SBP − {I}SNP −
(
ε− 1
ε

)
{NFU}SBPPRL

〈NFU〉feed 〈I〉feed (A20)

In the first year, SBP are unusable as feed, so there is no replacement of concentrate. Equation (A20)
simply becomes

Itotal
f − Itotal

i

ASBP
f

= {I}SBP − {I}SNP (A21)

We assume that ε is equal to 2.33, as the ratio between average stocking rate of SBP (0.91 LU/ha) and SNP
(0.39 LU/ha), from empirical data [28]. These equations can be converted to express the average impact in the total
area. For that, they must be multiplied by x (Equation (A13)), in Equation (A20), but using the prior equivalent
version of the final term on the right-hand side in Equation (A20), this results in

Itotal
f − Itotal

i

ASBP
f

= x({I}SBP − {I}SNP)− x(ε− 1)
{NFU}SNP

〈NFU〉feed 〈I〉
feed (A22)

The term x(ε− 1) can be replaced using Equation (A17).

Itotal
f − Itotal

i

ASBP
f

= x({I}SBP − {I}SNP)− 〈NFU〉feed

{NFU}SNP {M}
feed {NFU}SNP

〈NFU〉feed 〈I〉
feed (A23)

Simplifying
Itotal
f − Itotal

i

ASBP
f

x({I}SBP − {I}SNP)− 〈I〉feed{M}feed (A24)
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Conversely, for the first year,

Itotal
f − Itotal

i

ASBP
f

= x({I}SBPPRL − {I}SNP) (A25)
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