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Abstract: Agroforestry systems have been compared to agricultural and forestry alternatives,
providing a land-use solution for additional environmental benefits while maintaining similar levels
of productivity. However, there is scarce research assessing such patterns across a pan-European scale
using a common methodology. This study aims to improve our understanding of the role of trees
in three different regulating ecosystem services—(1) soil erosion, (2) nitrate leaching and (3) carbon
sequestration—in traditional and innovative agroforestry systems in Europe through a consistent
modeling approach. The systems’ assessment spans environmentally from the Mediterranean
environmental region in Portugal to the Continental environmental region in Switzerland and
Germany to the Atlantic environmental region in the United Kingdom. Modeled tree densities
were compared in the different land-use alternatives, ranging from zero (agriculture with only crops
or pasture) to forestry (only trees). The methodology included the use of a biophysical model
(Yield-SAFE) where the quantification of the environmental benefits was integrated. Results show a
consistent improvement of regulating ecosystem services can be expected when introducing trees in
the farming landscapes in different environmental regions in Europe. For all the systems, the forestry
alternatives presented the best results in terms of a decrease in soil erosion of 51% (±29), a decrease of
nearly all the nitrate leaching (98% ± 1) and an increase in the carbon sequestration of up to 238 Mg C
ha−1 (±140). However, these alternatives are limited in the variety of food, energy and/or materials
provided. On the other hand, from an arable or pure-pasture alternative starting point, an increase in
agroforestry tree density could also be associated with a decrease in soil erosion of up to 25% (±17),
a decrease in nitrates leached of up to 52% (±34) and an increase in the carbon sequestered of 163 Mg
C ha−1 (±128) while at the same time ensuring the same levels of biomass growth and an increase in
product diversification.

Keywords: Yield-SAFE; process-based model; agroforestry; carbon sequestration; soil erosion; nitrate
leaching; montado; short rotation coppice; silvoarable; fruit orchards; tree density

1. Introduction

Agroforestry systems (AFS) are attracting the interest of land managers, who are seeking a more
efficient way of producing food, bioenergy and materials than found with monoculture agriculture or
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forestry [1]. This is because AFS can enable higher and more diverse biomass production due to the
greater capture of solar radiation and water by trees and crops when both are grown together [2].

At the same time, compared to agriculture, agroforestry can reduce soil erosion [3],
nitrate leaching [4] and net greenhouse gas emissions [5] while improving biodiversity [6] and
enhancing climate change mitigation by sequestering carbon [7]. These sorts of ecosystem benefits
that mediate or moderate the effect of the environment on human well-being and health are defined
by the Common International Classification of Ecosystem Services (CICES, v5.1) as regulation and
maintenance services.

Some studies have focused on the effect of a single agroforestry system on one ecosystem service
for one location. However, there have been few studies including different ecosystems services across
different sites, which could help establish relationships at broader scales [8]. Because of the difficulty
in establishing a full range of practices in a single location, many comparisons of agroforestry with
agricultural systems rely on the use of models [9].

In a previous paper, a biophysical model called Yield Estimator for Long term Design of Silvo-arable
Agro-Forestry in Europe (Yield-SAFE, [10]), which can predict tree and arable crop growth and yields
in agroforestry systems, was used to examine how different densities of trees affected the provisioning
services of four contrasting locations and agroforestry systems across Europe [11]. The paper concluded
that including trees in pasture or arable systems increased the capture of solar energy and thereby
the production of total biomass per unit area in comparison with monoculture forestry, pasture and
arable systems, but that the accumulated energy per tree was reduced as tree density increased [11].
The aim of this paper is to act as a companion paper to [10], in order to determine how an increase
in tree density and the associated tree–crop interactions for water and radiation interact with the
supply across the same sites of three different regulating ecosystem services (RES): regulation of soil
erosion, regulation of nitrate leaching and carbon sequestration, with a consistent methodology across
Mediterranean, Continental and Atlantic environmental regions in Europe.

2. Materials & Methods

2.1. Agroforestry Case Study Systems

Four agroforestry systems were considered for this study: (1) Iberian wood pastures called dehesas
in Spain and montados in Portugal with holm oak (MONTPT), (2) grazed cherry orchards in Switzerland
(CTCH), (3) poplar silvoarable systems in the United Kingdom (SAFUK) and (4) fast-growing poplar
short rotation coppice plantations for energy purposes within arable fields in Germany (SRCDE)
(Table 1). These systems (1) represent traditional and innovative agroforestry systems in different
climatic conditions and (2) focus on different products (trees, livestock and/or crop components),
and (3) there are long-term experimental trials with data available for validation. Each agroforestry
system was considered in terms of four agroforestry alternatives (different densities depending
on each system), an agriculture (no trees) and a high-density tree-only system. The agriculture
systems had no trees. The tree density within each agroforestry alternative was assumed to
stay constant throughout the simulation period while the forestry alternatives assumed standard
management practice, which typically included a process of thinning to reduce the tree density
over time. The simulation period considered was 80 years. A full description has previously been
provided [11], but a brief description of each case study is presented here for clarity.
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Table 1. Location, meteorological and soil information and component description of the four
agroforestry systems studied.

Montado Cherry Orchards Silvoarable Systems Short Rotation Coppice

Location Montemor-o-Novo, Portugal Gempen, Switzerland Silsoe, United Kingdom Forst, Germany

Identification MONTPT CTCH SAFUK SRCDE

Altitude (m asl) 130 680 70 75

Longitude (◦) 38.7023 7.2299 50.0089 51.7890

Latitude (◦) −8.3261 6.9943 0.4358 14.4918

Meteorological conditions

Mean annual solar radiation
(MJ m−2) 6080 4340 3710 4078

Mean annual temperature
(◦C) 14.1 5.5 11 7.29

Mean annual rainfall (mm) 693 1157 747 609

Mean wind speed (m s−1) 3.65 2.2 5.43 3.61

Soil data

Soil texture Medium-fine Fine Very fine Medium
Soil depth (cm) 100 50 150 100

Agroforestry components

Tree Quercusrotundifolia L. Prunus avium L. Populus spp. Populus spp. Max 1 var.

Crop Non-improved Natural
grasslands (ng)

Non-improved Natural
grasslands (ng)

Wheat (w)
Barley (b)

Oilseed (o)

Sugar beet (sb)
Wheat (w)

Crop rotation none none w/w/b/o sb/w/sb/w

Livestock Iberian pig/cattle Cattle - -

2.1.1. Iberian Wood Pastures in Portugal and Spain

Iberian dehesas and montados occupy an area of around 3.04 million hectares [12] and are
characterized by low tree densities (20–50 trees ha−1) combined with agriculture and/or pastoral
activities [13]. Two main tree species are dominant: holm oak (Quercus rotundifolia L.) and cork oak
(Quercus suber L.). The dominant tree defines the main economic activity: for cork montado, the main
source of revenue is cork extraction, and for holm montado, the main activity is grazing livestock
(cattle and/or Iberian pigs). In both cases, cultivation, other than to reseed grassland, is nowadays rare,
and the main understory use remains livestock grazing [14]. The six management alternatives analyzed
in the montado case study included a pure-pasture option (no trees, MONTPT-A), four agroforestry
options with 50 (MONTPT-AF1), 100 (MONTPT-AF2), 150 (MONTPT-AF3) and 200 (MONTPT-AF4)
trees ha−1 and a higher density pure plantation (forestry alternative, MONTPT-F), with 505 trees
planted followed by a thinning regime of 435, 320, 250, 200 and 160 residual tree density in years 9, 45,
55, 65 and 75, respectively. It is considered that a regular light pruning occurs every 12 years, removing
10% of total biomass [15].

2.1.2. Grazed Cherry Orchards in Switzerland

Fruit orchards are of great importance in Switzerland [16] and in Central Europe, covering around
0.4 million ha of agricultural land [17]. These systems, typically with a tree density between 20 and 100
trees per hectare, can incorporate an understory crop of grass and/or crops [18]. The main tree species
include apple trees (Malus spp.), pear trees (Pyrus spp.) and/or cherry trees (Prunus avium L.) that were
planted for fruit and timber production. Management options considered: pure pasture (no trees,
CTCH-A); four agroforestry alternatives with 26 (CTCH-AF1), 52 (CTCH-AF2), 78 (CTCH-AF3) and
104 (CTCH-AF4) trees ha−1 and a forestry/orchard alternative (CTCH-F) with an initial tree density of
690 trees ha−1 followed by a thinning regime of 395, 270, 190, 142 and 100 residual tree density in years
10, 15, 25, 35 and 50, respectively.
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2.1.3. Silvoarable Systems in the UK

The silvoarable systems analyzed for the UK (SAFUK) are based on an experimental arrangement
planted in 1992 as part of the UK silvoarable network. Four poplar hybrids were planted in lines with
an intercropping area allocated to a crop rotation comprising wheat (Triticum spp.), barley (Hordeum
vulgare L.), oats (Avena sativa L.) or oilseed rape (Brassica napus L.). This system is not a traditional
agroforestry system and, consequently, it is rarely seen in the UK [19]. For this system, the simulation
period included four rotations of 20 years each, with trees being replanted at the end of every rotation.
In the arable option (no-tree alternative, SAFUK-A), the area is occupied 100% by the crop while, in the
forestry option, the trees were also arranged in lines using the same spacing as in the agroforestry
alternatives (10 × 6.4 m), with fallow alleys between the lines. The agroforestry tree densities analyzed
were 56 (SAFUK-AF1), 78 (SAFUK-AF2), 104 (SAFUK-AF3) and 156 (SAFUK-AF4) trees ha−1 where
tree density was reduced by increasing the distance within the lines, maintaining a consistent crop
area of 80% of the total area. The forestry alternative (SAFUK-F) started with an initial tree density of
1250 trees ha−1 followed by a thinning regime of 938, 703, 352 and 158 residual tree density in years 6,
8, 10 and 12, respectively.

2.1.4. Short Rotation Coppice Systems in Germany

The growing of rows of short rotation coppice systems (SRC) within an arable field is an innovative
system still not widely represented in Europe. The system consists of planting fast-growing trees
in lines for obtaining biomass for energy between cultivated areas. However, these systems seem
an interesting option for obtaining energy in rural areas, occupying an area of around 6600 ha in
Germany [20]. The main tree species used in these systems include poplar variety Max 1 (Populus
nigra × Poplar maximowiczii), “Fritzi Pauley” clone (Poplar trichocarpa) and black locust (Robinia
pseudoacacia). Trees are planted in high densities (around 9000 trees ha−1) in 11-metre-wide rows
with crop alleys ranging in widths from 96 to 24 m (96 m (SRCDE-AF1), 72 m (SRCDE-AF2), 48 m
(SRCDE-AF3) and 24 m (SRCDE-AF4) in addition to the no-tree/arable (SRCDE-A) and a forestry/pure
SRC (SRCDE-F) alternative.

In the crop alleys, several crops are grown. For this study, winter wheat (Triticum aestivum L.)
and sugar beet (Beta vulgaris L.), grown alternatively, were considered. The tree coppicing rotation
was assumed to be four years, enabling 20 rotations for the 80 years of the period simulated. In the
simulation, in order to prevent the legal redesignation [21] of the poplar areas as “forest”, the trees
were replanted every third rotation. To simulate tree–crop interaction within the SRC lines, the two
double rows located in the middle of the 11 m row were considered pure SRC while the two double
rows located on the sides were considered to interact with the crop.

2.2. Integration of Regulation Services in a Simulation Model

In a previous study, the Yield-SAFE model was used to model the provisioning services of the six
systems in the four case-study sites [11]. For the purposes of this paper, the model was developed to
integrate three RES. These were: (1) the control of soil erosion by water, (2) regulation of water quality
by minimizing nitrate leaching and (3) climate regulation via sequestration of carbon in the soil and as
biomass (Table 2). The methods for quantifying these regulating services are described in turn.
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Table 2. Regulating ecosystem services considered for this study following the Common International
Classification of Ecosystem Services (CICES) (v5.1), the indicators used and the method implemented in
the Yield Estimator for Long term Design of Silvo-arable Agro-Forestry in Europe (Yield-SAFE) model.

Section: Regulation & Maintenance

Division Group Class Indicator Method Unit Reference

Regulation of physical,
chemical and biological

conditions

Regulation of baseline
flows and extreme

events
Control of erosion rates Soil erosion RUSLE equation Mg soil ha−1 yr−1 [22]

Water conditions
Regulation of physical,
chemical and biological

conditions
Nitrate leaching Nitrogen balance Kg N ha−1 yr−1 [23]

Atmospheric
composition and

conditions

Regulation of chemical
composition of

atmosphere and oceans

Carbon
sequestered Yield-SAFE Mg C ha−1 yr−1 [24]

2.2.1. Regulation of Soil Erosion

The inclusion of the regulation of soil erosion within Yield-SAFE was based on the revised
universal soil loss equation (RUSLE). The equation estimates long-term average annual soil loss by
sheet and rill erosion and has been the most frequent model used for this purpose [22]. The RUSLE
Equation (1) was implemented into the Yield-SAFE model and calculated following the approach used
in Palma et al. [23] and García de Jalón et al. [25], with the exception of the cover management factor
(C factor) that, for the present study, varied depending on the type and age of vegetation and on the
disposition of the trees related to the crop.

A = R K L S C P (1)

where A is the estimated average soil loss due to water (Mg soil ha−1), R the rainfall erosivity factor
calculated over one year (in MJ mm ha−1 day−1), K the soil erodibility factor (in Mg h MJ−1mm−1), LS is
the slope-length factor (unitless), C the cover management factor (unitless) and P the erosion-control
practice factor (unitless).

The erosivity factor (R) is defined as the sum of the average of the product of the kinetic energy
of precipitation (erosive events) and the maximum intensity for a period of 30 min (I30). The values
of R for the four study sites were extracted by adding the monthly values reported in [26]. The soil
erodibility factor (K) is related to the susceptibility of the soil to erode and is linked to physical
properties such as the organic matter content, soil texture, soil structure and permeability. The values
for K for the four study sites were derived from a soil erodibility map for the European Union [27].
The combined LS factor describes the effect of slope and length on soil erosion, and the value for the
Portuguese, English and German study sites were extracted from the European LS factor map [28] and
from Kay et al. [29] for the Swiss case study. The value of C depends on land use and was dependent
on the land-use scenario within each location. Depending on the type and age of the vegetation,
reference values were taken from Panagos et al. [30]. A value corresponding to “forest” was considered
for the Ctree factor (Ctree = 0.03) (Table 3).

Table 3. Values used for the revised universal soil loss equation (RUSLE) equation factors for the four
agroforestry systems assessed.

Factor MONTPT CTCH SAFUK SRCDE Units Reference

R 519 500 265 426 MJ mm ha−1 year−1 [26]

K 0.0305 0.055 0.0305 0.024 t h MJ−1mm−1 [27,29]

LS 0.3 0.3 0.3 0.3 Unitless [28,29]

Ctree Cork oak: 0.03 Cherry tree: 0.03 Populus spp.: 0.03 Populus spp.: 0.03

Unitless [30]Ccrop Iberian pastures: 0.15 Swiss pastures: 0.15
Wheat: 0.21
Barley: 0.21

Oilseed: 0.28

Wheat: 0.21
Sugar beet: 0.34

Cfallow Fallow: 0.15 Fallow: 0.15 Grass: 0.15 Grass: 0.15

P 1 1 1 1 Unitless [31]
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For the agroforestry alternatives, the C factor was calculated considering the C factors associated
with the crop (Ccrop) and the trees (Ctree) following Palma et al. [23]. While Ccrop remained constant
for a specific crop, Ctree varied depending on the growth of the trees. For the Portuguese and Swiss
traditional systems, the yearly change in the area of canopy cover was used. The tree areas in the
English silvoarable and the German short rotation coppice systems were predetermined as the trees
are arranged in lines and the potential canopy cover was limited. While not covered by canopies,
the remaining tree area received a C factor value as if it was covered by fallow (Ccrop = 0.15). The final
C factor of the system was estimated by combining the areas occupied by trees and/or crops following
Equation (2):

C = (Ccrop * Crop area) + (Ctree * Canopy area) + (Cfallow (or pastures) * (Tree area − Canopy area)) (2)

The P factor in the RUSLE equations relates to erosion-control practices and was assumed to equal
1 in each system as no additional erosion-control practices were reported.

2.2.2. Regulation of Nitrate Leaching

The approach suggested by Palma et al. [23] for assessing the nitrate leached was followed and
implemented into the Yield-SAFE model. In this approach, the estimated nitrate leached annually
(kg N ha−1 yr−1) depended on the nitrogen balance, the water flow to groundwater and the soil water
content at field capacity. The potential inputs to the nitrogen balance were fertilization, atmospheric
deposition, biotic fixation and mineralization. The potential nitrogen outputs were the processes of
denitrification, volatilization, crop and tree uptake and immobilization.

The quantity of nitrate leached was estimated as:

Nleach = 4.43 Nbal EF (3)

where Nleach is the nitrogen leached (kg N ha−1 yr−1), Nbal is the nitrogen balance (kg N ha−1 yr−1) and
EF is the annual soil water exchange factor (unitless). The value of EF depended on the calculated
annual flow to groundwater (Fgw, in mm) and the soil water content at field capacity (FC, in mm) and
is determined by the Yield-SAFE as:

If Fgw/FC ≥ 1, then EF = 1 (4)

If Fgw/FC < 1, then EF = Fgw/FC (5)

Annual values for groundwater recharge were calculated as the sum of daily estimates derived
from the Yield-SAFE model. The value of the nitrogen balance (Nbal) was determined as:

Nbal = (Nfert + Adep + Nfix+ Nmin) − (D + V + U + I) (6)

where Nfert is the addition of nitrogen fertilizer (mineral and organic), Adep is the atmospheric
deposition, Nfix is the biotic nitrogen fixation, Nmin is the mineralization, D is the denitrification, V is
the volatilization, U is the crop/tree nitrogen uptake and I is the nitrogen immobilization (all units
are in kg N ha−1 yr−1). In long-term assessments of regular cropping rotations, the nitrogen from
mineralization (Nmin) and immobilization (I) is considered to be in equilibrium and therefore is not
considered in the nitrogen balance [32,33]. Although the inclusion of trees on arable land could modify
this equilibrium through the additional nitrogen supplied by leaf fall or root mortality, these effects
were not included in the Yield-SAFE model.

Nitrogen atmospheric deposition (Adep) was obtained by summing values of oxidized and reduced
nitrogen deposition from the European Monitoring and Evaluation Program [34]. Nfix was estimated
to be 1 kg N ha−1 yr−1 [23] and an average value for denitrification (D) of 30 kg N ha−1 yr−1 was
considered for all the sites [23]. Volatilization (V) was considered to be 5% of nitrogen fertilization
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(Nfert) [35]. The nitrogen content of crops and trees and the amount of fertilizer per crop applied is
shown in Table 4. It was considered that no extra fertilization was applied during the afforestation
process and that there was no additional nitrogen input from the urine and feces of livestock.

Table 4. Nitrogen content for the crops and trees and nitrogen fertilization considered in this study.

Crop (Units) N Content
Aboveground (0–1)

N Content Roots
(0–1)

N Fertilization Applied
(kg N ha−1 yr−1) Reference

Montado grass 0.02 0.02 0 [36]

Swiss grass 0.03 0.03 0 [37]

Wheat UK 0.022 0.006 175

[25]Barley UK 0.01 0.004 145

Oilseed UK 0.018 0.007 200

Sugar beet DE 0.00265 0.00265 120 [38]

Holm oak 0.012 0.0158 0 [39]

Cherry tree 0.012 0.0045 0 [40]

Poplar spp. 0.0099 0.004 0 [41]

2.2.3. Carbon Sequestration

The capacity of the soil and above and belowground biomass to store carbon was derived using a
soil carbon model (RothC, [42]) that simulates soil organic changes, integrated by Palma et al. [24] in
the Yield-SAFE model. The integration included estimates of tree and crop inputs into soil, including
leaf fall and root mortality. Long-life products, such as timber, were considered to store carbon,
while the rapid turnover of short-life products, such as grain, cherries, sugar beet or meat (estimated
through grass growth) meant that they were not included. For the silvopastoral systems (montado and
Swiss orchards), the excrements of the potential livestock grazing were considered to be organic input
material for the soil model. A carrying capacity of 0.5 and 1 livestock units (LU) were considered for the
Portuguese and Swiss silvopastoral systems respectively, whereas carbon in excrements was estimated
as 0.99 kg C LU−1 day−1, considering a yearly undiluted excreta volume of 19.35 m3 year−1 [43], a bulk
density of 0.4 kg m−3 [44] and a carbon concentration of 0.047 kg C kg excrement−1 [45].

2.3. Use of the Model

Once the model was developed, the next step was to collect the weather, soil, crop, tree and
livestock input data needed for the Yield-SAFE model for each site. Weather data (daily solar radiation,
minimum and maximum temperature, rainfall, relative humidity and wind speed) were extracted
from the Climate Picker tool CliPick [46]. The soil texture and depth were derived from field data from
the case-study sites, and management practices, such as the frequency and intensity of thinning or
pruning, were determined from local experts.

The next step was to calibrate the model so that the yields of the agricultural and forest system
matched measured values, as described in Crous-Duran et al. [11]. The total period of simulation was
80 years. The last step was to run the model for the different tree densities described in Section 2.1.

3. Results

3.1. Soil Erosion

At each case-study site, the lowest rates of soil erosion were associated with the greatest tree
cover (Figure 1). The greatest soil erosion was predicted for the Swiss site, ranging, over 80 years,
from 98 Mg soil ha−1 for the pure-pasture alternative (CTCH-A) to 83 Mg soil ha−1 for the tree-only
system (CTCH-F). The Swiss agroforestry systems had intermediate values of 93.5, 90.3, 88 and 85 Mg
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soil ha−1, corresponding to an increase in tree density equivalent to soil erosion reductions of 4%, 7%,
10% and 13% compared to the pure-pasture alternative (CTCH-A).
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Figure 1. Accumulated soil loss for the period of 80 years (in Mg soil ha−1) for six different
management alternatives in increasing tree densities across Europe for the systems in Portugal
(MONTPT), Switzerland (CTCH), the UK (SAFUK) and Germany (SRCDE). MONTPT: 0 trees ha−1 (A),
50 trees ha−1 (AF1), 100 trees ha−1 (AF2), 150 trees ha−1 (AF3), 200 trees ha−1 (AF4) and forestry (F).
CTCH: 0 trees ha−1 (A), 26 trees ha−1 (AF1), 52 trees ha−1 (AF2), 78 trees ha−1 (AF3), 104 trees ha−1

(AF4) and forestry (F). SAFUK: 0 trees ha−1 (A), 56 trees ha−1 (AF1), 78 trees ha−1 (AF2), 118 trees ha−1

(AF3), 156 trees ha−1 (AF4) and forestry (F). SRCDE: pure arable (A), alley widths of 96 m (AF1), 72 m
(AF2), 48 m (AF3), 24 m (AF4) and pure short rotation coppice systems (SRC) (F).

The next highest values of soil erosion occurred in the montado system, with soil losses, for the
80-year period of simulation, ranging from 53 Mg soil ha−1 for the pasture system (MONTPT-A) to
33 Mg soil ha−1 for the forest system (MONTPT-F). The presence of trees in intermediate densities
reduced soil erosion by 7%, 14%, 20% and 26% in the 50 (MONTPT-AF1), 100 (MONTPT-AF2),
150 (MONTPT-AF3) and 200 trees ha−1 (MONTPT-AF4) alternatives, respectively.

In the UK, the predicted soil erosion for the period simulated ranged from 41 Mg ha−1 in the
arable system (SAFUK-A) to 13 Mg ha−1 for the forestry alternative (SAFUK-F). Again, the agroforestry
options led to intermediate values of 30 Mg ha−1 in the 39 trees ha−1 agroforestry (SAFUK-AF1), 24 Mg
ha−1 in the 78 trees ha−1 agroforestry (SAFUK-AF2), 21 Mg ha−1 in the 104 trees ha−1 agroforestry
(SAFUK-AF3) and 19 Mg ha−1 in the 154 trees ha−1 agroforestry alternative (SAFUK-AF4). Compared to
the arable alternative, these values represented a reduction of 68%, 27%, 43%, 50% and 55% respectively.

Finally, in Germany, the pure SRC alternative (SRCDE-F) showed a reduction of soil erosion of 82%
(from 43.86 to 8.25 Mg soil ha−1) compared to a pure arable alternative (SRCDE-A); the agroforestry
SRC lines reduced 17%, 22%, 32% and 51.8% if the distance between lines was 96 m (SRCDE-AF1),
72 m (SRCDE-AF2), 48 m (SRCDE-AF3) and 24 m (SRCDE-AF4), respectively.

3.2. Nitrate Leaching

Among the six management options, the greatest rates of nitrate leaching were predicted for
arable systems in the German and the English case studies (Figure 2). Because no fertilizer was applied
in the Portuguese montado and the cherry orchards systems, the rates of leaching were minimal in
those systems [47].

For the silvoarable system in the UK, the presence of trees supposed a reduction of nitrate leaching
cumulated after 80 years of 75%, from the 2168 kg N ha−1 presented in the arable alternative (SAFUK-A)
to the 552, 551, 520 and 487 kg N ha−1 for the agroforestry alternatives (SAFUK-AF1, AF2, AF3 and
AF4), respectively. Also, for this system, the nitrate leached in the forestry alternative (SAFUK-F) was
also reduced by 98% (36 kg N ha−1) compared to the arable alternative.
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For the German system, nitrate leaching levels in the arable alternative (SRCDE-A) were higher
(4726 kg N ha−1) compared to the agroforestry alternatives (SRCDE-AF1, AF2, AF4 and AF4) that
ranged between 3885 and 2574 kg N ha−1, corresponding to a reduction in nitrate leaching of 18%, 21%,
29% and 46% if compared to arable. In the forestry alternative (SRCDE-F), the nitrate leached was nearly
null (reduction of 98%), presenting an accumulated value of 113 kg N ha−1 for the 80 years simulated.
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Figure 2. Accumulated nitrate leached for the period of 80 years (in kg N ha−1) for six different
management alternatives in increasing tree densities across Europe for the systems in Portugal
(MONTPT), Switzerland (CTCH), the UK (SAFUK) and Germany (SRCDE). MONTPT: 0 trees ha−1 (A),
50 trees ha−1 (AF1), 100 trees ha−1 (AF2), 150 trees ha−1 (AF3), 200 trees ha−1 (AF4) and forestry (F).
CTCH: 0 trees ha−1 (A), 26 trees ha−1 (AF1), 52 trees ha−1 (AF2), 78 trees ha−1 (AF3), 104 trees ha−1

(AF4) and forestry (F). SAFUK: 0 trees ha−1 (A), 56 trees ha−1 (AF1), 78 trees ha−1 (AF2), 118 trees ha−1

(AF3), 156 trees ha−1 (AF4) and forestry (F). SRCDE: pure arable (A), alley widths of 96 m (AF1), 72 m
(AF2), 48 m (AF3), 24 m (AF4) and pure SRC (F).

3.3. Carbon Sequestration

The greatest levels of carbon sequestration, aggregated over 80 years, were predicted for the
poplar systems in the UK (Figure 3). The predicted carbon storage in the agricultural systems remained
relatively constant, ranging from an increase of 0.1% in Portugal to increase of 2.7% in Switzerland to a
reduction of 5.5% in the UK and 6.0% in Germany. Across the agroforestry systems, an increase in
the density of trees led to an increase in carbon storage. At the Portuguese, Swiss and British sites,
the agroforestry option with the highest density of trees (MONTPT-AF4, CTCH-AF4 and SAFUK-AF4)
had higher predicted levels of carbon sequestration than the forestry option. By contrast, the forestry
system in Germany (SRCDE-F) was able to sequester the triple compared to the most dense agroforestry
option (SRCDE-AF4).

Considering each case study, for the 80 years of assessment of the montado system, the agroforestry
and forestry alternatives ranged values of carbon sequestration in total of between 24 Mg C ha−1

(MONTPT-AF1) and 57 Mg C ha−1 (MONTPT-AF4). For the cherry orchards, the values ranged from
112 Mg C ha−1 (for the CTCH-AF1 alternative) to 267 Mg ha−1 (found for the CTCH-AF4 and CTCH-F
alternatives). In the English silvoarable system, the presence of trees allows sequestering a positive
amount of up to nearly 400 Mg C ha−1 in the most tree-dense agroforestry alternative (SAFUK-AF4)
and a minimum of 240 Mg C ha−1 in the less dense (SAFUK-AF1, 56 trees ha−1). These systems
have a net positive carbon sequestration compared to the “no trees” alternative that shows a loss of
around 1 Mg C ha−1 (from an initial soil carbon of 21.5 Mg C ha−1 to a final carbon sequestration of
20.5 Mg C ha−1). Related to the German site, only the presence of trees ensures a positive net carbon
sequestration with a minimum of 46 Mg C ha−1 in the less dense agroforestry alternative (96 m wide
lines, SRCDE-AF1) up to 122 Mg C ha−1 for the most dense agroforestry alternative (SRCDE-AF4),
with the pure SRC alternative (SRCDE-F) tripling this value (373 Mg C ha−1).
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alternatives in increasing tree densities across Europe for the systems in Portugal (MONTPT),
Switzerland (CTCH), the UK (SAFUK) and Germany (SRCDE). MONTPT: 0 trees ha−1 (A), 50 trees
ha−1 (AF1), 100 trees ha−1 (AF2), 150 trees ha−1 (AF3), 200 trees ha−1 (AF4) and forestry (F). CTCH: 0
trees ha−1 (A), 26 trees ha−1 (AF1), 52 trees ha−1 (AF2), 78 trees ha−1 (AF3), 104 trees ha−1 (AF4) and
forestry (F). SAFUK: 0 trees ha−1 (A), 56 trees ha−1 (AF1), 78 trees ha−1 (AF2), 118 trees ha−1 (AF3),
156 trees ha−1 (AF4) and forestry (F).

4. Discussion

The results are discussed in terms of the effect of tree density on soil erosion, nitrate leaching and
carbon sequestration.

4.1. Soil Erosion

The lowest predicted levels of soil erosion, over 80 years, ranged from 85 Mg ha−1 at the Swiss site
and 33 Mg ha−1 in Portugal to 13 Mg ha−1 and 8 Mg ha−1 at the British and German sites, respectively.
The low rates at the British and German sites were partly the result of low rain erosivity (R) as rainfall
tends to regularly be distributed through the year; at the Portuguese and the Swiss sites, much of the
rainfall is concentrated into just a few months. The particularly high values at the Swiss case study site
were then mostly as a result of the high soil erodibility (K) [48].

Across the four case studies, a greater presence of trees, modeled through the effect of cover
management (C factor), led to a predicted reduction in the rate of soil erosion (Figure 1). The value of
the C factor is defined as how the tree and crop elements are able to mitigate soil loss compared to bare
fallow areas. Because the C value of 0.15 for natural grasslands in Portugal or Switzerland is close to
the value for tree cover (0.03), the effect of trees on avoiding soil erosion is minimized. By contrast,
the high C values assumed for cereals (C = 0.21) and sugar beet (C = 0.34) in the UK or Germany
increases the importance of trees in reducing soil losses.

Expressed as an annual value, the soil erosion rates in Switzerland ranged from 1.03 to 1.20 Mg
soil ha−1. These rates are lower than a previously cited value of 1.8 to 2.5 Mg soil ha−1 yr−1 [29].
The difference is probably due to the high difference slopes presented in both studies and not necessarily
due to a tree effect on erosion. The predicted annual soil erosion rates for the montado ranged from 0.41
to 0.66 Mg ha−1, similar to the values of 0.5 and 1 Mg soil ha−1 reported by [49,50]. For the silvoarable
systems in the UK, the annual results of 0.15 to 0.51 Mg ha−1 seem to be consistent, even if slightly
lower compared to the values of 0.19 to 0.38 Mg ha−1 reported by [25]. Finally, in Germany, the annual
soil erosion values estimated ranged from 0.85 to 0.20 Mg ha−1 soil yr−1. On moderate slopes (≤5%)
under SRC systems, values of erosion rates expected would be, on average, around 2 Mg ha−1 soil yr−1

but the rate depends on site preparation and harvesting technology [51]. However, the lower values
obtained in the present study could be explained by (1) the presence of crops in between lines that,



Sustainability 2020, 12, 6676 11 of 19

as has been stated, can help reducing soil erosion [52] and (2) the reduction of the soil erodibility factor
(K factor) associated with the tree barrier effect that reduces evapotranspiration and increases carbon
storage [53], and that was not considered in this study.

4.2. Nitrate Leaching

The predicted rates of nitrate leaching were driven by (1) the surplus in balance between the
nitrogen inputs and outputs and (2) soil water surplus acting as the movement vector for nitrate
percolation. Palma et al. [47] and Kay et al. [29] suggested that nitrate leaching is low or negligible
in Mediterranean areas as precipitation rarely exceeds evapotranspiration so there is a low flow of
water to groundwater. In addition, in this study, the lack of any artificial nitrogen application on
natural grassland in the Portuguese case study meant that no nitrate leaching was predicted. Similarly,
although the precipitation was high at the Swiss site, the lack of fertilization of the grasslands or cherry
trees meant again that nitrate leaching was negligible

By contrast, in the silvoarable site in the UK, after 80 years, the predicted rate of nitrogen leaching
in the agroforestry alternatives was only 22–25% of that predicted for the arable system. This was
partly due to a reduced rate of nitrogen application and the deep roots of the trees taking up some
of the surplus nitrogen. Expressed as an annual value, the leaching loss in the agroforestry system
of around 27 kg N ha−1 is similar to the value of 25 kg N ha−1 reported by García de Jalón et al. [25].
Existing studies [54] have demonstrated that poplars can reduce nitrate leaching to the groundwater of
agricultural landscapes. In the German case study, the predicted effect of the trees was to reduce the
amount of nitrate leached but this effect was not linear as low densities are proportionally able to reduce
more nitrate leaching. This effect therefore suggests that initial trees have a major reduction impact on
nitrogen applied as fertilizer for growing wheat. However, no nitrate leached was appreciated in sugar
beet cultivation years as it has been seen that, due to the long growing season and deep root system,
sugar beet nitrogen uptake usually exceeds fertilizer application [54].

The predicted reduction in nitrate leaching due to the presence of trees is in accordance with
previous studies. For example, Nair et al. [54] found a higher overall nutrient uptake in pastures with
trees and therefore a lower nutrient concentration in soils. Hartmann et al. [55] reported that poplar
short rotation coppice systems were more efficient in terms of nitrogen uptake when in an agroforestry
system. However, the methodology used, consisting of an annual nitrogen balance between nitrogen
inputs and outputs, is limited and is not able to reflect the seasonal peaks of nitrate leaching commonly
associated with months with less vegetative growth or more intense rainfall events [29].

4.3. Carbon Sequestration

The predicted rates of carbon sequestration were derived from changes in the above- and
below-ground biomass and the soil carbon content, which in turn depended on the inputs provided
through root mortality and leaf fall [24]. Hence the maximum increase in carbon sequestration at each
site is constrained by the biomass production. Across the four sites, the presence of additional trees
increased total carbon sequestration until a point where additional trees are unable to capture more
solar radiation and water [11].

For the simulation period of 80 years, the predicted carbon sequestration by the montado
agroforestry systems at the dry Portuguese site ranged from 24 Mg C ha−1 (50 trees ha−1) to 57 Mg C
ha−1 (200 trees ha−1). This is consistent with previous studies; for example, Palma et al. [56] found
values of around 40 Mg C ha−1 for 50 trees ha−1. In the Swiss case study, the agroforestry system
with 104 trees ha−1 was predicted to sequester 267 Mg C ha−1, similar to the value of 260 Mg C ha−1

(80 years multiplied by 3.25 Mg C ha−1 yr−1) reported by Kay et al. [29]. For the English silvoarable
alternative of 156 trees ha−1 (SAFUK-AF4), after 20 years a tree timber growth of around 0.8 m3 tree−1

was expected [11]. Considering a wood density for poplar of 410 kg m−3, a carbon content of 49.8% of
the biomass [57] and a tree density of 156 trees ha−1, a value around 25 Mg C ha −1 can be estimated.
Considering just timber, the results are similar to those reported by Palma et al. [48], of between 10 and
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48 Mg C ha−1, for a similar silvoarable system in the Netherlands when adapted to a 20-year rotation
and those reported by Garcia de Jalón et al. [25] that estimated a carbon content for timber of around
22 Mg C ha−1. However, in this last value, and accounting for 30% of biomass being branches and
leaves, 40% of total aboveground biomass as roots and 20 Mg C ha−1 of initial soil carbon, the total
amount adds up to 68 Mg C ha −1 accumulated per rotation (20 years).

Crous-Duran et al. [11] calibrated the Yield-SAFE model for the German short rotation coppice
system. With a final tree density of 7157 trees ha−1, for a 4-year rotation, the average value was 4.9 kg
tree−1, corresponding to a total stand biomass of 33 Mg ha−1. A similar system with approximate yields
is reported by Mirck et al. [58] and Kanzler and Mirck [59], although with a stand density starting at
8497 trees ha−1 and a final density of 6295 tree ha−1. These authors reported an average tree biomass of
3.59 kg tree−1 and a total stand biomass yield of 22.6 Mg ha−1. Considering a carbon content in poplar
of 50% of the total biomass [57], our results show levels of carbon sequestered in aboveground biomass
averaging 16.5 Mg C ha−1. On the other hand, for this system, soil carbon levels remained nearly
constant in all the alternatives analyzed in accordance with the previously found non-significance in
soil organic carbon in SRC plantations compared to adjacent crop fields [60].

4.4. Relative Effect of Additional Trees

Within the Yield-SAFE model, the predicted soil erosion, nitrate leaching and carbon sequestration
within agroforestry systems are dependent on the growth of the tree and crop elements. In general,
the higher canopy and deeper rooting of trees, relative to grass and arable crops, meant that biomass
production within the system increased as tree density increased.

At each site, the lowest rate of soil erosion was observed in the system with the highest tree
density. However, at the Portuguese, Swiss and British sites (where the densest agroforestry system
had the same tree density as the tree-only system), the tree-only system had a lower predicted rate of
soil erosion.

Comparing the tree-present alternatives to the arable alternative and considering the average
decrease in soil erosion avoided, results show that the initial trees are able to avoid more soil erosion
compared to the additional ones (Figure 4A). In this sense, the increase in tree density from A to AF1
represents an average decrease of 14% of the soil erosion while the following increases in tree density
(AF2, AF3 and AF4) just represent a decrease of 7.7%, 6.5% and 8.1% of soil eroded, respectively.

Related to the nitrate leaching, as the Portuguese montado and the Swiss cherry orchards do not
present fertilization of the grasslands, nitrate leaching was considered negligible for these systems.
For the English silvoarable and the German short rotation case studies, the forestry alternatives
(SAFUK-F and SRCDE-F) are able to nearly eliminate any trace of nitrate leaching (99% and 98%,
respectively). However, there is a difference between both systems related to the effect of the
implementation of the first trees. In this sense, the AF1 alternative for the English case (SAFUK-AF1)
is able to reduce 78% of the nitrate leaching while, in the German case, the reduction is only of 18%,
reaching 46% for the most dense agroforestry alternative (SRCDE-AF4). Both values are within the range
previously observed of between 40% and 70% [3,4,54] and up to 85% in greenhouse experiments [61].

Finally, in relation to the carbon sequestration in all the four systems, the arable alternatives are
considered to be in equilibrium and present a null or even a slightly decreased capacity to sequester
carbon after 80 years of simulation. Also, the AF4 alternatives perform better than the forestry
alternatives in the Portuguese montado (MONTPT-AF4), the Swiss orchards (CTCH-AF4) and the
silvoarable systems in the UK (SAFUK-AF4). The forestry alternative has higher performance in the
German short rotation site. However, again, for the four systems, an “initial tree effect” is detected,
meaning that the initial trees have a higher impact in terms of carbon sequestered in biomass and
soil compared to the following ones with increases on average of 92 Mg C ha−1. This effect is very
important for the silvoarable system in the UK, where the less tree-dense alternative (SAFUK-AF1) is
able to sequester an additional 227 Mg C ha−1 compared to the arable alternative (SAFUK-A).
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Figure 4. Average percentage of reduction of soil loss (A), average percentage of reduction of nitrate 
leaching (B) and average percentage of increase in carbon sequestration (C) for six different 
management alternatives in increasing tree densities across Europe: for the montado systems in 
Portugal (MONTPT), the cherry orchards in Switzerland (CTCH), the silvoarable systems in the UK 
(SAFUK) and the short rotation coppice in Germany (SRCDE). MONTPT: 0 trees ha−1 (A), 50 trees ha−1 
(AF1), 100 trees ha−1 (AF2), 150 trees ha−1 (AF3), 200 trees ha−1 (AF4) and forestry (F). CTCH: 0 trees 
ha−1 (A), 26 trees ha−1 (AF1), 52 trees ha−1 (AF2), 78 trees ha−1 (AF3), 104 trees ha−1 (AF4) and forestry 
(F). SAFUK: 0 trees ha−1 (A), 56 trees ha−1 (AF1), 78 trees ha−1 (AF2), 117 trees ha−1 (AF3), 156 trees ha−1 
(AF4) and forestry (F). SRCDE: 0 trees ha−1 (A), alley widths of 96 m (AF1), 72 m (AF2), 48 m (AF3), 
24 m (AF4) and pure SRC (F). 

4.5. Link to Provisioning Services 

Crous-Duran et al. [11] showed that an increase in the tree density was associated with an 
increase in the amount of energy accumulated by the different alternatives and quantified as 
provisioning ecosystem services (PES, food, materials and energy) but also that the accumulated 
energy per tree was reduced as tree density increased. For all the alternatives, the energy accumulated 
per tree was greatest in the lowest tree densities alternative (AF1, 50 trees ha−1 for the Portuguese 
montado, 26 trees ha−1 for the Swiss cherry orchards, 56 trees ha−1 for the English silvoarable systems 
and 96 m alley widths for the German SRC system). The results were explained by the concept that 
the combined presence of trees and crops in the same parcel help to better use the natural resources 
available (soil, water and light) by both elements. However, increasing the tree density was also 
associated with an increase in the tree interspecific competition that leads to a reduction of the 
biomass stored by each tree [1,62]. In the present study, as the methodologies implemented are 
related directly to tree and crop element growth, results become consistent. In general, all the systems 
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Figure 4. Average percentage of reduction of soil loss (A), average percentage of reduction of nitrate
leaching (B) and average percentage of increase in carbon sequestration (C) for six different management
alternatives in increasing tree densities across Europe: for the montado systems in Portugal (MONTPT),
the cherry orchards in Switzerland (CTCH), the silvoarable systems in the UK (SAFUK) and the short
rotation coppice in Germany (SRCDE). MONTPT: 0 trees ha−1 (A), 50 trees ha−1 (AF1), 100 trees ha−1

(AF2), 150 trees ha−1 (AF3), 200 trees ha−1 (AF4) and forestry (F). CTCH: 0 trees ha−1 (A), 26 trees
ha−1 (AF1), 52 trees ha−1 (AF2), 78 trees ha−1 (AF3), 104 trees ha−1 (AF4) and forestry (F). SAFUK:
0 trees ha−1 (A), 56 trees ha−1 (AF1), 78 trees ha−1 (AF2), 117 trees ha−1 (AF3), 156 trees ha−1 (AF4) and
forestry (F). SRCDE: 0 trees ha−1 (A), alley widths of 96 m (AF1), 72 m (AF2), 48 m (AF3), 24 m (AF4)
and pure SRC (F).



Sustainability 2020, 12, 6676 14 of 19

4.5. Link to Provisioning Services

Crous-Duran et al. [11] showed that an increase in the tree density was associated with an increase
in the amount of energy accumulated by the different alternatives and quantified as provisioning
ecosystem services (PES, food, materials and energy) but also that the accumulated energy per tree
was reduced as tree density increased. For all the alternatives, the energy accumulated per tree was
greatest in the lowest tree densities alternative (AF1, 50 trees ha−1 for the Portuguese montado, 26 trees
ha−1 for the Swiss cherry orchards, 56 trees ha−1 for the English silvoarable systems and 96 m alley
widths for the German SRC system). The results were explained by the concept that the combined
presence of trees and crops in the same parcel help to better use the natural resources available (soil,
water and light) by both elements. However, increasing the tree density was also associated with an
increase in the tree interspecific competition that leads to a reduction of the biomass stored by each
tree [1,62]. In the present study, as the methodologies implemented are related directly to tree and crop
element growth, results become consistent. In general, all the systems present a higher capacity to
mediate soil erosion and nitrate leaching and sequester carbon as tree density increases, meaning that
the combination in the same area of trees and crops increases not just the supply of food, energy and
materials but also the capacity of the system to regulate the environment. However, both effects,
if allocated to each tree, decrease as more trees are added into the field. Therefore, the potential of
trees to act as suppliers of goods and regulators of the ecosystem conditions is different depending on
the total number of trees already present in the system. Tree density also plays an important role as
the growth rate has an effect on the amount and rate of the RES supplied, especially when there is a
reduction in individual tree growth associated with an increase in tree density [11,63]. This growth
rate is also affected by other aspects that need to be considered for a better understanding of the
magnitude and direction of the beneficial effects supplied. These aspects can be related to weather and
soil conditions of the locations of the systems, the tree and crop varieties selected or the distribution of
both in the fields. In this sense, the holm oak can be considered a slow-growing tree species, needing
around 80 years before being considered mature. Cherry trees are intermediate, with 40 to 60 years
until tree harvest and the poplar varieties used in the English silvoarable system and the German
bioenergy system offer much shorter rotations: 20 years in the UK and 12 years (three rotations of 4
years each) in the German case study. For the supply of environmental benefits, the time needed for
the positive effects to become noticeable would be different.

Another aspect to consider is that the inclusion of woody elements in farmland in agroforestry
systems helps storing carbon in (a) long-term biomass compared to no-tree systems but also in (b) the
soil [64]. The inclusion of tree elements increases storage compared to no-tree alternatives and the rate
of sequestration increases as tree elements grow [65]. However, an important point of discussion is
the life expectancy of the carbon sink present in this biomass and in the wood products associated.
Carbon stored after harvest in SRC systems can be considered as very short (around 1–3 years) or
short for poplar cheap wood (5–10 years); the carbon stored in wood used in furniture (as expected for
the cherry tree wood) will be stored for decades and, if trees are not harvested, storage can even be
endured for even centuries. In this study, the potential carbon sequestered by the biomass grown by
the systems is estimated, but the final destination of this biomass should be considered for a better
perception of the potential capacity of these systems to have an impact on the reduction of the GHG
emissions and on mitigating climate change.

Finally, when considering how tree density affects the overall biomass growth of a system and the
related capacity to mediate the biophysical conditions, there is a need to consider the microclimatic
effects associated with the tree canopy cover presence. Currently, the Yield-SAFE model considers
competition between trees and crops for water and light and does not include the capacity of trees to
grow deeper roots or increase height or leaf area in case of intraspecific competition. The assessment
presented does not consider the potential modification of air temperature and wind speed and the
consequent effects on the vapor pressure deficits or soil water due to the canopy presence that can
have an impact on the productivity of the elements [66–68]. During the AGFORWARD project,
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recent research included the implementation of these microclimatic effects due to tree presence into
the Yield-SAFE model [69]; however, the consequences for the potential supply of provisioning or
regulating ecosystem services have not been tested and should be considered in future research.

5. Conclusions

Environmental benefits offered by four agroforestry systems in different biogeographical conditions
are assessed, comparing the results with no-tree and high tree density alternatives, allowing a better
understanding of the role played by trees in arable land. Considering the limited information and
quality of data available for comparison and the restrictions derived from the implementation process
of the methodologies to Yield-SAFE, the results of this integrated analysis show an increase in the
regulation and maintenance of ecosystem services. The results of this integrated analysis show an
increase in the regulation and maintenance of ecosystem services in air, soil and water compartments
related to tree density. In this sense, an increase in tree density resulted in (1) a maintenance of the soil
structure and quality as trees act as agents avoiding soil erosion due to the presence of the canopy
and permanent grass cover in the tree line in the case of linear systems, (2) an increase in the water
quality as trees uptake the excess of nutrients needed in farming practices (recovery factor of nutrients
is usually never above 0.8 [70–72]) and (3) a reduction of the amount of GHG in the atmosphere as the
systems are able to sequester more carbon in biomass and soil. However, similarly to the assessment
made of provisioning ecosystem services [11], the effects are not linear. On one hand, the value of
lower tree densities is a strong boost in regulating services; on the other hand, lower tree densities
have higher incremental value, comparatively, than higher tree densities.

In any case, what this study assessed was whether the introduction of trees in arable land can
potentially bring, in addition to an increase in the supply of provisioning ecosystem services shown
in a previous study [11] and by benefiting from the better use of the natural resources available (soil,
water and light) between trees and crops, an improvement in the supply of regulating ecosystem
services, i.e., the potential capacity of the system to regulate the environment and reduce soil erosion
and the nitrate leached and increasing the amount of carbon sequestered. This is a win-win situation
that, if well managed, can converge a financial benefit for the landowner and an environmental/societal
benefit for the general public, reinforcing the concept of agroforestry as a valuable sustainable
intensification practice.
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