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LAYOUT
¡ Ecosystem services in terrestrial ecosystems – the role of SOIL

¡ What are ecosystem services?

¡ Examples

¡ Global changes

¡ Global change drivers

¡ Soil degradation

¡ Sustainable technologies

¡ What are sustainable technologies?

¡ Examples

¡ Reconciling sustainable technologies with ecosystem services

¡ Examples

¡ Assessing multiple ecosystem services simultaneously



TERRESTRIAL ECOSYSTEMS
SOILS SUSTAIN ALL TERRESTRIAL ECOSYSTEMS

ECOSYSTEM SERVICES ARE PROVIDED BY SOILS (DIRECTLY AND/OR INDIRECTLY)



ECOSYSTEM 
SERVICES 
PROVIDED BY 
SOILS

Baveye et al 2016, Frontiers in Environmental Science



‘WHO’ IS RESPONSIBLE FOR THE ECOSYSTEM 
SERVICES PROVIDED BY SOILS?



‘WHO’ IS RESPONSIBLE FOR THE ECOSYSTEM 
SERVICES PROVIDED BY SOILS?

Keep soil alive – protect biodiversity (video)
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Global changes
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Global changes

Rockström et al 2009



Kraamwinkel et al 2021

Communication Earth & Environment

SOIL DEGRADATION:

1. It is a key process for the stability of the Earth 
system (soil is key for ecosystem services 
provision and for achieving  the UN Sustainable 
Development Goals)

2. Has the potential to cause unacceptable 
environmental change (e.g., erosion, 
contamination, loss of organic C)

3. Is caused by human activity (e.g., agriculture, 
deforestation, urbanization)

4. Shows tipping point behaviour when forced 
beyond a critical level (soil restoration is so slow 
that soil is considered a non-renewable resource 
for our timescale)

5. Is relevant on both local and global scales 
(already affects 3.2 billion people and in 2050, 
90% of soils will be degraded)

6. Is strongly interrelated with the other Earth 
system processes (e.g., biodiversity loss, 
changes in N and P cycles, climate change)



Inherent to the SOCIETAL CHALLENGES, we need to produce more with less resources and causing less impacts



SUSTAINABLE TECHNOLOGIES

¡ We are currently faced with the need to develop / implement technologies to help agriculture produce food
in a sustainable and socially responsible manner.



‘NEW’ SUSTAINABLE TECHNOLOGIES

¡ Examples:

¡ PRECISION AGRICULTURE: refers to a set of techniques that allow localized crop management. It is
characterized by the application of various forms of fertilizers, pesticides and other inputs, according to the
needs of the different areas of the same farm. Today, with the availability of microcomputers, sensors and
terrestrial or satellite tracking systems, Precision Agriculture has become commonplace on many farms,
contributing to the sustainability of agriculture.

¡ CROP IMPROVEMENT: aims to develop more productive and / or more tolerant varieties to factors of biotic
stress (e.g. pathogens, pests) and abiotic (e.g. resistance to water stress, greater efficiency in the acquisition
of nutrients). This improvement can be by traditional methods or by genetic engineering.

¡ BIOFERTILIZERS: products that contain soil microorganisms and that promote plant growth (Herrmann and
Lesueur, 2013).

¡ NANOTECHNOLOGY, etc.



‘OLD’ SUSTAINABLE TECHNOLOGIES

¡ Examples:

¡ FALLOW: ‘rest’ of cultivated land to make the soil more fertile and to control 'weeds' and pathogens that
cause pests.

¡ CROP ROTATION: alternate crops in a given agricultural area to decrease soil depletion and control 'weeds'
and pathogens that cause pests. The crops used must have different characteristics and as a whole contribute
to soil recovery and productivity.

¡ CROP IMPROVEMENT: based on Mendelian inheritance concepts ONLY and for that reason the selection and
recombination of plants with characters of interest is made.

¡ MANURE/ORGANIC MATTER AMENDMENTS: nutrient addition and microbial inoculation.

¡ REDUCED OR EVEN NO-TILLAGE: allows maintaining soil structure (both physical and biological).



Manipulate biotic interactions (e.g. plant-animal, plant-microbe, microbe-microbe) to deliver the 
desired services and thus reduce or eliminate the need for external inputs which is essential for 
sustainable agriculture. 

The challenge is to favour positive interactions and at the same time reduce negative 
interactionsas.





Berendsen et al 
2012, Trends in 

Plant Science





RECONCILING SUSTAINABLE TECHNOLOGIES WITH ECOSYSTEM 

SERVICES

EXAMPLES
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The inoculation of the microbial consortium was able to compensate the reduction of 1/3 of the fertilizer

BIOFERTILIZERS (SUSTAINABLE TECHNOLOGY) & FOOD PRODUCTION (ECOSYSTEM 

SERVICE)

Dias et al, unpublished

Bacteria = 
plant growth 
promoting 
bacteria

AMF =  
arbuscular 
mycorrhizal 
fungi



WHAT ARE MYCORRHIZA AND WHY ARE THEY IMPORTANT FOR PLANTS?

https://www.youtube.com/watch?v=v88gbtKBTv4
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Dias et al 2018, Applied Soil Ecology

Some AMF isolates were capable to 
overcome the negative effects of 
monoculture.

BIOFERTILIZERS (SUSTAINABLE TECHNOLOGY) & FOOD PRODUCTION (ECOSYSTEM 

SERVICE)



BIOFERTILIZERS (SUSTAINABLE TECHNOLOGY) & PEST CONTROL (ECOSYSTEM SERVICE)

Dias et al 2018, Applied Soil Ecology

The different AMF isolates 
socialized differently with the rest of 
the soil microbial community. 

Some isolates were able to keep the 
nematodes away from the plant's 
roots.





ORGANIC SOIL AMENDMENT – LITTER (SUSTAINABLE TECHNOLOGY) & 
DECOMPOSITION (ECOSYSTEM SERVIVE)

Dias et al 2013, Soil Biology and Biochemistry

Depending on the composition and 
quality (in terms of lignin, nitrogen, 
etc.), the incorporation of organic 

matter can: 

Stimulate (example 40AN) 
Inhibit (example 80AN) 

Have no effect (example control) 

On organic matter decomposition

soil plus litter, were analysed for pH (H2O), OM and concentrations
of total C, N, extractable P, K and Mg as described by Dias
et al. (2011a, 2012. At the end of the experiment, microcosms
were analysed for pH (H2O), total C and N concentration, nitrate
(NO3

!eN e Matsumura and Witjaksono, 1999), ammonium (NH4
þe

N e Cruz and Martins-Loução, 2000) and phosphate (PO4
3!eP e

Fiske and Subbarow, 1925) as described in Dias et al. (2011a,
2012. Soil inorganic N (inorgN) was determined as the sum of the
water extracted NH4

þ and NO3
!. NO3

!, NH4
þ, inorgN and PO4

3! were
expressed as mg N or P per gram of dry soil.

2.5. Soil microbial PLFA extraction and quantification

Soil was taken from the microcosms at the end of the incubation
and kept at !20 #C until freeze-dried at !20 #C. Soil microbial
composition was determined on 1 g of freeze-dried soil, using
phospholipid fatty acids (PLFA) analysis by the Bligh and Dyer
method (1959), adapted by White et al. (1979) and described in
Treonis et al. (2004). The lipid extract was fractioned on silicic acid
columns into different polarity classes by sequential elution with
chloroform, acetone and methanol. A C19:0 internal standard was
added before the methylation step and used for calculating reten-
tion times and quantification. Samples were analysed using a gas
chromatogram (Agilent 5890GC) equipped with a flame ionisation
detector and capillary column (Varian CP Sil 5 CB) using the
following oven conditions: initially 50 #C for 5 min, followed by
a gradual increase of 10 #C/min up to 270 #C, then 3 #C/min up to
320 #C and held at 320 #C for 10 min. Fatty acids were identified by
retention time in comparison with previously identified samples
and by GCeMS on an Agilent 6890GC connected to an Agilent 5973
Mass Selective Detector. Total PLFA concentration was calculated
using all identified PLFA.

2.6. CO2 and N2O fluxes

At the end of the experiment (3 months), 100 g fwt samples of
soil at 60% of water-filled pore space from each microcosm (three
per treatment) were placed into sealed perspex columns (20 cm
height $ 5 cm diameter) in a growth chamber, in the dark at 25 #C,
as described by Sánchez-Martín et al. (2008) in order to measure
CO2 and N2O fluxes. CO2 and N2O concentrations were measured
after 24 h of incubation, directly through a sampling port fitted into
the air outlet tap, using a trace gas analyser (TGA e 1412 Photo-
acoustic Field Gas-Monitor; Innova AirTech Instruments, Ballerup,
Denmark) as described by Fangueiro et al. (2008). The CO2 and N2O

fluxes were calculated as the differences between the concentra-
tions in the airflow before and 30 min after closing the columns
(Sánchez-Martín et al., 2008).

2.7. Calculations and statistical analysis

The variations in the concentration of soil OM content (DOM e
Fig. 2) and of total C (DC e data not shown) and N (DN e data not
shown) were calculated as the percentage of variation in the
concentration of the given variable during the experiment, in
relation to its initial concentration:

Dparameter
!
%
"
¼

#
%Parameterend!%Parameterbegining

$

%Parameterbegining
$100

Summary statistics of litter, microcosms and gas parameters
were compared for the different treatments. A two-way ANOVA
was used to assess the existence of significant interactions between
plant functional group (PFG) and N addition treatments for leaf-
litter composition. Differences per treatment in litter and micro-
cosms parameterswere analysed by a one-way ANOVA, followed by
a Bonferroni test (p < 0.05), or by a GameseHowell test whenever
homogeneity of variances was not confirmed by the Levene’s test.
Linear correlations between the indicators of soil OM decomposi-
tion (DOM and DC; and CO2 and N2O fluxes) and factors influencing
soil OM decomposition were examined using Pearson’s correla-
tions. In all cases, analyses were performed using SPSS software,
version 20.0.

3. Results

3.1. Ecological N-driven interactions between litter traits

Leaf-litter produced by the standing plant communities
receiving the distinct N field treatments was mainly composed of
leaves from summer semi-deciduous species (mostly C. ladanifer
and Cistus salvifolius), with a smaller contribution from evergreen
sclerophylls (Fig. 1; e.g. M. communis, Q. coccifera, P. lentiscus). The
N field treatments altered the proportion of summer semi-
deciduous (F2,6 ¼ 82.3, p ¼ 0.000), evergreen sclerophylls
(F2,6 ¼ 47.3, p ¼ 0.000) and graminoids (F2,6 ¼ 108.0, p ¼ 0.000) in
the leaf-litter. The leaf-litter produced under the higher N dose
(80N litter) differed in relation to the remaining N field treatments
in the proportion of the two plant functional groups (PFG; summer
semi-deciduous and evergreen sclerophylls), and added a new one,

Fig. 2. Loss of OM between the beginning and the end of the experiment [DOM (%)]
according to the microcosms treatments (No litter, Control, 40N and 80N microcosms).
Different letters refer to significant differences between treatments (ANOVA p < 0.05
followed by a Bonferroni test). Bars represent the mean (n ¼ 3 microcosms per
treatment) &SE.

Table 3
Characterization of the soil microcosms treatments (No litter, Control, 40N and 80N
microcosms) at the beginning of the experiment; pH (H2O); OM, organic matter; C,
total carbon; total N, nitrogen; P, extractable phosphorus; K, extractable potassium;
Mg, extractablemagnesium; C/N ratio; N/P ratio; and C/P ratio. Different letters refer
to statistically significant differences between treatments (ANOVA p< 0.05 followed
by a Bonferroni test) and are shown in bold. Values represent the mean (n ¼ 3
microcosms per treatment) &SE.

No litter
microcosm

Control
microcosm

40N
microcosm

80N
microcosm

pH (H2O) 5.5 ± 0.0a 5.3 ± 0.0b 5.1 ± 0.0c 5.2 ± 0.0bc

OM (%) 6.9 ± 0.0b 8.1 ± 0.5ab 8.2 ± 0.0ab 8.4 ± 0.2a

C (mg g!1) 20.4 ± 1.5b 25.6 ± 1.4a 25.6 ± 1.6a 25.4 ± 1.6a

N (mg g!1) 1.0 & 0.1 1.0 & 0.1 1.1 & 0.1 1.1 & 0.1
P (mg g!1) 8.3 & 1.5 11.0 & 1.4 11.8 & 1.4 11.4 & 1.1
K (mg g!1) 142.3 & 10.3 152.5 & 10.7 156.9 & 11.0 156.5 & 10.4
Mg (mg g!1) 111.7 & 10.9 123.8 & 11.5 126.2 & 9.7 123.0 & 9.4
C/N ratio 21.0 ± 0.6b 25.0 ± 0.7a 24.3 ± 0.7a 23.6 ± 0.5ab

N/P ratio 120.9 & 12.7 94.8 & 6.7 90.7 & 6.4 95.3 & 3.8
C/P ratio 2537 & 247 2375 & 200 2200 & 127 2246 & 74

T. Dias et al. / Soil Biology & Biochemistry 58 (2013) 163e171166



ORGANIC SOIL AMENDMENT – LITTER (SUSTAINABLE TECHNOLOGY) & GHG 
EMISSIONS REGULATION (ECOSYSTEM SERVIVE)

Dias et al 2013, Soil Biology and Biochemistry

Depending on the composition and 
quality (in terms of lignin, nitrogen, 
etc.), the incorporation of organic 

matter can: 

Increase CO2 emissions 
Reduce soil capacity to sequester 

N2O 

(example 40AN)

of these two gases were strongly correlated (r ¼ 0.87, p ¼ 0.000).
CO2 and N2O fluxes were strongly correlated with DOM, the avail-
ability of nitrate and inorganic N, available N/P, while CO2 fluxes
were strongly correlated with microbial community structure
(PLFA e Table 4).

In general, OM decomposition (e.g. DOM) was not correlated
with litter traits (e.g. litter C/N ratio) or initial microcosm charac-
teristics (e.g. microcosm initial P concentration). However, there
were significant correlations with the following litter traits: N
concentration and lignin/N and C/N ratios (Table 4). For the CO2 and
N2O fluxes, the strongest correlations were with the final

concentrations of NO3
", NH4

þ, total inorganic N and the ratio
between inorganic N and phosphate (available N/P).

4. Discussion

4.1. Ecological N-driven interactions between litter traits

Increased N availability can change biodiversity in any type of
ecosystem (Sala et al., 2000; Bobbink et al., 2010; Dias et al., 2011a,
2012), perhaps by altering the competitive interactions between
species (Bobbink et al., 2010). In Mediterranean ecosystems,
dominated by evergreen sclerophylls and summer semi-deciduous
species, evergreen sclerophylls species are more conservative in
respect to nutrients and more water use efficient (Correia and
Catarino, 1994; Canadell et al., 1996; Dias et al., 2011b), and may
therefore have advantage over the summer semi-deciduous under
conditions (such as increased N availability) that decrease P and/or
water availability to individual plants (Craine, 2009). Summer
semi-deciduous and evergreen sclerophylls also differ in their
strategy to use N; evergreen sclerophylls invest more N in the
synthesis of structural compounds (e.g. lignin) which might
increase stress tolerance (e.g. water stress, herbivory, etc e Craine,
2009). Due to the higher lignin concentration of evergreen scle-
rophyll leaves (in relation to summer semi-deciduouse Schlesinger
and Mavis, 1981; Fioretto et al., 2005), the increased proportion of
evergreen sclerophylls in the leaf-litter produced under the higher
N dose (Fig. 1) is likely to have led to the higher lignin concentra-
tions in the corresponding leaf-litter (80N litter e Table 1). As
a result, when increased N availability changes the balance
between plants, groups of plants or litter, that have distinct leaf
traits, as occurred in the 80N treatment, effects on decomposition
may be expected. However, N field additions also resulted in
increased litter N concentration and lower C/N ratios (Table 2),
which can facilitate litter decomposability (Vourlitis et al., 2009;
Dias et al., 2012). Therefore, assessing the effects of increased N
availability on decomposition must account for the interactions
between higher lignin and higher N concentrations.

Fig. 4. Microcosms’ availability of inorganic N per total microbial PLF at the end of the
experiment and according to the treatments applied (No litter, Control, 40N and 80N
microcosms). Different letters refer to statistically significant differences between
treatments (ANOVA p < 0.05 followed by a Bonferroni test). Bars represent the mean
(n ¼ 3 microcosms) $SE.

Fig. 5. CO2 (a) and N2O (b) net fluxes between soil and the atmosphere at the end of
the experiment and according to the treatments applied (No litter, Control, 40N and
80N microcosms). Different letters refer to statistically significant differences between
treatments (p < 0.05 followed by a Bonferroni test). Bars represent the mean (n ¼ 3
microcosms) $SE.

Fig. 3. Microcosms’ total (a), bacterial (b) and fungal (c) PLFA concentrations deter-
mined at the end of the experiment and according to the treatments (No litter, Control,
40N and 80N microcosms). Different letters refer to statistically significant differences
between treatments (ANOVA p < 0.05 followed by a Bonferroni test). Bars represent
the mean (n ¼ 3 microcosms) $SE.

T. Dias et al. / Soil Biology & Biochemistry 58 (2013) 163e171168



Ulm et al 2019, Journal of Cleaner Production

Adding organic matter 
(MC and GWC / MC) 

Increased production per plant 
Increased grain production per 

plant 

Regardless of the variety of maize 
used

ORGANIC SOIL AMENDMENT – COMPOST (SUSTAINABLE TECHNOLOGY) & 
BIOMASS PRODUCTION (ECOSYSTEM SERVIVE)

MC - derived from food waste anaerobically 
digested for biogas production and then composted 
using wood chips as a bulking agent;
GWC - was prepared on site from Acacia longifolia 
plant material .



SELECTING CROP VARIETIES



CROP VARIETIES (SUSTAINABLE TECHNOLOGY) & FOOD QUALITY (ECOSYSTEM SERVICE)

Adapted from Ulm et al 2019, 
Journal of Cleaner Production

The ancestral variety 
guaranteed 

Higher food quality in terms of 
macro and micronutrients 

Regardless of the availability 
of nutrients in the soil

Nutrient 
(µg g-1)

Ancestral variety Commercial 
variety

N * 14200 9800

P ** 4000 2700

K ** 5300 3700

S 1000 800

Mg * 1600 1000

Ca 100 90

B * 2,4 1,9

Mn ** 19 12

Zn ** 50 26

Fe * 32 22

Cu ** 3.2 1.8

Mo ** 0.2 0.0

Ni * 0.2 0.5



ASSESSING MULTIPLE ECOSYSTEM SERVICES SIMULTANEOUSLY

EXAMPLE
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When ecological restoration is possible/needed

• Which plant species to use?
• Native/exotic
• How to select them?
• Importance of plant 

functional traits

Pérez et al, 2019

So far, belowground 
functional traits have not 

been considered



Mahmoudi et al, 2021 Geoderma
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We tested the use of arbuscular mycorrhizal traits

Family Plant species Abbreviation
Asteraceae Anacyclus clavatus (Desf.) Pers. Acla

Chrysanthemum coronarium L. Ccor
Launaea angustifolia (Desf.) 
O.Kuntze

Lang

Aizoaceae Aizoon canariense L. Acan
Brassicaceae Diplotaxis simplex Asch. ex Rohlfs Dsim
Caryophyllaceae Paronychia arabica (L.) DC. Para
Fabaceae Argyrolobium uniflorum (Decne.) 

Jaub. & Spach
Auni

Astragalus corrugatus Bertol. Acor
Lotus halophilus Boiss.et Spruner Lhal
Medicago truncatula Gaertn. Mtru

Malvaceae Malva aegyptiaca L. Maeg
Plantaginaceae Plantago coronopus L. Pcor
Polygonaceae Emex spinosa (L.) Campd. Espi
Xanthorrhoeaceae Asphodelus tenuifolius Cav. Aten
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Mahmoudi et al, 2021
Geoderma

Arbuscular mycorrhizal traits

• All plant species were AMF-
mycorrhized except Diplotaxis 
simplex;

• There was a gradient in terms 
of  mycorrhization; 

• The number of AMF spores 
under D. simplex was as low as 
under bare soil.
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Mahmoudi et al, 2021
Geoderma

Soil microbial community functionality

• The plant species that 
‘mycorrhized the most’ (> 
AMF intensity and > AMF 
spores) showed > 
microbial biomass and > 
metabolic efficiency;

• Microbial biomass and 
metabolic efficiency under 
D. simplex were as low as 
in bare soil.  
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Mahmoudi et al, 2021
Geoderma

dehydrogenase is a measure of the metabolic state of soil 
microbes;

β-glucosidase is involved in C cycling and is one of the 
limiting steps in cellulose degradation;

Phosphatase belongs to a group of enzymes involved in P 
cycling (P is a limiting nutrient);

• The plant species that ‘mycorrhized the 
most’ showed enzymatic activities;

• Enzymatic activities under D. simplex 
were as low as in bare soil.

Soil microbial community functionality
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Mahmoudi et al, 2021, Geoderma

Soil Multifuncionality = (function 1 + function 1 + … + function n) / n           

Delgado-Baquerizo et al., 2016

Soil microbial community functionality
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Mahmoudi et al, 
2021, Geoderma
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AMF traits can be good indicators 
of soil functionality in drylands
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Mahmoudi et al, 
2021 Geoderma

Soil multifunctionality in drylands can be improved by management practices that 
promote organic matter accumulation and favour native plant species that 

‘mycorrhize more’



¡ Sustainable technologies are compatible with different cultivation 
modes (conventional, organic, agroecological)

¡ Reconcile several sustainable technologies to maximize ecosystem 
services provided by the soil



¡ Unlocking Carbon Sequestration in Abandoned Croplands with Satellites and AI.



¡ Unlocking Carbon Sequestration in Abandoned Croplands with Satellites and AI.

Figure 1. The background color illustrates the distribution of abandoned croplands in 2019, based on satellite data from 
the European Space Agency (ESA). Green dots indicate the locations of soil carbon data from abandoned croplands, 
gathered from existing literature, which will be used to determine soil carbon accrual rates and identify the factors 
influencing carbon sequestration in these areas.



¡ For more information, please check our website -
https://ce3c.ciencias.ulisboa.pt/team/PSE 

ONGOING PROJECTS in our group:

• SOILDARITY - https://www.soildarity.eu/
• BioClub - Designing biofertilizers by mimicking plants’ recruitment of rhizospheric partners
• https://ce3c.ciencias.ulisboa.pt/research/projects/ver.php?id=64
• LxCrop - Production of functional foods in structures built using microbial hydroponics and LED light 
• Ecossed
• PolRura - Políticas, Ruralidade, Diversidade e Desenvolvimento
• R3forest - Utilização de biomassa de exóticas para a recuperação pós-fogo: Reutilização, Regeneração e 

Reflorestação - https://ce3c.ciencias.ulisboa.pt/research/projects/ver.php?id=239
• Soill – A one stop shop for living labs
• Echo – Soil for citizens
• GoForest – Political recommendations for soil protection 

https://www.soildarity.eu/
https://ce3c.ciencias.ulisboa.pt/research/projects/ver.php?id=64
https://ce3c.ciencias.ulisboa.pt/research/projects/ver.php?id=239


¡ For more information, please check our website -
https://ce3c.ciencias.ulisboa.pt/team/PSE 



Kiss the Ground Film trailer (2020)


