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ARTICLE INFO ABSTRACT

Keywords: Climate change, especially in Mediterranean countries, might have a detrimental effect on agro-ecosystems and
Climate change agricultural production, as well as on the price, quantity and quality of the products. This study assesses the
Faba bean

Soil management
Water stress
Crop production
Mycorrhizal

potential impact of drought predictions on a faba bean crop, and evaluates the adoption of conservation tillage
practices to reduce this effect. For this purpose, a rainfall exclusion experiment was carried out in a Mediter-
ranean rotation in Southwest Spain, where a long-term tillage experiment was running since 2008. Soil water
storage (SWS), crop productivity and mineral nutrition, plant ecophysiology and biomass quality, as well as the

colonization of roots by arbuscular mycorrhizal fungi (AMF) and symbiotic Rhizobium bacteria were evaluated
over one growth cycle to study the combined effect of different tillage systems - non-tillage (NT), reduced tillage
(RT) and traditional tillage (TT)- and rainfall reduction. Rainfall reduction had a negative impact on faba bean
germination on the TT system, and on its aboveground biomass across the three tillage systems, but did not affect
grain production. The percentage of biomass yield reduction by rainfall exclusion was 30% for NT, 50% for RT
and 20% for TT. In the case of RT, low yields were influenced by a high incidence of weeds under rainfall
reduction. The negative effect of water exclusion was especially evident on photosynthesis rates and stomatal
conductance across all tillage types, while leaf water potential was affected by drought only in the TT system.
These ecophysiological indicators were positively associated to some variables of arbuscular mycorrhizal colo-
nization and Rhizobium nodulation in roots. Changes in the patterns of symbiotic interactions in response to
drought depended on the tillage type. We conclude that, despite no effect on soil water storage, in the conser-
vation tillage systems the increase in the mycorrhizal colonization in roots, particularly under NT, could be
beneficial for plants to face drought stress. However, in a scenario of reduced rainfall it will be necessary to invest

more resources in weed control under RT.

1. Introduction

Climate models predict changes in precipitation patterns with an
increasing risk of droughts (IPCC, 2021), especially in Mediterranean
countries. With no doubt, climate change is the main social and envi-
ronmental challenge of the XXI century. In this regard, agriculture is the
economic sector most exposed to changes in climate patterns, with more
or less impacts depending on the region, the specific crop and the type of
management (Rosenzweig et al., 2014; Valverde et al., 2015). Therefore,
climate change might have a cascading effect on agro-ecosystems and
agricultural production, as well as on the price, quantity and quality of
the products (EEA, 2019).
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In this expected scenario of reduced precipitation, management of
Mediterranean rainfed agriculture is particularly challenging. These
agricultural systems rely on rainwater inputs and on soil water retention
capacity. Thus, actions to mitigate the impacts of future droughts in
these systems should be aimed at increasing the infiltration and reten-
tion of rainwater in the soil, as well as at reducing its losses through
evaporation. All these measures are based on favouring the porosity and
stability of the soil aggregates, and on reducing the impact of water
erosion; for this, the addition of organic matter and the mechanical
treatment of the soil play a fundamental role (Bot and Benites, 2005; Lal,
2004).

Among mechanical procedures, conservation tillage is one of the
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measures proposed to increase soil resistance to drought in arid and
semi-arid climates (Bot and Benites, 2005). Conservation agriculture
aims to reduce mechanical soil perturbation to a minimum, by
supressing mouldboard ploughing, or applying only shallow perturba-
tions of less than 25% of the soil surface (FAO, 2011). In Mediterranean
soils, often characterized by a low organic matter content, the main
positive effect of conservation tillage is the increase in the amount of
fresh organic residues incorporated into the soil (Panettieri et al., 2013;
Hontoria et al., 2016). This in turn favours the formation of aggregates
(Panettieri et al., 2013), increasing water and nutrient retention ca-
pacity (Ramzan et al., 2019; Chandrasekhar et al., 2019).

The effects of conservation tillage on soil commonly translate into
some plant performance indices. Many studies have shown that con-
servation tillage has positive effects on soil water usage and crop yield
(Sun et al., 2018; Mairghany et al., 2019; Obia et al., 2020). Some of
these works have shown an amelioration of plant water stress in soils
under conservation tillage, as indicated by stomatal opening and/or leaf
water potential, resulting in an improvement on plant photosynthetic
capacity leading to greater crop yields (Liu et al., 2019; Sher et al., 2021;
Mukherjee et al., 2022). These positive effects of conservation tillage on
crop water dynamics have been recently reported to be very important
in semiarid areas (Zhang et al., 2022).

Some of the positive effects of conservation tillage on plant water
status could be meditated by its effects on soil biota. It is well known that
conservation tillage can promote fungal abundance in soil in comparison
to intensive tillage, due to a lower mechanical disruption of fungal
networks (Zhang et al., 2014). In particular, tillage can have profound
effects on the abundance of mycorrhizal fungi (Sale et al., 2015). This
effect of tillage on mycorrhizal community, however, seems to be soil
and crop-species specific (Hannula et al., 2021). In any case, the main-
tenance of plant-mycorrhizal associations could be vital in scenarios of
reduced rainfall, given the important role of these fungi for water
acquisition by plants under conditions of soil water deficit (Khalvati
et al., 2005).

The studied crop, faba bean (Vicia faba L.) is the sixth most produced
grain legume worldwide. Like other grain legumes, faba bean and its
symbiotic rhizobacteria fix atmospheric nitrogen in a wide range of
conditions. Therefore, this crop is important for its contribution to re-
sidual nitrogen in crop rotation and its potential in green manuring
(Muktadir et al., 2020). However, sustainability of this crop could be
compromised by climate change predictions, as it is more sensitive to
drought than other field crops. Indeed, drought stress has large effects
on faba bean metabolism and photosynthesis (Mansour et al., 2021).

The objective of this study was to assess the potential impact of
drought predictions on the productivity of a faba bean crop, and to
evaluate whether this effect can be mitigated by the adoption of con-
servation tillage practices. We hypothesized that these practices
(reduced tillage and no tillage) could have a positive effect on the
resistance of crop productivity to reduced rainfall. We expected that this
effect could be related to the improvement in soil water holding ca-
pacity, therefore it would be indicated by some plant ecophysiological
indices (stomatal conductance, photosynthesis and leaf water potential)
as well as by crop productivity. We also expected that the improved
plant water status would be related to a higher colonization on plant
roots by mycorrhizal fungi under conservation tillage. To test these
hypotheses a rainfall exclusion experiment was carried out in a typical
wheat/legume Mediterranean rotation in SW Spain, where a long-term
tillage experiment was running since 2008. Rainout shelters excluding
around ca. 30% of water inputs to soils were installed in this tillage
experiment, and a faba bean crop was established. Crop productivity,
plant ecophysiology and biomass quality was evaluated over one growth
cycle, as well as the effect of tillage and rainfall reduction on the colo-
nization of roots by arbuscular mycorrhizal fungi (AMF) and by sym-
biotic Rhizobium bacteria.
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2. Materials and methods
2.1. Experimental area and description of experimental design

The experiment was stablished at the agriculture experimental farm
“La Hampa” of the “Instituto de Recursos Naturales y Agrobiologia de
Sevilla” (IRNAS-CSIC), located at Coria del Rio (Seville, SW Spain). The
soil texture is sandy clay loam, and it is classified as Typic Xerofluvent
(Soil Survey Staff, 2014). The most relevant characteristics of the soil
before the establishment of the drought experiment are reported in
Table S1.

The climate is Mediterranean, with mild rainy winters and hot and
dry summers. Annual average precipitation (1971-2012) is 485 mm and
annual average temperature is 17.5 °C. Weather conditions during the
study were recorded with a meteorological station located at the
experimental farm (Fig. S1).

The tillage experiment started in 2008 in 9 plots of 6 m x 33.5 m,
allocated to three different tillage treatments (traditional tillage (TT),
reduced tillage (RT) and no-tillage (NT)) in a completely randomized
experimental design with three replicates per treatment (Panettieri
etal., 2020). TT consists of mouldboard ploughing with soil inversion (~
25-30 cm deep) and two chisel passes at 25 cm depth (0.57 m separation
between chisels) followed by a disc harrowing of 12 cm depth; in the RT
treatment, tillage operation is reduced to only one chisel operation at 25
cm depth followed by a disc harrowing of 5 cm depth. In the NT treat-
ment no operations are conducted and sowing is done by direct drilling.
At least 30% of the soil surface under NT and RT is covered by crop
residues from previous crop, while 50% of crop residues from TT are left
onto soil surface after harvest (which typically occurs in late
Spring-early Summer, depending on the crop), remaining on the soils
over the Summer and been buried with the ploughing in Autumn. Tillage
operations are conducted in early Autumn before seed sowing. Sowing
dates depend on the crop type within the rotation and also on weather
conditions. Mouldboarding is used to control weeds in the TT plots,
while in the NT treatment spraying with pre-emergence glyphosate and
pendimethalin at a rate of 4 L ha~! is applied. In 2015 and 2016 a
harrow crossed-pass (15 cm) was conducted in all treatments, including
the NT to ameliorate the observed soil compaction (Lopez-Garrido et al.,
2014).

A Triticum aestivum L. — Helianthus annuus L. — Pisum arvense L. crop
rotation was established at the start of the experiment in 2008. In the
sunflower and pea seasons plots were not fertilized, while in the wheat
season a compound N-P-K fertilizer was applied (15 N- 15 P205-15 K50;
60 kg N ha !, 26.4 P kg ha™!, 49.8 kg K ha™!). Since the 2013-2014
season, Helianthus annuus L. was suppressed from the rotation, and in the
legume seasons Pisum arvense L. was alternated with Vicia faba L.

At the beginning of October 2020, a rainfall exclusion experiment
was established using rainout shelters. These shelters covered a soil
surface of 6.25 m? and are made of light scaffolding and bands of
transparent acrylic that exclude approximately 30% of rainfall inputs, in
agreement with the climate change projections for the Mediterranean
region for the end of the century (IPCC, 2021). This design has been
proved to achieve rainfall exclusion while minimally affecting other
environmental variables (Yahdjian and Sala, 2002). The shelters are
light and can be moved if needed to conduct tillage and other agronomic
tasks. At each tillage plot (9 plots in total, 3 per tillage system) two
rainout shelters were established (exclusion treatment). Likewise, at
each tillage plot two surfaces of equal size (2.5 m x 2.5 m) were
delimited on the ground, subject to environmental precipitation condi-
tions, which have been considered as climatic control treatment (control
treatment). The total number of experimental plots is 36 (3 tillage sys-
tems x 2 rainfall levels x 6 replicates). In a subsample of 3 replicates per
tillage system and rainfall levels soil moisture across the 0-40 cm depth
was periodically recorded with a FDR probe (Delta-T Devices) in fibre
glass tubes installed at the centre of each plot.

Tillage operation described for NT, RT and TT were performed at the
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beginning of November 2020. The crop, Vicia faba L., PROTHABAT 69
variety was sown at the end of November with a density of ~ 200 kg of
seeds ha L.

2.2. Plant germination, biomass and analysis

Seed germination was measured 23 days after sowing by counting all
the germinated seedlings inside the rainout shelters and in the control
plots.

In the early May, when faba bean plants were at maturity and had
already produced beans, aboveground biomass was estimated at each
plot. For this, plant biomass was collected within two circles 0.50 m? per
plot. These samples included both V. faba plants and weeds, which were
further separated. Faba bean fruits were further separated from stems.
Plant material (faba bean fruits and shoots, as well as weeds) was
weighed fresh, and subsequently dried at 60 °C for 48 h. Dried weights of
each plant fraction were also recorded. Finally, fruits were peeled to
obtain the production of beans.

2.3. Ecophysiological measurements

In the middle of April 2021, coinciding with the peak of phenological
plant development, measurements of gas exchange were conducted with
a portable photosynthesis system (LI-6400, Li-Cor, Lincoln, NE, USA) to
determine maximum rates of photosynthesis (Ay, max) and stomatal
conductance (gs, max)- Gas exchange was measured between 10:00 and
13:00 am on healthy, fully developed young leaves in a selection of 24
plots (4 plots x 3 tillage systems x 2 rainfall levels), measuring three

plants per plots. Measurement conditions were set to 350 pmol air s,

430 pmol CO, air mol %, with a PAR of 1500 pmol photons m~2s~L,

A Scholander-type pressure chamber (PMS Instrument Company,
Albany, Oregon, USA) was used to measure leaf water potential. For
these measurements one leaf per plant and two plants per plot were
selected. Fully developed leaves from the outer part of the plant canopy
were selected for these measurements. The sampled leaves were stored
in closed plastic bags with humid filter paper and kept in a portable
cooler until they were measured in the laboratory (Rodriguez-Do-
minguez et al., 2022).

2.4. Mycorrhizal root colonization and nodule formation

In early April the colonization of faba bean roots by arbuscular
mycorrhizal fungi (AMF) and the nodulation by Rhizobium was evalu-
ated in 18 out of the 36 plots (3 plots x 3 tillage systems x 2 rainfall
levels). At each of these 18 plots three complete plants were uprooted.
Total number of nodules in each root sample was counted (Ramoneda
et al., 2021). A subsample of secondary roots (with diameter less than 2
mm) was obtained from each sample to quantify mycorrhizal variables.
We followed the staining method developed by Vierheilig et al. (1998).
The root material was hot digested with KOH 10% (w/v) until roots were
discolored and further stained with 0,05% blue ink (Pelikan 4001) in
vinegar. They were further cut into 1-cm fragments and examined under
a microscope (Olympus BX40). The following mycorrhizal parameters
were calculated according to Trouvelot et al. (1986): intensity of colo-
nization by arbuscular mycorrhizal fungi in the root system (M %),
frequency of mycorrhizal fragments (F %), intensity of the colonization
of mycorrhizal fragments (m %), vesicles abundance (v %, structures
used for storing lipids and other elements) and arbuscule abundance (a
%, where carbon and nutrient exchange occurs; Smith and Read, 2008)
in mycorrhizal fragments.

2.5. Plant traits and chemical analyses
In the same sampling described above, shoots and roots of the three

chosen plants from each plot were fresh weighed, then washed with
distillated water and then dried at 60 °C during at least 48 h. In these
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plants shoots and roots were dried separately and weighed to estimate
Root Mass Fraction (RMF) and the shoot:root ratio.

Dried leaves were ground and passed through a 1 mm stainless-steel
sieve. C, N and their isotopic ratios (613C, 5'°N) were measured by
combusting leaf subsamples at 1020 °C using a continuous flow isotope-
ratio mass spectrometry system by means of Flash HT Plus elemental
analyser coupled to a Delta-V Advantage isotope ratio mass spectrom-
eter via a CONFLO 1V interface (Thermo Fisher Scientific, Bremen, DE).
Another leaf subsample was calcinated at 450°C during 2 h. Subse-
quently, ash content was calculated. Ashes were hot solubilized with
concentrated HCI and distilled water, and then filtered (Whatman 2). In
this extract P, K, Ca, Mg, Na Fe, Cu, Mn and Zn were determined (C.L.L.T.
D.F., 1969). P was determined according to Murphy and Riley (1962), K
and Na by atomic emission spectroscopy, and Ca, Mg and micronutrients
by atomic absorption spectroscopy (Perkin Elmer, AAnalyst 100).

2.6. Data analysis

Soil water storage (SWS, mm) within the root-zone depth (0-40 cm)
was determined from periodical soil water content measurements
through the soil profile (0), using the trapezoidal rule (Jia et al., 2013)
according to the following equation:

3
SWC = 50-0, + > 50-(6; + ;1)
i=1

i=

Where 60i is volumetric moisture (cm3 cm-3) in the i-th soil depth (1:
10 cm; 2: 20 cm; 3: 30 cm; 4: 40 cm); the soil depth interval is 10 cm.

Linear mixed models were applied to test for the effect of tillage and
rainfall exclusion (as well as their interactions) on soil water storage,
including the plot as a random term to account for repeated measure-
ments, using the nlme package in R. For each sampling date differences
in soil water storage between control and rainfall exclusion plots were
calculated, and similar models were applied to evaluate whether water
storage responded differently to drought among tillage treatments.

Linear mixed models were also applied to test for differences in plant
variables due to the experimental treatments (rainfall and tillage). When
homogeneity of variance was not met, a variance coefficient was
introduced in the model to account for heteroscedasticity among
different factor levels, using the gls function of the nlme package (Zuur
et al., 2009). Validation of the model assumptions was done by explo-
ration of model residuals. Relationships among plant variables were
explored by Pearsons bivariate correlations.

3. Results

To study the effect of water reduction and tillage on the faba bean
crop, we studied first the soil water storage and different aspects of the
plant that can affect crop yield (germination, photosynthesis, AMF and
Rhizobium nodulation, and nutritional status of the plant) and can help
to understand and improve the knowledge about these processes.

3.1. Effect of rainfall exclusion on soil water storage (SWS)

The rainfall exclusion treatment had a significant effect (F= 5.87;
p = 0.035) on SWS (0-40 cm depth) across the three tillage systems
(Fig. 1). Tillage type did not have a significant effect on SWS (F = 2.42;
p = 0.139). Maximal differences between control and exclusion plots
were observed in March 2021, when the exclusion treatment led to a
reduction of SWS of 31, 25 and 14 mm in the TT, RT and NT treatments
on average, respectively (Fig. S2). These values represented reductions
of 21%, 20% and 10% of SWS in control plots in the TT, RT and NT,
respectively.
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Fig. 1. Differences in soil water storage in the 0-40 cm layer under different tillage and rainfall conditions from sowing to harvest in 2020 and 2021. Vertical bars
represent the standard deviation. In the upper part of the graph, precipitation for from sowing to harvest is shown.

3.2. Germination of faba bean seeds

Rainfall exclusion had a marginally significant influence (F =3.38;
p = 0.076) on seed germination and this parameter tended to be lower
in the rainfall exclusion plots. Tillage did not influence germination (F =
0.57; p = 0.568). However, there was a significant rainfall x tillage
interaction, so that drought led to a significant reduction in germination
in the TT treatment, but not in the other tillage systems (Fig. 2a).
Although significant differences considering only tillage were not
observed, the low number of germinated seeds in the NT was remarkable
(on average, 170 seeds in the control plots), in comparison to TT (on

average, 222 germinated seeds in the control plots).

3.3. Crop yield and weed production

The effect of the rainfall reduction on crop yield was evident,
showing a significantly lower production in the plants growing under
the exclusion treatment (F= 9.36, p = 0.003) (Fig. 2b). However, when
considering also the tillage effect, differences between control and
exclusion in crop biomass were only significant in RT. The percentage of
crop yield reduction by rainfall exclusion was 30% for NT, 50% for RT
and 20% for TT. Therefore, crop yield showed the highest sensitivity to
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Fig. 2. a) Number of germinated seeds, b) biomass of crop and weed produc-
tion and c¢) production of beans (grain) in the three tillage systems and in
control and exclusion of rain plots (mean and SD). The asterisk (*) indicates
significant differences beteen the control an exclusion per tillage system.

drought in the RT system.

The yield of beans (grain) was not affected by either tillage type or
rainfall reduction (Fig. 2c). This indicates that this organ was less
affected by the rainfall exclusion than total aboveground biomass. In this
case the highest bean production was observed in NT (mean values
3039 kg ha 1), followed by RT (2710 kg ha™!) and TT (2488 kg ha™1).

Rainfall reduction tended to reduce weed production, although dif-
ferences were not significant. The highest weed incidence was found for
RT (showing a high variability), followed by NT especially in control
soils (Fig. 2b). Interestingly, the incidence of weeds was high in the RT
treatment even in the rainfall exclusion plots.
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3.4. Crop ecophysiological measurements

Water content was measured in different parts of the plants
(Table S2). Results indicated similar water content in leaves and stems
(around 0.80%) and a higher content in fruits (0.85%). In general, no
differences were found due to the tillage system or the contributions of
rain. However, when consider data for each tillage system separately
significant differences were observed for RT (F = 4.650, p = 0.039),
with plants growing under the rainfall exclusion treatment having a
lower leaf water content. Moreover, RMF was significantly increased by
rainfall reduction in the three tillage systems (F = 8.852, p = 0.012;
Fig. S3).

3.4.1. Measurements of gas exchange in leaves: photosynthesis and
stomatal conductance

The effect of rainfall reduction was clearly observed in photosyn-
thesis (AN) and stomatal conductance (gs), showing significantly higher
values in control plants than in plants under rainfall exclusion (F =
80.41, p < 0.001 for AN, and F =54.75, p < 0.001 for g;; Fig. 3a, b). The
effect of rainfall exclusion was also evident at each tillage system
separately (p < 0.001 for NT and RT, and p < 0.01 for TT).

If only the control treatment is considered, plants presented signifi-
cantly higher photosynthetic values in the NT and RT systems than in TT
(F = 4.317, p = 0.022). In general, for these parameters it was evident
the positive effect of conservation tillage, without rainfall restrictions.

3.4.2. Leaf Water potential

Leaf water potential was significantly higher in all plants growing in
control soils than in the exclusion treatment (F = 4.933, p = 0.032).
When considering the tillage systems separately, NT and RT minimized
the effect of the rainfall reduction, showing smaller differences among
exclusion and control plots than TT (Fig. 3c). Indeed, the effect of
rainfall reduction was much more evident in TT, with significant dif-
ferences (F =2.84, p = 0.007) between control and rainfall exclusion
plants. In NT and RT there were not significant differences due to rainfall
exclusion. When only considering the tillage factor, there was no effect
of tillage type on water potential, showing similar average values among
treatments (—1.29, —1.30 and —1.25MPa for NT, RT and TT,
respectively).

3.5. AMF colonization and Rhizobium nodulation in roots

Tillage and rainfall had some influence on the incidence of mycor-
rhizal colonization in roots, although data dispersion was relatively
high. The intensity of mycorrhizal colonization (M, %) was significantly
influenced by tillage (F = 7.02, p = 0.009), and was higher in the NT
and the RT treatment, especially in the plants under rainfall exclusion
(Fig. 4a). Tillage had also a marginally significant effect on m % (F =
3.61, p = 0.059). These mycorrhizal colonization parameters (M % and
m %) tended to be higher in the plants under rainfall exclusion than in
control plots, especially in NT and RT treatments. In contrast, in the TT
these variables tended to decrease under drought. Indeed, for the fre-
quency of mycorrhizal infection (F %) there was a marginally significant
rainfall x tillage interaction (F = 2.98, p = 0.088; Fig. 4b). Vesicle and
arbuscule abundance was not significantly influenced by rainfall
exclusion (Table S3).

The abundance of Rhizobium nodules followed an opposite trend to
that of mycorrhizal colonization. In fact, there were negative correla-
tions between the abundance of nodules and some of the parameters of
mycorrhizal colonization (for example, r = 0.59, p < 0.001 between M
% and the number of nodules per plant). The number of nodules per root
mass was significantly affected by tillage (F = 5.98; p = 0.031), with a
significant interaction between tillage and rainfall (F = 7.1811
p =0.0089), so that nodulation responded differently to drought
depending on the tillage system. In the RT and NT systems nodulation
tended to decrease in the rainfall exclusion treatment, while in TT it
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significant differences beteen the control an exclusion per tillage system.

increased (Fig. 4c).

In summary, considering only the tillage factor, for all these root-
microbe interaction traits, the tendency was NT>RT>TT, except for
Rhizobium nodules, which followed the opposite trend (TT>RT>NT).

When parameters of root symbiosis in the plants at each plot were
compared to the ecophysiological status of these plants, some interesting
patterns were observed. The abundance of AMF arbuscules in roots was
significantly and positively related to water potential (r = 0.69,
p < 0.01) and leaf s13¢C (r = 0.49; p = 0.039), while the abundance of
Rhizobium nodules was associated to net photosynthesis rates (r = 0.55,
p < 0.05) and stomatal conductance (r = 0.66, p < 0.001).
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bium nodules per root dry mass (c) in the different treatments.

3.6. Plant chemical traits

Isotopic C signatures in V. faba leaves were not influenced by rainfall
exclusion or tillage type. 5!°N values presented a high variability and
did not follow any clear trend regarding the rainfall exclusion at each of
the tillage types studied, although these values always differed between
control and rainfall exclusion plants, especially in NT. In this tillage
system drought changed the sign of the §'°N values, being slightly
negative in the control plants and positive in the rainfall exclusion
treatment (Fig. 5).

Concentrations of macro (C, N, Ca, K, Mg, Na and P) and micro-
nutrients (Fe, Cu, Mn and Zn) in leaves were analysed. The effect of
rainfall reduction was only significant for Ca among all the studied
macronutrients (Table 1). For this element, concentrations in leaves
were always higher in control plants, especially at TT (2.4 times higher
in control plants). Calcium concentrations were significantly and posi-
tively related to the abundance of Rhizobium nodules (r = 0.59,



P. Madejon et al.

0 -

513 C (%o)
&

25
Control
-30 Exclusion
NT RT 1T
mmmm Control

4 {1 mmmm Exclusion

=
w
%
0 .
2 -
NT RT 1T
Tillage
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systems and in control and exclusion of rain plots (mean and SD).

p <0.05), and closely related to photosynthesis rates (r =0.74,
p < 0.001), stomatal conductance (r = 0.82, p < 0.004) and leaf water
potential (r = 0.65, p < 0.01; Fig. S4).

Regarding micronutrients, significant differences due to tillage sys-
tem were observed for Fe, Mn and Zn. For these elements concentrations
were always higher in the leaves of plants growing in the NT treatment,

Table 1
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followed by RT and TT, and were positively correlated to the parameters
of mycorrhizal colonization (Fig. 54).

4. Discussion
4.1. Effect of tillage on soil water storage in a reduced rainfall scenario

Land management practices can have effects on soil water storage.
Several studies have showed that SWS increases with the use of con-
servation tillage systems, particularly in arid sites and/or in periods of
increased water deficit (Lampurlanés et al., 2016; Zhang et al., 2022).
This effect is commonly related to an increase in rainfall infiltration and
to an improvement of soil structure and organic matter content due to
the reduction of tillage, which enhances soil water retention capacity
(Alvaro-Fuentes et al., 2008; Plaza-Bonilla et al., 2013).

In our study, conservation tillage did not have a clear effect on SWS,
at least within the 0-40 cm depth. Despite the tillage experiment is
running since 2008, SWC profiles in the control plots, exposed to
ambient rainfall, were similar across tillage types. Previous works at the
same experiment showed that after 4 years of tillage treatments soil
water content was actually higher in the NT soils than in the TT soils
over the growing season, likely due to its higher soil organic matter
content (Lopez-Garrido et al., 2014). In addition, another study con-
ducted at the site comparing RT and TT found that after 3 years of tillage
treatments the hydraulic conductivity of the soil surface layer was
significantly higher in the RT than in the TT, related to the existence of
preferential paths created by an increase in the earthworm population in
the RT treatment (Moreno et al., 1997). This resulted in a higher
replenishment of soil water storage in the RT system, particularly in the
driest year. Moreover, a study conducted before the start of the rainfall
exclusion experiment showed that NT and RT had slightly higher soil
organic C contents than TT, especially just after tillage operations
(Panettieri et al., 2020). For all these reasons, we expected a positive
effect of NT or RT application on soil water storage.

The lack of positive effects of conservation tillage on SWS might be
due to an increase in soil compaction under conservation tillage, espe-
cially in the NT treatment, which has been previously reported to affect
crop production at the site (Lopez-Garrido et al., 2014). That work
showed that 4 years after the start of the experiment penetration resis-
tance in the top 10 cm under NT was extremely high, ca. 10 and 15 times
higher than that in RT and TT, respectively. Indeed, in all the treatments
included NT, a harrow crossed-pass (15 cm) was done in November
2015 and in November 2016 to reduce the compaction and deterioration
of physical properties observed after years of direct drilling. This
compaction of the topsoil could impair rainfall infiltration in the NT
soils. Thus, it is possible that in our experiment NT and RT had

Concentrations of macro and micronutrients in Vicia faba leaves according to the two treatments, tillage and rainfall conditions (mean values and (SD). Results of the
two-way ANOVA (F and p values) with the effects of the treatments Rainfall and tillage are included. Significant effects (p < 0.05) are marked in bold.

Tillage Rainfall C N Ca K Mg Na P Cu Fe Mn Zn
% mg kg~!
NT EXC 40.6 4.64 0.43 0.73 0.122 0.084 0.092 5.00 156 22.3 5.22
(4.82) (0.47) (0.10) (0.11) (0.009) (0.044) (0.011) (2.02) (35.8) (4.50) (1.75)
C 41.8 5.12 0.65 0.79 0.127 0.105 0.143 5.07 168 22.5 4.6
(7.28) 0.77) 0.27) (0.22) (0.003) (0.072) (0.069) (0.30) (32.0) (2.48) (0.28)
RT EXC 42,5 4.82 0.41 0.73 0.133 0.092 0.100 4.29 148 21.2 3.8
(9.93) (1.06) (0.01) (0.11) (0.022) (0.052) (0.027) (0.28) (1.21) (0.96) (0.75)
C 44.0 4.20 0.70 0.60 0.125 0.116 0.088 3.60 142 19.1 3.30
(2.82) (1.25) (0.24) (0.19) (0.004) (0.026) (0.017) (0.85) (25.5) (1.90) (0.33)
TT EXC 40.7 4.41 0.28 0.43 0.085 0.168 0.097 3.39 105 15.3 2.94
(3.44) (0.37) (0.10) (0.17) (0.021) (0.004) (0.043) (0.56) (19.3) (2.70) (0.69)
C 44.5 5.34 0.66 0.64 0.118 0.098 0.084 3.93 135 19.7 3.26
(6.63) (0.17) (0.27) (0.15) (0.017) (0.026) (0.013) (0.39) (6.01) (2.47) (0.67)
Rainfall F 0.524 0.514 13.689 0.332 1.997 0.178 0.151 0.003 1.162 0.425 0.397
P 0.483 0.487 0.003 0.575 0.183 0.680 0.705 0.961 0.302 0.527 0.540
Tillage F 0.159 0.442 1.187 2.811 6.028 1.323 1.001 3.463 4.775 4.984 6.786
p 0.855 0.653 0.339 0.100 0.015 0.303 0.394 0.065 0.030 0.027 0.011
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counterbalanced effects on different soil physical properties after 12
years of treatment, resulting in no net change in soil water storage in
comparison to TT. Other works with Mediterranean soils have also
showed that, depending on specific soil properties, NT can lead to soil
compaction that affects plant growth, resulting even in a reduction in
SWS in comparison to TT (Lopez et al., 1996). Given that soil compac-
tion under NT is a frequent fact, and given its potential effects on soil
water infiltration, specific monitoring and management of soil physical
properties is needed in no-till systems, especially in a context of pre-
dicted reductions in rainfall.

Despite NT did not clearly increase SWS there were other evidences
of a lower impact of drought on the NT system in comparison to RT or
TT, such as the more reduced impacts of rainfall exclusion on germi-
nation, on crop yield and on leaf water potential in the NT treatment
(discussed below). For RT, the acute decrease in SWS in the rainfall
exclusion treatment could be related to greater water consumption by
weeds in comparison to NT (discussed below).

4.2. Effects of tillage and drought on germination and crop yield

Water is a major limiting factor for seedling establishment, especially
in areas characterized by dry climate seasons (Cochrane et al., 2015).
This factor explains the results of lower germination rates in the exclu-
sion treatment, which affected the TT system. Moreover, the mechanical
resistance imposed by soil crusts is directly dependent on its water
content (Souty and Rode, 1993), which affects the cracking character-
istics of the crust, and hence the seedling emergence process (Aubertot
et al.,, 2002). In the presence of sufficient soil moisture, germinating
seedlings degrade this mechanical barrier, which enables crack pene-
tration and emergence. In the case of RT, similar germination rates were
observed at both rainfall treatments. Regarding NT, it is known that
larger soil aggregates, likely more abundant in the soils under this tillage
type, act as a mechanical obstacle to impede seedling emergence from
soil. Although the number of germinated seeds in this tillage system was
slightly lower than that in the conventional tillage differences were not
statistically significant, contrasting with previous results showing a clear
reduction of germination rates under NT due to soil compaction
(Lopez-Garrido et al., 2014).

The studied crop, Vicia faba, is considered to be very sensitive to
water stress in comparison to other grain legumes (Muktadir et al.,
2020). This fact can explain the clear effects of rainfall reduction on crop
yield (especially in the RT system) and on plant physiological status
across the three tillage types. Similar results were found in a
meta-analysis study considering 44 years, which reported marked re-
ductions of faba bean yield due to reduction of water availability
(Daryanto et al., 2015).

When considering only the effect of tillage, we did not find signifi-
cant differences among tillage treatments. As mentioned above, in the
experimental site crop production in the NT system has been often
influenced by the spatial variability of soil compaction (Lopez-Garrido
et al., 2014; Panettieri et al., 2020). Four years after the start of the
tillage experiment wheat production was decreased by more than a 25%
in the NT system in comparison to RT or TT (Lopez-Garrido et al., 2014),
while after 10 years of the implementation of the tillage trial, RT tended
to show the highest production with increases of 10% and 19%
compared to TT and NT, respectively (Panettieri et al., 2020). After 12
years yield was not impaired by no-tillage; this is in agreement with
results from a meta-analysis of tillage experiments showing that crop
yields decline the first years after application of NT, but matches pro-
duction in the TT after 3-10 years (Pittelkow et al., 2015). It is also
worthy to note that the time period covered by this study was especially
dry in Southern Spain (annual rainfall of 365 mm for the year 2021 in
comparison to the interannual average of 495 mm). Thus, it is also
possible that the particularly dry conditions recorded at the site over the
growing season have enhanced the potential benefits of conservation
tillage on crop yields, as previously observed at the site (Moreno et al.,
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1997). Several authors have reported a clear improvement of yield
under conservation tillage (Sher et al., 2021; Sun et al., 2018), especially
in semiarid areas (Zhang et al., 2022).

In the RT treatment crop production showed a high sensitivity to
rainfall reduction. This was very likely related to the high incidence of
weeds under this tillage, both in the control and the rainfall exclusion
treatments. Weeds are one of the major constraints for crop production
(Milberg and Hallgren, 2004), and a high incidence of weeds under RT in
comparison to other tillage systems has already been reported (Hof-
meijer et al., 2019). In RT weed biomass was not reduced by rainfall
exclusion, which means that faba bean plants had to cope with a more
intense competition for scarce water resources with weeds. Weed pro-
duction has not been specifically studied before in this long-term tillage
study, and therefore we have not data to infer the influence of water
inputs on weed incidence among the different tillage systems or across
years with different rainfall inputs. It is possible that the low water in-
puts over the study period (November 2020-May 2021) resulted in de-
creases in the germination of the faba bean seeds in comparison to
wetter years, which could have promoted a greater incidence of weed
growth. Indeed, the drought treatment had a negative effect on seed
germination in the TT tillage. Because of the lower tillage intensity in RT
compared to TT, weed abundance could have increased in RT due to
higher seedling recruitment in the upper soil layers and the difficulty to
wreck the rhizomes of perennial weeds (Gruber et al., 2009). The lower
weed production in TT is related to the mouldboard ploughing before
seeding, while in the NT treatment weed emergence is constrained by
the initial application on herbicides. Possibly, if herbicide would have
been also applied to RT the impact of drought would have been lower in
this tillage system. In fact, Hofmeijer et al. (2019) concluded that RT
system can produce similar or higher yields than TT if weed manage-
ment is improved and good nutrient supply is assured. The interaction
between weeds and the main crop under different water inputs deserves
further attention; although this study reports data from only one
growing season the results suggest that in a scenario of reduced rainfall
the higher competition for water between crop plants and weeds will
force the farmers to invest more resources in weed control.

Competition with weeds for nutrients and water might have affected
bean (grain) production. However, we did not find a clear reduction of
grain yield due to drought. These results are indicative of the lower ef-
fect of water reduction at the grain level, at least in this study. Finally, it
is interesting to note that the highest productions of grain were observed
in the NT system, despite the lower germination rates in these soils.

4.3. Plant ecophysiological responses

Although the faba bean originates from a semi-arid region, this
species has relatively higher water requirements than other typical
Mediterranean crops. Under moderate drought stress conditions, plants
reduce their stomatal conductance (gs) and as a consequence photo-
synthesis is inhibited because of the reduced supply of CO2 to the
intercellular space (Singh and Reddy, 2011). This direct relationship
between both measures explains their positive and significant correla-
tion in our study (r: 0.979, p < 0.001). A significant reduction in AN and
gs under drought stress had been reported earlier in crops including faba
beans (Abid et al., 2017). Regarding the tillage effect, similar values of
both measurements across tillage types were obtained in the rainfall
exclusion treatment. However, under control rainfall conditions, plants
in TT showed significantly lower values than those in the NT and RT
systems. Several studies have also found that the benefits of conserva-
tion tillage on soil water content or nutrient availability result in an
improvement of plant photosynthetic capacity, leading to greater crop
yields (Liu et al., 2019; Sher et al., 2021; Mukherjee et al., 2022).

Moreover, water stress usually induces a decrease in leaf water po-
tential (Osakabe et al., 2014). In accordance with the results obtained
for gs and AN, water potential was also significantly affected by the
reduction of rainfall. Plants in the rainfall exclusion treatment also
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showed higher RMF, which is a common response to soil water limita-
tion, so that the capacity of plants to explore soil for water is enhanced
(Poorter et al., 2012).

Some effect of tillage on water potential was also observed. Con-
servation tillage systems, NT and RT, showed the lowest differences on
water potential between control and rainfall exclusion plants, indicating
the positive effect of both tillage types for ameliorating plant water
stress. Similarly, Peng et al. (2019) found positive effects of conservation
tillage on leaf water potential. The negative effect of rainfall exclusion
on these physiological values, as well as the lower photosynthetic rates
in the TT compared to conservation tillage systems, can help to explain
the results obtained for crop production.

Owing to its sensitivity towards environmental constraints, as soil
water content, isotopic C and N signatures in leaves are widely used to
assess the effects of changing climatic condition on plant ecophysiology.
However, Peuke et al. (2006) showed that 13¢ was more affected by
environmental factors, while °N is more affected by genetic factors. In
particular, under drought conditions stomatal opening limits the
renewal of CO; for photosynthesis, and therefore 13C increases in C3
plants (Araus et al., 1997). Moreover, Warren et al. (2001) concluded
that 5'C may be a useful indicator of water availability or drought
stress, but only in seasonally dry climates. Thus, we expected some 3C
enrichment in the leaves, as frequently reported in other drought ex-
periments (Andresen et al., 2018). However, we did not find a clear
pattern of 13C variation between rainfall treatments. Likewise, the 1°N
signature did not show a clear response to drought, as also found by
Robinson et al. (2000).

Interestingly, in plants under NT drought changed the sign of the
515N values, being slightly negative in the control plants and positive in
the rainfall exclusion treatment (Fig. 5). This could be related to a shift
in the patterns of microbial symbiosis in the roots of the plants due to
drought, which were especially clear in the NT system. In the NT system
drought provoked an increase in the frequency and intensity of AMF
colonization, and a decrease in the nodulation with nitrogen-fixing
Rhizobium bacteria (discussed below). Soil mineral N (NO3 and NHY)
is usually enriched in the heavy isotope compared to atmospheric Ny
(Boddey et al., 2000). Therefore, the 15N enrichment in the plants under
rainfall exclusion could be related to a larger contribution to plant
nutrition of soil mineral N than of N from biological fixation.

4.4. Patterns of microbial symbiosis in roots and relationships with plant
responses to drought

As we expected, there was a trend for a higher incidence of mycor-
rhizal colonization in the soils under conservation tillage, especially in
the NT treatment. Most of the parameters of colonization by AMF (F, M,
m and v) tended to be higher in NT and RT in comparison to TT, with a
significant effect of tillage in some variables (M and m). Several studies
have shown that mycorrhizal colonization is negatively affected by
tillage (Kabir, 2005; Schalamuk et al., 2004). This general behavior is
directly related to the mechanical disturbance imposed by tillage that
may affect the extension of the extra-radical mycelium and therefore the
possibility of associating with the plants (Alguacil et al., 2014; Oehl and
Koch, 2018). Tillage therefore may reduce soil mycorrhizal infectivity
and AM root colonization at the early stages of crop growth. De la
Cruz-Ortiz et al. (2020) also found that conservation tillage systems
promote mycorrhizal colonization of crop plants in comparison to
traditional tillage systems.

The greater potential of AMF infectivity in soils under conservation
tillage could be beneficial for plants to face drought stress. Indeed, in the
NT and RT systems rainfall reduction led to an increase in the incidence
of mycorrhizal colonization in roots; probably under water stress plants
allocated more C belowground to enhance their capacity to explore soil
for water resources, as suggested by the increase in RMF, which includes
the association with AMF. Symbiosis with AMF improves plant tissue
hydration and physiology under drought stress, due to a range of
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mechanisms that can include the uptake of water through the fungal
hyphae and transfer to the host plant, the improvement of plant osmotic
adjustment and root hydraulic conductivity, or the regulation of plant
hormonal balance (reviewed in Ruiz-Lozano et al., 2012). In our study,
NT and RT showed the lowest differences on water potential between
control and rainfall exclusion plants, which could be related to the
higher levels of symbiosis with AMF, in comparison to TT. Moreover,
water potential was positively related to the abundance of AMF arbus-
cules in the roots. In the TT system such increase in mycorrhizal colo-
nization under drought stress was not observed, likely due to the more
limited AMF infectivity of these soils.

In the case of Rhizobium nodules, we found opposite results
compared to mycorrhization. In the NT and RT systems drought tended
to reduce the number of nodules in the roots, while the opposite was
observed in TT. Indeed, the incidence of AMF colonization and nodu-
lation in roots were negatively correlated. It is possible that Rhizobium
bacteria and AMF compete for plant C in the roots, and in soils were AMF
abundance is high, such as in conservation tillage soils, fungi can have
an advantage over bacteria under water deficit. Previous studies have
shown that, under water deficit, modifications of the bacterial envi-
ronment can cause the decline in N fixation and a reduction in the
number of nodules in faba beans (Muktadir et al., 2020). Moreover,
different works have shown that fungal diversity is less sensitive to
seasonal changes in moisture, temperature and plant activity than bac-
terial diversity (Yuste et al., 2011).

The present study shows that interaction with symbiotic organisms
at the root level is highly correlated to some plant physiological indices.
Besides the positive association between AMF arbuscules, leaf water
potential and 5'3C, we found positive relationships between the abun-
dance of Rhizobium nodules and net photosynthesis rates and stomatal
conductance. We also found different adjustments in the patterns of
symbiotic interactions in response to drought, depending on the tillage
type. Put together, our results reinforce the idea that plant-associated
bacteria and fungi can improve stress resistance and help plants to
cope with the negative impacts of drought through the induction of
various mechanisms, which involve plant biochemical and physiological
changes (de Vries et al., 2020; Poudel et al., 2021). These results are
particularly novel and interesting, as they suggest that the influence of
tillage in the response of crops to reduced water inputs is more related to
its impact on soil biotic communities than to its effects on soil water
storage.

4.5. Plant nutritional status

Finally, the nutritional level of the crop was also taken into account.
Main results indicated that macronutrients were not affected by rainfall
exclusion. In fact, Muktadir et al. (2020) in a review about Vicia faba
crops reported that although droughts caused yield reductions on this
crop, this effect did not alter the mineral nutritional quality. However, in
this study we found certain effect on Ca due to the rainfall exclusion.
Drought stress can decrease the nutrient uptake by roots and its trans-
location from roots to shoots. Calcium is only transported through xylem
vessels, being a relatively immobile element in the phloem (Marschner,
1974). Because of this, leaf Ca concentrations can be high in plants with
high transpiration rates; indeed, its uptake is affected under drought
conditions by the limited availability of water (Naeem et al., 2018), and
in some species leaf Ca has been proposed as a proxy for leaf transpi-
ration rates (Urban et al., 2012). In fact, in our work there was a close
correlation between leaf Ca, stomatal conductance and leaf water
potential.

Regarding the effect of tillage, the nutritional status of the plants
tended to be better in soils under conservation tillage, especially for
micronutrients. No-tillage practices with no disturbance in soil increase
soil organic matter and soil nutrients (da Silva et al., 2021). As
mentioned above, in our site RT and NT produced an increase in the
organic matter content in the soil, and NT also an increment in soil N



P. Madejon et al.

(Panettieri et al., 2020). This improvement in soil quality, together with
the higher incidence of mycorrhizal colonization in conservation tillage
soils, can explain that plants presented significantly higher photosyn-
thetic values in the NT and RT systems than in TT, when only control
plots were considered.

5. Conclusions

Despite NT and RT did not provoked a clear increase in soil water
storage capacity, there were some evidences that suggest that crops
under NT and RT were less affected by rainfall reduction: 1) germination
rates were less affected by rainfall reduction in NT and RT than in TT; 2)
leaf water potential was more affected by drought in TT than in NT or
RT. However, the high incidence of weeds in the RT treatment resulted
in a greater reduction of aboveground biomass due to drought in this
tillage system. This suggests that in a scenario of reduced rainfall the
higher competition for water between crop plants and weeds will force
the farmers to invest more resources in weed control. Grain production,
however, was not affected by drought in any tillage system.

Our work also showed the close relationships between the intensity
of microbial symbiosis in roots and some plant physiological indices. We
also found different adjustments in the patterns of symbiotic interactions
in response to drought, depending on the tillage type. The greater po-
tential of AMF infectivity in soils under conservation tillage could be
beneficial for plants to face drought stress, in particular in the NT sys-
tems. Due to these effects on plant-microbe interactions, the adoption of
conservation tillage practices (RT and NT) could be beneficial for plant
physiology in a context of reduced precipitations, if proper weed man-
agement is assured.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

This study was funded by FEDER funds research projects US-
1260627 (Programa Operativo FEDER, Junta de Andalucia), by the
Spanish ~ Ministry of Science and Innovation (project
PID2021-1226280B-100 WASTE4DROUGHT and project CGL2017-
85891-R DEGRAMED) and European funds. L. Morales thanks the
Ministry of Science and Innovation for her FPI fellowship
(PRE2018-084467). Authors thank the collaboration of Dr. Girén in the
field tasks and Technicians Cristina Garcia and Patricia Puente, and
Rodrigo Bethencourt for their help in laboratory analysis. This work was
framed in the net of experiments of the “Unidad Asociada Uso Sostenible
del Suelo y el Agua en Agricultura” (CSIC-Universidad de Sevilla).

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.agee.2023.108449.

References

Abid, G., Hessini, K., Aouida, M., Aroua, L., Baudoin, J.-P., Muhovski, Y., Mergeai, G.,
Sassi, K., Machraoui, M., Souissi, F., Jebara, M., 2017. Agro-physiological and
biochemical responses of faba bean (Vicia faba L. var. ‘minor’) genotypes to water
deficit stress. Biotechnol. Agron. Soc. Environ. 21, 146-159.

Alguacil, M.M., Torrecillas, E., Garcia-Orenes, F., Roldan, A., 2014. Changes in the
composition and diversity of AMF communities mediated by management practices

Agriculture, Ecosystems and Environment 349 (2023) 108449

in a Mediterranean soil are related with increases in soil biological activity. Soil Biol.
Biochem. 76, 34-44. https://doi.org/10.1016/].50i1bi0.2014.05.002.

Alvaro-Fuentes, J., Arrtie, J.L., Gracia, R., Lépez, M.V., 2008. Tillage and cropping
intensification effects on soil aggregation: temporal dynamics and controlling factors
under semiarid conditions. Geoderma 145, 390-396. https://doi.org/10.1016/j.
geoderma.2008.04.005.

Andresen, L.C., Dominguez, M.T., Reinsch, S., Smith, A.R., Schmidt, L.K., Ambus, P.,
Beier, C., Boeckx, P., Bol, R., de Dato, G., Emmett, B.A., Estiarte, M., Garnett, M.H.,
Kroel-Dulay, G., Mason, S.L., Nielsen, C.S., Penuelas, J., Tietema, A., 2018. Isotopic
methods for non-destructive assessment of carbon dynamics in shrublands under
long-term climate change manipulation. Methods Ecol. Evol. 9, 866-880. https://
doi.org/10.1111/2041-210X.12963.

Araus, J.L., Amaro, T., Zuhair, Y., Nachit, M.M., 1997. Effect of leaf structure and water
status on carbon isotope discrimination in field-grown durum wheat. Plant Cell
Environ. 20, 1484-1494. https://doi.org/10.1046/j.1365-3040.1997.d01-43.x.

Aubertot, J.-N., Diirr, C., Richard, G., Souty, N., Duval, Y., 2002. Are penetrometer
measurements useful in predicting emergence of sugar beet (Beta vulgaris L.)
seedlings through a crust? Plant Soil 241, 177-186. https://doi.org/10.1023/A:
1016170329919.

Boddey, R.M., Peoples, M.B., Palmer, B., Dart, P.J., 2000. Use of the 15N natural
abundance technique to quantify biological nitrogen fixation by woody perennials.
Nutr. Cycl. Agroecosyst. 57, 235-270. https://doi.org/10.1023/A:1009890514844,

Bot, Benites, 2005. The importance of soil organic matter. Key to drought-resistant soil
and sustained food and production. Land and Plant Nutrition. Management Service.
FAO.

Chandrasekhar, P., Kreiselmeier, J., Schwen, A., Weninger, T., Julich, S., Feger, K.H.,
Schwarzel, K., 2019. Modeling the evolution of soil structural pore space in
agricultural soils following tillage. Geoderma 353, 401-414. https://doi.org/
10.1016/j.geoderma.2019.07.017.

Cochrane, J.A., Hoyle, G.L., Yates, C.J., Wood, J., Nicotra, A.B., 2015. Climate warming
delays and decreases seedling emergence in a Mediterranean ecosystem. Oikos 124,
150-160. https://doi.org/10.1111/0ik.01359.

de la Cruz-Ortiz, A.V., Alvarez-Lopeztello, J., Robles, C., Hernandez-Cuevas, L.V., 2020.
Tillage intensity reduces the arbuscular mycorrhizal fungi attributes associated with
Solanum lycopersicum, in the Tehuantepec Isthmus (Oaxaca), Mexico. Appl. Soil Ecol.
149, 103519 https://doi.org/10.1016/j.apsoil.2020.103519.

Daryanto, S., Wang, L., Jacinthe, P.-A., 2015. Global synthesis of drought effects on food
legume production. PLoS ONE 10, e0127401. https://doi.org/10.1371/journal.
pone.0127401.

EEA, 2019. Climate change adaptation in the agriculture sector in Europe. Publications
Office of the European Union, Luxembourg, p. 2019.

FAO, 2011. What is Conservation Agriculture? FAO Conservation Agriculture Website at:
http://www.fao.org/ag/ca/1a.html.

Gruber, S., Claupein, W.E., 2009. Effect of tillage intensity on weed infestation in organic
farming. Soil . Res. 105, 104-111.

Hannula, S.E., Di Lonardo, D.P., Christensen, B.T., Crotty, F.V., Elsen, A., van Erp, P.J.,
Hansen, E.M., Rub&k, G.H., Tits, M., Toth, Z., Termorshuizen, A.J., et al., 2021.
Inconsistent effects of agricultural practices on soil fungal communities across 12
European long-term experiments. Eur. J. Soil Sci. 72, 1902-1923. https://doi.org/
10.1111/ejss.13090.

Hofmeijer, M.A.J., Krauss, M., Berner, A., Peigné, J., Mader, P., Armengot, L., 2019.
Effects of reduced tillage on weed pressure, nitrogen availability and winter wheat
yields under organic management. Agronomy 9, €180. https://doi.org/10.3390/
agronomy9040180.

Hontoria, C., Gémez-Paccard, C., Mariscal-Sancho, 1., Benito, M., Pérez, J., Espejo, R.,
2016. Aggregate size distribution and associated organic C and N under different
tillage systems and Ca-amendment in a degraded Ultisol. Soil Tillage Res 160, 42-52.
https://doi.org/10.1016/j.5til1.2016.01.003.

IPCC (International Panel of Climate Change), 2021. IPCC, 2021: Climate Change 2021:
The Physical Science Basis. Contribution of Working Group I to the Sixth. In: Masson-
Delmotte, V., Zhai, P., Pirani, A., S.L. t al. (Eds.), Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press.

Jia, X., Shao, M., Wei, X., Wang, Y., 2013. Hillslope scale temporal stability of soil water
storage in diverse soil layers. J. Hydrol. 498, 254-264. https://doi.org/10.1016/j.
jhydrol.2013.05.042.

Kabir, Z., 2005. Tillage or no-tillage: impact on mycorrhizae. Can. J. Plant Sci. 85, 23-29.
https://doi.org/10.4141/P03-160.

Khalvati, M.A., Hu, Y., Mozafar, A., Schmidhalter, U., 2005. Quantification of water
uptake by arbuscular mycorrhizal hyphae and its significance for leaf growth, water
relations, and gas exchange of barley subjected to drought stress. Plant Biol. 7,
706-712. https://doi.org/10.1055/5-2005-872893.

Lal, R., 2004. Soil carbon sequestration to mitigate climate change. Geoderma 123, 1-22.
https://doi.org/10.1016/j.geoderma.2004.01.032.

Lampurlanés, J., Plaza-Bonilla, D., Alvaro-Fuentes, J., Cantero-Martinez, C., 2016. Long-
term analysis of soil water conservation and crop yield under different tillage
systems in Mediterranean rainfed conditions. Field Crops Res. 189, 59-67. https://
doi.org/10.1016/j.fcr.2016.02.010.

Liu, J., Liu, L., Fu, Q., Zhang, L., Li, J., Yu, K., Xu, Q., 2019. Effects of Straw Mulching and
Tillage Measures on the Photosynthetic Characteristics of Maize Leaves. Trans.
ASABE 62, 851-858. https://doi.org/10.13031/trans.13235.

Lopez, M.V., Arrte, J.L., Sanchez-Girdn, V., 1996. A comparison between seasonal
changes in soil water storage and penetration resistance under conventional and
conservation tillage systems in Aragon. Soil Tillage Res 37, 251-271. https://doi.
org/10.1016/0167-1987(96)01011-2.

Lépez-Garrido, R., Madejon, E., Leén-Camacho, M., Girén, 1., Moreno, F., Murillo, J.M.,
2014. Reduced tillage as an alternative to no-tillage under Mediterranean conditions:


https://doi.org/10.1016/j.agee.2023.108449
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref1
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref1
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref1
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref1
https://doi.org/10.1016/j.soilbio.2014.05.002
https://doi.org/10.1016/j.geoderma.2008.04.005
https://doi.org/10.1016/j.geoderma.2008.04.005
https://doi.org/10.1111/2041-210X.12963
https://doi.org/10.1111/2041-210X.12963
https://doi.org/10.1046/j.1365-3040.1997.d01-43.x
https://doi.org/10.1023/A:1016170329919
https://doi.org/10.1023/A:1016170329919
https://doi.org/10.1023/A:1009890514844
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref8
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref8
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref8
https://doi.org/10.1016/j.geoderma.2019.07.017
https://doi.org/10.1016/j.geoderma.2019.07.017
https://doi.org/10.1111/oik.01359
https://doi.org/10.1016/j.apsoil.2020.103519
https://doi.org/10.1371/journal.pone.0127401
https://doi.org/10.1371/journal.pone.0127401
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref13
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref13
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref14
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref14
https://doi.org/10.1111/ejss.13090
https://doi.org/10.1111/ejss.13090
https://doi.org/10.3390/agronomy9040180
https://doi.org/10.3390/agronomy9040180
https://doi.org/10.1016/j.still.2016.01.003
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref18
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref18
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref18
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref18
https://doi.org/10.1016/j.jhydrol.2013.05.042
https://doi.org/10.1016/j.jhydrol.2013.05.042
https://doi.org/10.4141/P03-160
https://doi.org/10.1055/s-2005-872893
https://doi.org/10.1016/j.geoderma.2004.01.032
https://doi.org/10.1016/j.fcr.2016.02.010
https://doi.org/10.1016/j.fcr.2016.02.010
https://doi.org/10.13031/trans.13235
https://doi.org/10.1016/0167-1987(96)01011-2
https://doi.org/10.1016/0167-1987(96)01011-2

P. Madejon et al.

a case study. Soil Tillage Res 140, 40-47. https://doi.org/10.1016/j.
still.2014.02.008.

Mairghany, M., Yahya, A., Adam, N.M., Mat, A.S., Su, Aimrun, W., Elsoragaby, S., 2019.
Rotary tillage effects on some selected physical properties of fine textured soil in
wetland rice cultivation in Malaysia. Soil Tillage Res 194, e104318. https://doi.org/
10.1016/j.still.2019.104318.

Mansour, E., Desoky, E.-S.M., Ali, M.M.A., Abdul-Hamid, M.L., Ullah, H., Attia, A.,
Datta, A., 2021. Identifying drought-tolerant genotypes of faba bean and their agro-
physiological responses to different water regimes in an arid Mediterranean
environment. Agric. Water Manag. 247, e106754 https://doi.org/10.1016/j.
agwat.2021.106754.

Marschner, H., 1974. Calcium nutrition of higher plants. Netherlands J. Agric. Sci. 22,
275-282. https://doi.org/10.18174/njas.v22i4.17212.

Milberg, P., Hallgren, E., 2004. Yield loss due to weeds in cereals and its large-scale
variability in Sweden. Field Crop Res 86, 199-209. https://doi.org/10.1016/j.
fcr.2003.08.006.

Moreno, F., Pelegrin, F., Fernandez, J.E., Murillo, J.M., 1997. Soil physical properties,
water depletion and crop development under traditional and conservation tillage in
southern Spain. Soil Res 41, 25-42. https://doi.org/10.1016/50167-1987(96)
01083-5.

Mukherjee, S., Nandi, R., Kundu, A., Bandyopadhyay, P.K., Nalia, A., Ghatak, P.,

Nath, R., 2022. Soil water stress and physiological responses of chickpea (Cicer
arietinum L.) subject to tillage and irrigation management in lower Gangetic plain.
Agric. Water Manag 263, 107443. https://doi.org/10.1016/j.agwat.2021.107443.

Muktadir, M.A., Adhikari, K.N., Merchant, A., Belachew, K.Y., Vandenberg, A.,
Stoddard, F.L., Khazaei, H., 2020. Physiological and biochemical basis of faba bean
breeding for drought adaptation-a review. Agronomy 10 (9). https://doi.org/
10.3390/agronomy10091345.

Murphy, J., Riley, J.P., 1962. A modified single solution method for determination of
phosphate in natural waters. Anal. Chim. Acta 27, 31-36. https://doi.org/10.1016/
S0003-2670(00)88444-5.

Naeem, M., Naeem, M.S., Ahmad, R., Thsan, M.Z., Ashraf, M.Y., Hussain, Y., Fahad, S.,
2018. Foliar calcium spray confers drought stress tolerance in maize via modulation
of plant growth, water relations, proline content and hydrogen peroxide activity.
Arch. Agron. Soil Sci. 64, 116-131. https://doi.org/10.1080/
03650340.2017.1327713.

Obia, A., Cornelissen, G., Martinsen, V., Smebye, A.B., Mulder, J., 2020. Conservation
tillage and biochar improve soil water content and moderate soil temperature in a
tropical Acrisol. Soil Tillage Res 197, e104521. https://doi.org/10.1016/j.
still.2019.104521.

Oehl, F., Koch, B., 2018. Diversity of arbuscular mycorrhizal fungi in no-till and
conventionally tilled vineyards. J. Appl. Bot. Food Qual. 91, 56-60. https://doi.org/
10.5073/JABFQ.2018.091.008.

Osakabe, Y., Osakabe, K., Shinozaki, K., Tran, L.-S.P., 2014. Response of plants to water
stress. Front. Plant Sci. 5 https://doi.org/10.3389/fpls.2014.00086.

Panettieri, M., Knicker, H., Berns, A.E., Murillo, J.M., Madejon, E., 2013. Moldboard
plowing effects on soil aggregation and soil organic matter quality assessed by 13C
CPMAS NMR and biochemical analyses. Agric. Ecosyst. Environ. 177, 48-57.
https://doi.org/10.1016/j.agee.2013.05.025.

Panettieri, M., de Sosa, L.L., Dominguez, M.T., Madején, E., 2020. Long-term impacts of
conservation tillage on Mediterranean agricultural soils: shifts in microbial
communities despite limited effects on chemical properties. Agric. Ecosyst. Environ.
304 https://doi.org/10.1016/j.agee.2020.107144.

Peng, Z., Wang, L., Xie, J., Li, L., Coulter, J.A., Zhang, R., Luo, Z., Kholova, J.,
Choudhary, S., 2019. Conservation tillage increases water use efficiency of spring
wheat by optimizing water transfer in a semi-arid environment. Agronomy 9, e583.
https://doi.org/10.3390/agronomy9100583.

Peuke, A.D., Gessler, A., Rennenberg, H., 2006. The effect of drought on C and N stable
isotopes in different fractions of leaves, stems and roots of sensitive and tolerant
beech ecotypes. Plant Cell Environ. 29, 823-835. https://doi.org/10.1111/§.1365-
3040.2005.01452.x.

Pittelkow, C.M., Linquist, B.A., Lundy, M.E., Liang, X., Groenigen, K.J., Lee, J., van
Gestel, N, et al., 2015. When does no-till yield more? A global meta-analysis. Field
Crops Res 183, 156-168. https://doi.org/10.1016/j.fcr.2015.07.020.

Plaza-Bonilla, D., Cantero-Martinez, C., Vifas, P., Alvaro-Fuentes, J., 2013. Soil
aggregation and organic carbon protection in a no-tillage chronosequence under
Mediterranean conditions. Geoderma 193-194, 76-82. https://doi.org/10.1016/j.
geoderma.2012.10.022.

Poorter, H., Niklas, K.J., Reich, P.B., Oleksyn, J., Poot, P., Mommer, L., 2012. Biomass
allocation to leaves, stems and roots: Meta-analyses of interspecific variation and
environmental control. N. Phytol. 193, 30-50. https://doi.org/10.1111/j.1469-
8137.2011.03952.

Poudel, M., Mendes, R., Costa, L.A.S., Bueno, C.G., Meng, Y., Folimonova, S.Y.,
Garrett, K.A., Martins, S.J., 2021. The Role of Plant-Associated Bacteria, Fungi, and
Viruses in Drought Stress Mitigation. Front. Microbiol. 12, 743512 https://doi.org/
10.3389/fmicb.2021.743512.

Ramoneda, J., Le Roux, J., Stadelmann, S., Frossard, E., Frey, B., Gamper, H.A., 2021.
Soil microbial community coalescence and fertilization interact to drive the
functioning of the legume-rhizobium symbiosis. J. Appl. Ecol. 58, 2590-2602.
https://doi.org/10.1111/1365-2664.13995.

Ramzan, S., Pervez, A., Wani, M.A., Jeelani, J., Ashraf, 1., Rasool, R., Bhat, M.A.,
Magbool, M., 2019. Soil health: looking for the effect of tillage on soil physical
health Inter. J. Chem. Stud. 7, 1731-1736.

11

Agriculture, Ecosystems and Environment 349 (2023) 108449

Robinson, D., Handley, L.L., Scrimgeour, C.M., Gordon, D.C., Forster, B.P., Ellis, R.P.,
2000. Using stable isotope natural abundances (515N and 613C) to integrate the
stress responses of wild barley (Hordeum spontaneum C. Koch.) genotypes. J. Exp.
Bot. 51, 41-50. https://doi.org/10.1093/jexbot/51.342.41.

Rodriguez-Dominguez, C.M., Forner, A., Martorell, S., Choat, B., Lopez, R., Peters, J.M.
R., Pfautsch, S., Mayr, S., Carins-Murphy, M.R., McAdam, S.A.M., Richardson, F.,
Diaz-Espejo, A., Hernandez-Santana, V., Menezes-Silva, P.E., Torres-Ruiz, J.M.,
Batz, T.A., Sack, L., 2022. Leaf water potential measurements using the pressure
chamber: Synthetic testing of assumptions towards best practices for precision and
accuracy. Plant Cell Environ. 45, 2037-2061. https://doi.org/10.1111/pce.14330.

Rosenzweig, C., Elliott, J., Deryng, D., Ruane, A.C., Miiller, C., Arneth, A., Boote, K.J.,
Folberth, C., Glotter, M., Khabarov, N., Neumann, K., Piontek, F., Pugh, T.A.M.,
Schmid, E., Stehfest, E., Yang, H., Jones, J.W., 2014. Assessing agricultural risks of
climate change in the 21st century in a global gridded crop model intercomparison.
Proc. Natl. Acad. Sci. 111, 3268-3273. https://doi.org/10.1073/pnas.1222463110.

Ruiz-Lozano, J., Porcel, R., Barzana, G., Azcon, R., Aroca, R., 2012. Contribution of
Arbuscular Mycorrhizal Symbiosis to Plant Drought Tolerance: State of the Art. In:
Aroca, R. (Ed.), Plant Responses to Drought Stress. Springer, Berlin, Heidelberg.
https://doi.org/10.1007/978-3-642-32653-0_13.

Séle, V., Aguilera, P., Laczko, E., Méader, P., Berner, A., Zihlmann, U., van der Heijden, M.
G.A., Oehl, F., 2015. Impact of conservation tillage and organic farming on the
diversity of arbuscular mycorrhizal fungi. Soil Biol. Biochem. 84, 38-52. https://doi.
org/10.1016/j.s0ilbio.2015.02.005.

Schalamuk, S., Velazquez, S., Chidichimo, H., Cabello, M., 2004. Effect of no-till and
conventional tillage on mycorrhizal colonization in spring wheat. Bol. Soc. Argent.
Bot. 39, 13-20.

Sher, A., Arfat, M.Y., Ul-Allah, S., Sattar, A., [jaz, M., Manaf, A., Qayyum, A., Zuan, A.T.
K., Nasif, O., Gasparovic, K., 2021. Conservation tillage improves productivity of
sunflower (Helianthus annuus L.) under reduced irrigation on sandy loam soil. PLoS
ONE 16, €0260673. https://doi.org/10.1371/journal.pone.0260673.

da Silva, T.S., Pulido-Moncada, M., Schmidt, M.R., Katuwal, S., Schliiter, S., Kohne, J.M.,
Mazurana, M., Juhl Munkholm, L., Levien, R., 2021. Soil pore characteristics and gas
transport properties of a no-tillage system in a subtropical climate. Geoderma 401,
e115222. https://doi.org/10.1016/j.geoderma.2021.115222.

Singh, S.K., Reddy, R.K., 2011. Regulation of photosynthesis, fluorescence, stomatal
conductance and water-use efficiency of cowpea (Vigna unguiculata [L.] Walp.) under
drought. J. Photochem. Photobiol. B Biol. 105, 40-50. https://doi.org/10.1016/j.
jphotobiol.2011.07.001.

Smith, S.E., Read, D., 2008. Mycorrhizal Symbiosis. Academic Press, Oxford.

Souty, N., Rode, C., 1993. Emergence of sugar beet seedlings from under different
obstacles. Eur. J. Agron. 2, 213-221. https://doi.org/10.1016/51161-0301(14)
80131-7.

Sun, L., Wang, S., Zhang, Y., Li, J., Wang, X., Wang, R., Lyu, W., Chen, N., Wang, Q.,
2018. Conservation agriculture based on crop rotation and tillage in the semi-arid
Loess Plateau, China: effects on crop yield and soil water use. Agric. Ecosyst.
Environ. 251, 67-77. https://doi.org/10.1016/j.agee.2017.09.011.

Trouvelot, A., Kough, J.L., Gianinazzi-Pearson, V., 1986. Measure du taux de
mycorhization VA d'un systeme radiculare. Recherche de methods d’'estimation
ayant une signification fonctionnelle. In: Gianinazzi-Pearson, V., Gianinazzi, S.
(Eds.), Physiological and Genetical Aspects Of Mycorrhizae. INRA Press, Paris,
France, pp. 217-221.

Urban, J., Gebauer, R., Nadezhdina, N., Cermdk, J., 2012. Transpiration and stomatal
conductance of mistletoe (Loranthus europaeus) and its host plant, downy oak
(Quercus pubescens). Biologia 67, 917-926. https://doi.org/10.2478/511756-012-
0080-3.

Valverde, P., de Carvalho, M., Serralheiro, R., Maia, R., Ramos, V., Oliveira, B., 2015.
Climate change impacts on rainfed agriculture in the Guadiana river basin
(Portugal). Agric. Water Manag. 150, 35-45. https://doi.org/10.1016/j.
agwat.2014.11.008.

Vierheilig, H., Coughlan, A.P., Wyss, U., Piche, Y., 1998. Ink and vinegar, a simple
staining technique for arbuscular-mycorrhizal fungi. Appl. Environ. Microbiol. 64,
5004-5007. https://doi.org/10.1128/aem.64.12.5004-5007.1998.

de Vries, F.T., Griffiths, R.I., Knight, C.G., Nicolitch, O., Williams, A., 2020. Harnessing
rhizosphere microbiomes for drought-resilient crop production. Sci 368, 270-274.
https://doi.org/10.1126/science.aaz5192.

Warren, C.R., McGrath, J.F., Adams, M.A., 2001. Water availability and carbon isotope
discrimination in conifers. Oecologia 127, 476-486. https://doi.org/10.1007/
5004420000609.

Yahdjian, L., Sala, O., 2002. A rainout shelter design for intercepting different amounts of
rainfall. Oecologia 133, 95-101. https://doi.org/10.1007/500442-002-1024-3.
Yuste, J.C., Penuelas, J., Estiarte, M., Garcia-Mas, J., Mattana, S., Ogaya, R., Pujol, M.,
Sardans, J., 2011. Drought-resistant fungi control soil organic matter decomposition
and its response to temperature. Glob. Change Biol. 17, 1475-1486. https://doi.org/

10.1111/j.1365-2486.2010.02300.x.

Zhang, B., Li, Y., Ren, T., Tian, Z., Wang, G., He, X., Tian, C., 2014. Short-term effect of
tillage and crop rotation on microbial community structure and enzyme activities of
a clay loam soil. Biol. Fertil. Soils 50, 1077-1085. https://doi.org/10.1007/s00374-
014-0929-4.

Zhang, Q., Wang, S., Sun, Y., Zhang, Y., Li, H., Liu, P., Wang, X., Wang, R., Li, J., 2022.
Conservation tillage improves soil water storage, spring maize (Zea mays L.) yield
and WUE in two types of seasonal rainfall distributions. Soil Tillage Res 215,
€105237. https://doi.org/10.1016/j.still.2021.105237.

Zuur, A.F., Ieno, E.N., Walker, N.J., Saveliev, A.A., Smith, G.M., 2009. Mixed Effects
Models And Extensions In Ecology With R, Vol. 574. Springer, New York.


https://doi.org/10.1016/j.still.2014.02.008
https://doi.org/10.1016/j.still.2014.02.008
https://doi.org/10.1016/j.still.2019.104318
https://doi.org/10.1016/j.still.2019.104318
https://doi.org/10.1016/j.agwat.2021.106754
https://doi.org/10.1016/j.agwat.2021.106754
https://doi.org/10.18174/njas.v22i4.17212
https://doi.org/10.1016/j.fcr.2003.08.006
https://doi.org/10.1016/j.fcr.2003.08.006
https://doi.org/10.1016/S0167-1987(96)01083-5
https://doi.org/10.1016/S0167-1987(96)01083-5
https://doi.org/10.1016/j.agwat.2021.107443
https://doi.org/10.3390/agronomy10091345
https://doi.org/10.3390/agronomy10091345
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1080/03650340.2017.1327713
https://doi.org/10.1080/03650340.2017.1327713
https://doi.org/10.1016/j.still.2019.104521
https://doi.org/10.1016/j.still.2019.104521
https://doi.org/10.5073/JABFQ.2018.091.008
https://doi.org/10.5073/JABFQ.2018.091.008
https://doi.org/10.3389/fpls.2014.00086
https://doi.org/10.1016/j.agee.2013.05.025
https://doi.org/10.1016/j.agee.2020.107144
https://doi.org/10.3390/agronomy9100583
https://doi.org/10.1111/j.1365-3040.2005.01452.x
https://doi.org/10.1111/j.1365-3040.2005.01452.x
https://doi.org/10.1016/j.fcr.2015.07.020
https://doi.org/10.1016/j.geoderma.2012.10.022
https://doi.org/10.1016/j.geoderma.2012.10.022
https://doi.org/10.1111/j.1469-8137.2011.03952
https://doi.org/10.1111/j.1469-8137.2011.03952
https://doi.org/10.3389/fmicb.2021.743512
https://doi.org/10.3389/fmicb.2021.743512
https://doi.org/10.1111/1365-2664.13995
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref48
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref48
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref48
https://doi.org/10.1093/jexbot/51.342.41
https://doi.org/10.1111/pce.14330
https://doi.org/10.1007/978-3-642-32653-0_13
https://doi.org/10.1016/j.soilbio.2015.02.005
https://doi.org/10.1016/j.soilbio.2015.02.005
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref53
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref53
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref53
https://doi.org/10.1371/journal.pone.0260673
https://doi.org/10.1016/j.geoderma.2021.115222
https://doi.org/10.1016/j.jphotobiol.2011.07.001
https://doi.org/10.1016/j.jphotobiol.2011.07.001
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref57
https://doi.org/10.1016/S1161-0301(14)80131-7
https://doi.org/10.1016/S1161-0301(14)80131-7
https://doi.org/10.1016/j.agee.2017.09.011
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref60
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref60
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref60
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref60
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref60
https://doi.org/10.2478/s11756-012-0080-3
https://doi.org/10.2478/s11756-012-0080-3
https://doi.org/10.1016/j.agwat.2014.11.008
https://doi.org/10.1016/j.agwat.2014.11.008
https://doi.org/10.1128/aem.64.12.5004-5007.1998
https://doi.org/10.1126/science.aaz5192
https://doi.org/10.1007/s004420000609
https://doi.org/10.1007/s004420000609
https://doi.org/10.1007/s00442-002-1024-3
https://doi.org/10.1111/j.1365-2486.2010.02300.x
https://doi.org/10.1111/j.1365-2486.2010.02300.x
https://doi.org/10.1007/s00374-014-0929-4
https://doi.org/10.1007/s00374-014-0929-4
https://doi.org/10.1016/j.still.2021.105237
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref70
http://refhub.elsevier.com/S0167-8809(23)00108-1/sbref70

	Could conservation tillage increase the resistance to drought in Mediterranean faba bean crops?
	1 Introduction
	2 Materials and methods
	2.1 Experimental area and description of experimental design
	2.2 Plant germination, biomass and analysis
	2.3 Ecophysiological measurements
	2.4 Mycorrhizal root colonization and nodule formation
	2.5 Plant traits and chemical analyses
	2.6 Data analysis

	3 Results
	3.1 Effect of rainfall exclusion on soil water storage (SWS)
	3.2 Germination of faba bean seeds
	3.3 Crop yield and weed production
	3.4 Crop ecophysiological measurements
	3.4.1 Measurements of gas exchange in leaves: photosynthesis and stomatal conductance
	3.4.2 Leaf Water potential

	3.5 AMF colonization and Rhizobium nodulation in roots
	3.6 Plant chemical traits

	4 Discussion
	4.1 Effect of tillage on soil water storage in a reduced rainfall scenario
	4.2 Effects of tillage and drought on germination and crop yield
	4.3 Plant ecophysiological responses
	4.4 Patterns of microbial symbiosis in roots and relationships with plant responses to drought
	4.5 Plant nutritional status

	5 Conclusions
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supporting information
	References


