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Abstract: The Mediterranean region faces intensified climate change effects, increasing
irrigation demands to sustain crop yields and increasing pressure on water resources.
Adaptive management strategies such as conservation agriculture (CA) offer potential
benefits for soil quality and water use efficiency. However, there is limited research on
the short-term effects of this farming system under irrigated Mediterranean climatic con-
ditions. This study aimed to explore the short-term impacts of conservation agriculture
(no tillage, cover crops and crop rotation) on the soil properties, water flows and crop and
water productivity in a French Mediterranean agrosystem of irrigated field crops, using
a multifactorial approach. From 2021 to 2023, maize, sorghum and soybean were grown
successively under either conventional tillage (CT) or conservation agriculture (CA), com-
bined with sprinkler irrigation, subsurface drip irrigation or non-irrigated conditions. The
dynamics of the surface soil properties (bulk density, penetration resistance, soil temper-
ature), water flows (infiltration, soil evaporation) and agronomic indicators (leaf area in-
dex, crop yield, water productivity) were measured across the three cropping seasons. In
the pedoclimatic conditions of the study, CA was shown to clearly impact the soil prop-
erties, water flows and crop yields, from the first year of adoption. CA practices caused
an increased bulk density and soil resistance penetration, leading to decreased quasi-
steady ponded infiltration in the surface horizon, particularly in the CA—subsurface drip
and CA-non-irrigated conditions. These effects were also reflected in the leaf area index,
crop yield and water productivity, with CA showing lower values compared to CT. Crop
residues in CA reduced soil evaporation, particularly under sprinkler irrigation. How-
ever, this benefit diminished as the residues decomposed, leading to soil evaporation rates
comparable to those observed in CT. Agronomic indicators were better under sprinkler
irrigation than under subsurface drip irrigation. Overall, compaction emerged as a signif-
icant challenge in the adoption of CA, considering its negative impact on crop yields.

Keywords: conservation agriculture; sprinkler irrigation; subsurface drip irrigation;
short-term effects; soil compaction
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1. Introduction

Climate change has led to significant increases in temperature on both global and
regional scales, while also amplifying the spatial and temporal variability in the rain
amounts and intensity at very local scales. The Mediterranean climate, characterized by
warm and rainy winters and hot and dry summers [1], is particularly vulnerable to these
impacts. Mediterranean regions experience frequent droughts and rising temperatures to-
gether with occasional rainstorms, which have overall negative effects on both water re-
source availability and soil conservation and quality [2]. In Montpellier (Southern France),
the 30-year mean annual precipitation is 730 mm, while the mean potential evapotranspi-
ration is 930 mm, resulting in an annual deficit of 200 mm. During the summer crop
period (April to September), the mean deficit intensifies to -450 mm, leading to severe
drought. Irrigation has become crucial in mitigating these adverse effects on crop yields
overall and for summer crops in this context. However, it often leads to conflicts among
different water users. In 2016, Southern France accounted for 46% of the total water with-
drawn for irrigation in the country [3]. Projections suggest that, solely due to climate
change, the irrigation demand in the Mediterranean region could rise by 4 to 18% by 2100
[4,5].

To address this issue and mitigate the impacts of climate change, it is essential to
implement adaptive strategies in agrosystem management. One such approach is the
adoption of conservation agriculture (CA), which focuses on preserving soil health and
fertility [6,7] through practices encompassing three principles: (1) reduced or zero tillage,
(2) crop residue or cover crop mulching and (3) diversified crop rotation [8]. The long-
term adoption of CA has demonstrated numerous benefits, including an improved soil
structure (better aggregate stability and continuity in microporosity), reduced erosion
risks and increased water storage capacities (minimized soil evaporation and facilitated
water infiltration and retention) [9,10].

Given its potential to improve the soil water dynamics by reducing runoff, enhancing
the water use efficiency and mitigating drought conditions, CA is particularly relevant for
Mediterranean temperate climates [11-13]. A meta-analysis conducted by Lee et al. [14]
confirms that CA can lead to more efficient water use in Mediterranean regions, particu-
larly in rainfed semi-arid contexts. As a result, CA has emerged as a realistic and effective
tool to sustainably intensify agricultural production in these regions [15].

However, the effectiveness of CA can widely vary depending on the specific combi-
nation of CA practices implemented, the pedoclimatic conditions [16,17] and the duration
after adoption. As presented in Table 1, the implemented CA practices differ from one
system to another, with some systems adopting one, two or all three CA principles, while
others adapt these principles to the local conditions (e.g., mulch till, strip till, occasional
crop rotation). This diversity of practices, along with various pedoclimatic factors, results
in variable outcomes regarding the soil properties, which affect soil functions and crop
performance [13]. For example, depending on soil type, studies generally report an in-
crease in bulk density (3-19%) and higher penetration resistance (25-56%) alongside re-
duced infiltration rates (13—40%) during the first three years of CA adoption [17-25]. Sim-
ilar trends were observed even after 6 years of CA adoption [26]. Additionally, these stud-
ies often report a decrease in grain yield with considerable variability (15-72%). Some
studies have found similar results even after more than ten years [11,27,28]. Over time,
however, there is a tendency toward favorable trends, such as reduced penetration re-
sistance, increased water infiltration and enhanced crop and water productivity by up to
+94% [29-31]. The literature also indicates that CA systems reduce fluctuations in soil tem-
perature, as well as mean soil temperatures, with a drop of up to 3 °C [17,32,33]. Notably,
soil evaporation remains a relatively underexplored aspect.
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Focusing on Mediterranean conditions, the short-term effects of CA can be highly
variable. Some research shows positive outcomes, similar to the long term, including in-
creased infiltration, higher yields and improved water productivity, despite rises in bulk
density and penetration resistance [11,33-35]. In contrast, other studies describe reduced
infiltration, an increased bulk density and penetration resistance, accompanied sometimes
by declines in yield and water productivity [22,23,36]. These inconsistencies highlight the
complexity of CA adoption and underscore the importance of considering local factors
such as the soil type, climate and irrigation practices.

Despite extensive research on CA’s effects on the soil properties and water dynamics
[37-42], relatively few studies have focused on the short-term effects following CA adop-
tion in irrigated Mediterranean agrosystems [43,44], with even fewer in the context of
Southern France. Additionally, limited research has explored the interaction between CA
and different irrigation systems. Furthermore, there is a lack of studies providing a com-
prehensive overview of the simultaneous evolution in the short term of the soil properties,
water dynamics and agronomic performance, which may differ from the long term (as
highlighted in Table 1) and can present real challenges for CA adoption. Evaluating these
early-stage effects is crucial, as it can help farmers to anticipate potential obstacles during
the transition and ensure that they realize the full benefits of CA over time.

The present study aims to fill the gap in the literature by assessing the effects of CA
(three principles implemented simultaneously: zero tillage, cover crops, diversified crop
rotation) on the soil hydrodynamic properties and crop productivity, during the short-
term period following its adoption in a French Mediterranean irrigated agrosystem. It
consists of the experimental assessment of the physical soil properties (bulk density, pen-
etration resistance, temperature), water fluxes (quasi-steady ponded infiltration rate and
soil evaporation), crop development (leaf area index) and crop performance (grain yield
and water productivity). The investigation was conducted over a three-year period (2021
to 2023) to compare the outcomes of two farming approaches, conservation agriculture
(CA) and conventional tillage (CT), both combined with sprinkler (S) irrigation, subsur-
face drip (SSD) irrigation or non-irrigated (NI) conditions. Although some properties have
been evaluated at slightly greater depths, this study focused mainly on the surface soil
layer, which is the most relevant as the surface part of the soil is the most affected by
tillage and organic matter enrichment.
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Table 1. Effects of conservation agriculture practices on some soil properties, water fluxes, grain yield and water productivity across diverse geographical contexts,

compared to conventional tillage. Positioning of the results of the present study (grey line). “CA”: conservation agriculture with the three principles (no tillage,

cover crops and crop rotation). “ND”: not determined. Symbols: 1 increase, | decrease, ~ no significant difference.

Reference Time of CA Climate Soil Irrication Soil Bulk Den- Penetration Infiltration Soil Grain Water
Practice Practices (Country) Type (Texture) 8 Temperature sity Resistance Evaporation Yield Productivity
. . . . 115.4%
Semi-arid con-  Vertic L 1 fluctuations,
[24] 1year CA t;jr‘llt:fl( s C;’; : e (foa;‘;lso Sprinkler ¥ ;“;_;51325 bi1om199%  125-33% ND ND 115.4% (crop yield / irriga-
P T tion applied)
Sub-tropical - Not irri-
[45] 1 year CA (Cuba) Red Ferralitic cated ND 1 7% ND 120% ND ND ND
Soil sorptivity = in the
_tropical _— fi
[18] 2 years CA Sub-tropica (Silt-Loam) Not irri ND 1 5% ND about three ND irst year, ND
(Nepal) gated . 1 72% sec-
times slower
ond year
. Semi-arid . .
[21] 2 years No tillage (Iran) (Silty Clay Loam)  Sprinkler ND 1 6% 137% ND ND 1 18% ND
O, -
Semi-arid Chromic Luvisols il::l,l/i)i: fc:i,—
5 i hromi . _—
[19] or5 Notillageand o o M. and Chromic Cambi- - Not irri ND 15% ND  ductivity after ND ND ND
years cover crop . sols—(Clay Loams to  gated
lawi) Clay) 2 years,
Y =~ after 5 years
Sprinkler,
Mediterranean Fluvisol- subsurface
Thi A - - - - - - -
isstudy  3years C (France) (Loam) drip and not
irrigated
1 20-40% of
[22,23] 3 years CA Mediterranean Haploxererts (Heavy Sprinkler ND +1-12% + 7-56% saturaFed hy- ND ND ND
(Turkey) Clay) draulic con-
ductivity
i Xerofl L il
[11] 3 years CA Mediterranean Xerofluvent, (Loamy ¢ . 1., ND 12-6% | 3410 SOl water ND 1 8-24% 111-31%
(Spain) Alluvial) storage
Semi-humid
till d ’ Hepludoll t irri-
132] years o fllageand o on epludols Notirri- 5 59 ND ND ND ND ND ND
cover crops . (Clay Loam) gated
(China)
[46] 3 years Perbrzgrsle“t Se&’;;:;d (Clay Loam) Flood ND ND ND ND ND  142-135%  128-40%
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permanent (grain yield / crop
beds with evapotranspira-

short-duration tion)
pulse crop
Tropical Ferric Lixisols Not irri-
[20] 3 years CA p (Sandy with Low ND 1 10-15% ND ND ND 1 23-37% ND
(Ghana) gated
Clay Content)
No tillace and Sub-humid Ultic Palexerals Not irri- 1 25% in the
[24] 3 years & mediterranean (Sandy Loam and ND ND first 20 cm ND ND 1 29-35% ND
cover crop ) gated
(Chile) Clay) depth
. ., Fluvi-Calcaric Cam- .
[47] 3 years No tillage and ~ Sub-humid bisol Not irri- ND +6.5% +31-36% ) mor.e than ND ND ND
cover crop (Italy) . gated twice
(Silty Loam)
No tillage, . . 1 13% of cu- 1 8%
[25] 3105 vercrop ~ Ccmiarid - Haploxerepts Silty g, g ND 17-11%  ND  mulativewa-  ND | 11-31% (crop yield / total
years (Iran) Clay Loam) e . .
(mulch) ter infiltration water applied)
1 7%, 2%
- 1 00 -
3,6and 9 No tillage and s tt'ropltC al1 Alluvium (Sandy antd 33/ 6 f
[48] »oan ofrageand  Contmental oy Loamand Clay ~ Flood ND e ND ND ND ND ND
years cover crop monsoon and 9
. Loam)
(India) years, re-
spectively
[33] 3and 6 Notillage and Mediterranean Vertisol NOEIT= ) ¢ fluctuations  ND ND ND ND ND ND
years cover crop (Spain) gated
. . Stony District Luvi- 1 26-44% of
[34] 3and 9 No tillage and Mediterrancan sol Sprinkler ND ND 160% soil water ND ND ND
years cover crops (Spain)
(Loam) content
1 7-70% for 1 10-70% for the
1 in the 0-25 the first 3 first 3 years
7 ill i inkl 1 —-170% after 7
[35] 3and 7 No tillage and Medlterljanean Hydragic Anthrosol Sprinkler ND ND cm layer ND ND years an(fl T 150-170% after
years cover crops (Spain) and flood = for deeper 50-170% years
layers after7  (grain yield/irriga-
years tion water)
No tillage, per- o
manent beds, Sub-tropical 201211_111?2/2 135-94%
[49] 4 years residue reten- (India) (Silty Loam) Flood ND ND ND ND ND and 1 5-9% (grain yield / irriga-

tion, crop rota-
tion

for wheat tion water applied)
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: Not irri-
[36] >tol0 CA Mediterranean Xerofluvent (Sandy - _ 4 (i ND ND  110-15times  ND ND 197% ND
years (Spain) Clay Loam) ter season)
No tillage, or- . . Clay-Skeletal, Kao-  Not irri- 1 56-59% of
[28] Sto7 ganic amend- Moist Medlt.e N linitic, Acid, Thermic gated (win- ND 1 12% ND hydraulic con- ND 13-4 times ND
years ranean (Spain) __. ..
ments Plinthoc Palexerults ter season) ductivity
Oceanic with
both Atlantic
Mulch till Medi - leyic Luvisol
5to 8 ulch till and and efilterra Gleyic uviso . 108-2.8°C at
[50] cars  COVET CTOP and neaninflu- (Loamy, llluvial Clay Center pivot sowin ND ND ND ND ND ND
y crop rotation ences (South- and Alluvial Pebbly) 8
western
France)
7 i-ari Alluvi 159 in yiel
[51] 5to CA Semi fn‘ld uvium (Sandy Flood 113°C ND ND ND ND +12% T .5A> (.gram ylfz d/
years (India) Clay Loam) irrigation applied)
No tillage, o
cover crop and  Semi-arid Abilene Subsurface . f 9,_11 A) .
[52] 6 years . . . ND ND ND ND ND 19%  (grain yield / irriga-
occasional crop (United States) (Clay Loam) drip . .
. tion applied)
rotation
Sub-humid
[26]  6years CA andcooltem- 4y visol  TNorirrh ND 19%  110-79% 133% ND ND ND
perate (Can- gated
ada)
CA inmono- Tropical wet Ferric/Orthic Acrisol Not irri-
[31] 6 years croppingand andsavanna and Ferric Luvisol ° A dl ND ND ND 1 18-42% ND 1 30-133% ND
intercropping  (Malawi)  (Sandy Clay Loam) gate
Semi-arid Typic Haplustept B o B o
[53] 7 years CA (India) (Clay Loam) Flood ND = 1 20-41% ~ ND 1 13-21% ND
[27] 7 years CA Semi-arid  Haplustept (Sandy ) 4 NS 147%  116-27%  111-12% ND ND ND
(India) Loam)
Not irri-
till d Medit
[7] 7years o fillageand Mediterranean oy oy o gated (win- 10.3°C ND ND ND ND ND ND
crop rotation (Italy)
ter season)
. Humid tem- Argiaquoll _
7 t till t1rri-
[54] 09 Noti age, crop perate (Argen- (Clay Loam, Clayey, Notirri ND 1 5% ND = ND ND ND
years rotation gated

tina) Silty Clay)
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1 120% of

Parexerults . o
Mediterranean (Sandy Loam, Sand Not irri- mean infiltra-
[28] 8 years CA . y » 2N oated (win- ND 113% ND  tion 1 140% of ND 13 times ND
(Spain)  Clay and Sandy Clay .
ter season) hydraulic con-
Loam) ..
ductivity
. . 1 1.5-3 times
. L Oceanic . . Sprinkler
[41] 9to28 No till, StrlP till, (Southwestern Calcisols, UI.an‘ISOIS and not irri- ND ND ND of me.an hy- ND ND ND
years  crop rotation and Luvisols draulic con-
France) gated ..
ductivity
Temperate
. semi-humid . . i
(55]  10years olilageand o enta  Dark Loessial Soil - Not irri- ND L7.7% ND ND ND ~ ND
crop rotation (Middle Loam) gated
monsoon
(China)
10-12 CA inmono- Tropical wet C:IZOTECL];;J;ZZL Not iz 1 44-450% of
[56] cropping and and savanna P ND ND ND hydraulic con- ND ND ND
YIS intercroppin (Malawi) (Sandy Clay Loam gated ductivity
PPINg and Sandy Loam)
Humid conti- . -
[57]  12years CA nental (Can.  DystricGleysol - Not irri- ND 110% ND ~ ND ND ND
(Loamy Sand) gated
ada)
Humid sub- Not irri 1 74% of mean
[29] 14 years CA tropical (Zam- Ferric Lixisols ated ND ND ND infiltration ND 1 64% ND
bia) & rates
1 38-51% of
1 on the saturated hy-
ill i-ari L L il li -
[58] 15 years No tillage fmd Semi jclrld (Loam, Sandy Loam Flood ND topsoi ND drau ic con ND - ND
crop rotation (India) and Clay Loam) and = after ductivity
10 cm 1 28% of wa-
ter intake rate
13%in
he 0-1
CA and differ- Mediterranean Typic Xerofluvent  Not irri c,;nelzgJ erO i L 17% of
[59]  16years entiated fertili- yp ND d ND ND ND total bio- ND
. (Italy) (Loam) gated 5% in the .
zation mass yield
lower lay-
ers
- ; ——
33]  20years 1\ 'illageand Mediterranean Vertisol Notiri- 47 h6°c  ND ND ND ND ND ND

crop rotation (Spain) gated
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No tillage and Semiarid Med-
[44] 20 years barley mono-  iterranean Xerofluvent Solid set ND 12-12% 117% 1 45% ND Slight 1 ND
cropping (Spain)
No tillage, dif- Humid sub-  Typic Paleudalf— Not irri
[60] 21 years ferentiated fer- tropical Maury ated ND = ND ND ND = ND
tilization (USA) (Silt Loam) &
Cold semi-arid Feozem
22 A Fl 9 9 9 9
[30] years C (Mexico) (Sandy Clay Loam) ood ND 1 20% 192% 1 95% ND 1 52% ND
Semiarid Med- Xerofluvent
[61] 26 years CA iterranean (Silt Loam) Solid set ND 1 6% ND 133% ND ND ND

(Spain)
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2. Materials and Methods

2.1. Site Description

This study was conducted in Southern France, in Montpellier, at the INRAE experi-
mental platform (43.647° N, 3.871° E) over three years (2021-2023). Specific plots were
allocated for the transition from 20 years of conventional homogeneous tillage, primarily
for maize production, to conservation agriculture. The adoption began in autumn 2020 by
implementing soil conservation practices with, simultaneously, (i) no tillage, (ii) direct
seeded winter cover crops and (iii) diversified crop rotation. The soil was classified as a
Fluvisol [62] of colluvio-alluvial origin, with a texture comprising 43% silt, 36% sand and
21% clay and displaying few spatial heterogeneities [63]. The pH was alkaline at approx-
imately 8.5. The organic matter content for the 0-20 cm soil layer was 1.6%. The total avail-
able water capacity was 150 mm per 100 cm soil depth, determined using a soil water
retention curve obtained with pressure chambers.

2.2. Climatic Data

Local climatic data were collected daily at a height of 1-2 m using a Cimel data ac-
quisition system, model 516i, which transmitted the data via a GPRS link. The measured
variables included the wind speed, which was measured with a digital wind vane (Cimel
model CE 157 N) and a cup anemometer (Cimel model CE 155 N). The air temperature
was recorded using waterproof PT100 probes with a 4-wire system. The air humidity was
assessed using a Vaisala capacitive hygrometer (HMP110). Precipitation was measured
with a tipping bucket rain gauge from Precis Mécanique. Global radiation was quantified
with a CMP6 pyranometer. All measurements were conducted on a nearby plot approxi-
mately 100 m away from the experimental plot in the absence of any obstacles or signifi-
cant disturbances of any kind.

The climatic conditions for each cropping season (from sowing to harvest) were de-
termined by following the daily average values of four significant meteorological varia-
bles: the air temperature, global radiation, reference evapotranspiration (ETo) and rainfall
(R) (Figure 1). In the 2021 cropping season, the mean air temperature ranged between 9.0
and 28.0 °C; in 2022, it was between 17.0 and 30.0 °C; and in 2023, it was between 16.2 and
29.9 °C. The average cumulative daily global radiation (Rg) recorded was 2600 W-m2 in
2021, 2192 W ‘m=2 in 2022 and 2229 W -m2 in 2023. The precipitation (R) during the crop-
ping season totaled 390 mm in 2021, 115 mm in 2022 and 158 mm in 2023. Additionally,
the cumulative reference evapotranspiration (ETo) for the same periods reached 726 mm
in 2021, 642 mm in 2022 and 660 mm in 2023. The drought intensity was characterized by
assessing the drought indicator calculated over the cropping season as cumulative
ETo/cumulative R and comparing it with the same ratio calculated over the period of April
to September from 1991 to 2023. Based on this assessment, the years 2021 (2.37) and 2023
(3.84) were categorized as “average”, while 2022 (5.14) was categorized as “dry”.



Agronomy 2025, 15, 299

10 of 38

2021 (Maize)

60 3000
£:40 2000 §
E20 1000 —
0 : . 0
01/05 01/06 01/07 01/08 01/09
Date

2022 (Sorghum)

_ 60 /V\,hz\v\/‘\ 3000

O

£.40 Mh\ /\/\ 2000 =
T 3
E

1000 —*

0 - 3 - .J‘ -tal - = I - - 0
01/06 01/07 01/08 01/09
Date
2023 (Soybean)
60 gl A 3000
oAUV
240 \ W\'\’V\m 2000 %’
£ :
0 k “. L 1 L “ll 0
01/06 01/07 01/08 01/09 01710
Date
ETo
— Cumulative daily global radiation (Rg) — Daily averaged air temperature (T.air)

- Rain

Figure 1. Daily meteorological variables observed during each cropping season from sowing to har-
vest. Averaged air temperature (°C), reference evapotranspiration ETo (mm) and rain (mm) on the

left axis and cumulative daily global radiation (W-m) on the right axis.

2.3. Experimental Design

Maize (Zea mays L., RAGT IXABEL), sorghum (Sorghum bicolor L., HUGGO) and soy-
bean (Glycine max L., RGT SPEEDA) crops were cultivated under either conventional till-
age (CT) or conservation agriculture (CA). In CA plots, (1) zero tillage, (2) winter cover
cropping (direct seeded) with residue-covered soil and (3) crop rotation were simultane-
ously implemented. CT plots involved conventional tillage and bare soil in winter. Both
CT and CA were followed under sprinkler (S) irrigation, subsurface drip (S5D) irrigation
or no irrigation (NI), leading to an experimental agronomic set-up in large strips with six
treatments in total, covering an area of 1.5 ha (Figure 2). SSD irrigation was installed in
2019 at a depth of 35 cm, which represented a constraint regarding the layout of the treat-
ments from the start of the experiment in 2021. Consequently, it was not possible to ran-
domize the treatments as shown Figure 2: SSD irrigation covered the eastern part of the
plot, while Sirrigation covered the western part. Previous studies, however, indicated few
spatial heterogeneities within the top 30 cm of soil [63], supporting the suitability of this
layout.
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Figure 2. Treatments on the experimental site (Montpellier, France). From left to right: conservation
agriculture irrigated by sprinkler irrigation (CA-S), conventional tillage irrigated by sprinkler irri-
gation (CT-S), conventional tillage irrigated by subsurface drip irrigation (CT-SSD), conventional
tillage not irrigated (CT-NI), conservation agriculture not irrigated (CA-NI) and conservation agri-
culture irrigated by subsurface drip irrigation (CA-SSD).

2.4. Farming Practices

Table 2 lists the practices adopted during the three cropping seasons, for summer
and winter cover crops, under CA and CT.

Table 2. Cultural practices implemented for the three cropping seasons.

Practice 2021 2022 2023
Winter cc?ver crop sown Faba bean Mixture of mustard, phacelia Mixture of faba bean and oat
in CA and vetch
i date of wint
Sowing date of winter 12 September 2020 17 November 2021 20 September 2022
COVer crop
Dry biomass of winter 3 that 6 t-ha-1 6 that

cover crop in CA

Main crop: variety

Maize: IXABEL Sorghum: HUGGO Soybean: SPEEDA

Date of tillage in CT with 10 October 2020
plow Huard (30 cm) 23 November 2021 22 October 2022 20 January 2024
Dt o om0
CT 09 April 2021 (N: 180U) K: 150U)

Date of seedbed prepara-

tion in CT (rotary har- 15 April 2021 9 May 2022 9 May 2023

row)
?ﬁf P 15 April 2021 11 May 2022 17 May 2023
ermination in CA (fa (FACA roller) (Roll’ N’ Sem ROLLS) (Roll’ N’ Sem ROLLS)
ing tool used)

Date of main crop sow- .
ing (direct seeding in CA) 16 April 2021 12 May 2022 17 May 2023
Seeding dg:)s;ty of main 8.3 seeds-m? 31.5 seeds-m? 33 seeds-m

Date and type of weed 27 May 2021: Hoeing on the 10 May 2022: Herbicide ap- 27 June 2023: Hoeing on the CT

control CT plots plication on CA plots plots
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1 June 2021: Pass of the flail 11 May 2022: Pass of “Roll N

mower on CA plots Sem” roller on CA plots
4 June 2021: Selective herbicide 30 May 2022: Hoeing on the
application on CA plots CT plots
Date of m‘.::tcrop har- 6 September 2021 3 September 2022 12 October 2023
Duration of main crop 143 113 139

cycle (days)

2.5. Irrigation

The system employed for sprinkler (S) irrigation was the solid set for 2021 and the
hose reel for 2022 and 2023. Irrigation inputs were monitored by reading rain gauges
placed in the plot in a grid pattern. This allowed the determination of the actual irrigation
amount reaching the soil in comparison to the scheduled setpoint dose fed to the system.
The subsurface drip (SSD) irrigation system comprised buried drip lines, NAAN HYDRO
PC (diameter 16 mm), spaced at intervals of 80 cm, with pressure-compensating drippers,
for a nominal flow rate of 1.6 L-h™, positioned at every 50 cm along the drip tapes. This
system was positioned at a 35 cm soil depth to avoid damage-related problems due to
tillage before CA adoption. The monitoring of the irrigation water supply with SSD was
allowed by individual volumetric meters installed at the terminals. Initial irrigation was
applied to ensure seed germination for all treatments using sprinkler irrigation in 2022
and 2023. The irrigation schedule was based on weekly doses programmed to ensure hy-
dric comfort and provide the same amount of water for all treatments.

In 2021 (maize), ten irrigation applications were performed, with measured volumes
of 210 mm for CA-S, 240 mm for CT-S and 250 mm for both the CA-SSD and CT-SSD
treatments. In 2022 (sorghum), eight applications were performed, with CA-S receiving
240 mm, CA-SSD receiving 260 mm and both CT-5S and CT-55D receiving 260 mm. In 2023
(soybean), eight applications were performed, with CA-S receiving 300 mm, while CA-
SSD, CT-S and CT-SSD all received 270 mm. As can be seen, some variability in the irri-
gation volumes was observed in sprinkler irrigation, primarily due to wind-induced drift
losses during irrigation. However, soil moisture monitoring at different depths confirmed
that the soil moisture levels remained consistently above the permanent wilting point
throughout the growing season, ensuring adequate water availability for crop develop-
ment.

2.6. Soil Monitoring
2.6.1. Soil Temperature

The soil temperature was assessed using T-type thermocouples, commonly known
as Copper/Constantan, connected to a Campbell Scientific data logger (CR100) recording
temperature values every 20 min. In the central area of each treatment, one thermocouple
was placed at a depth of 3 cm and another one at a depth of 10 cm. This device allowed
the evaluation of temperature fluctuations in the soil upper layer and the assessment of
their correlations with soil evaporation.

2.6.2. Bulk Density

Soil sampling was realized using the cylindrical core method with stainless-steel cyl-
inders (Eijkelkamp—E53 model https://www.royaleijkelkamp.com/products/augers-
samplers/soil-samplers/undisturbed-core-samplers/soil-sampling-ring-kit-model-e53-
heavy/ (accessed on 6 June 2024)). The cylinders were inserted into the soil to collect rep-
resentative soil samples (three repetitions at each soil depth by treatment). After retrieval,
they were immediately covered with plastic film to preserve their integrity.
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In the laboratory, the collected soil samples were weighed to obtain the individual
initial weights and subsequently placed in an oven at 105 °C for 48 h, ensuring complete
drying regardless of their soil texture. After drying, the samples were weighed again to
determine their total dry weight. The dry bulk density pd (g-cm=) was calculated as

pd=—1_— (1)

where W, is the weight of the dry sample (g), W, is the weight of the steel cylinder (g)
and V, is the volume of the cylinder (cm?3).

2.6.3. Soil Penetration Resistance

In 2021, the soil penetration resistance was evaluated using the Eijkelkamp IB model
hand penetrometer [64]. Subsequently, for 2022 and 2023, Field Scout’s shaft-mounted
digital probe SC900 (FieldScout) was used, aiming to enhance the measurement conven-
ience and data accuracy. Random measurements with at least 10 repetitions per treatment
were realized. Using a half-inch-diameter cone, the penetrometer provided continuous
readings up to a depth of 40 cm for every 2.5 cm depth.

2.7. Soil Water Flux Monitoring
2.7.1. Soil Infiltration

Soil infiltration was characterized by measuring the quasi-steady ponded infiltration
rate using the double Miintz ring method. This approach implies vertically infiltrating a
uniform layer of water into the soil for a defined period until a constant infiltration rate is
attained [65]. An automated device, based on the Miintz method developed by Garnier
and Elamri [66], was employed to facilitate the systematic recording of infiltration data.
Automation consisted of a controlled filling process for both the measurement and guard
rings, ensuring a constant uniform water height during infiltration events. The system
included sensors for precise water level management in the rings, enabling the filling of a
specific ring from a designated reservoir. Throughout the measurement period, a Diver®
probe, positioned at the base of the reservoir supplying the central cylinder, autono-
mously acquired the infiltrated water heights. In the central zone of each treatment, after
sowing, four infiltration device replicates were used, spaced at 5 m intervals. The experi-
ment spanned over two hours to ensure a steady-state infiltration rate. Following the ap-
proach defined by Vinatier et al. [67], the quasi-steady ponded infiltration rate was deter-
mined as the change in the infiltrated water volume per unit area of the measurement
cylinder during the final 30 min of steady-state conditions.

2.7.2. Soil Evaporation

Soil evaporation was monitored using field mini-lysimeters adapted from some ex-
perimental designs [68-70], constructed on PVC material with dimensions of 20 cm in
length and 10 cm in diameter, with a geotextile placed at the bottom. In this study, each
mini-lysimeter was filled with undisturbed soil by sinking the mini-lysimeter directly into
the soil to obtain representative soil conditions. The method implied monitoring the var-
iation in the mini-lysimeter weight to assess the evaporation rate (ER) as follows:

AM
ER:R_T (2)

where R denotes the amount of rainfall or irrigation (mm), AM represents the mass var-
iation converted into water loss in mm? (e.g., grams of water associated with each cubic
millimeter) and S represents the evaporating surface area of the lysimeter (mm?). As
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indicated by Trambouze [69], this methodology has a limitation, because, when a water
input occurs through rainfall or irrigation, the mini-lysimeter gains weight, making it dif-
ficult to differentiate the actual amount of water evaporated. Consequently, in our exper-
iment, only the data collected during periods without rainfall or irrigation were consid-
ered.

In 2021, two mini-lysimeters with undisturbed soil were placed along the crop inter-
row in the central area of each of the six treatments (Figure 3). To simulate the conditions
of CA with mulch at the soil surface, cover crop residues (equivalent to 3 t-ha™ in 2021
and 6 t-ha™ in 2022 and 2023) were laid directly onto the surface of each mini-lysimeter.
In 2022 and 2023, further improvements were made to this device. Net global radiation
probes (pyranometers Skye, Campbell Scientific SP1110) were placed on the soil surface
of each mini-lysimeter (Figure 4). These pyranometers were used to better understand soil
evaporation by measuring the net radiation arriving at the soil surface. The pyranometers
were connected to the same data logger used for the soil temperature measurements, re-
cording data every 20 min. To prevent the loss of surface mulch and its impact on soil
evaporation, plant residues equivalent to the total biomass of the winter crop (6 t-ha™ an-
nually) were placed in litterbags. These litterbags were positioned on the surface of each
mini-lysimeter (Figures 3 and 4).

.
. Pyranometer

@ Mulch
P Litterbag

SOIL SOIL

Conservation Agriculture (CA)

: ‘ | —
- f Mini-
3 3 lysimeter
- I\ e
T 1| \ \
—] Reflectometric
sensor

Data logger

Conventional Tillage (CT)

Figure 3. Spatial configuration of mini-lysimeters in conservation agriculture (CA) and conventional
tillage (CT) field treatments.

Figure 4. Weighing process of mini-lysimeter without mulch (left); pyranometer and litterbag
added to mini-lysimeter (right).
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2.7.3. Surface Soil Water Content

The surface soil water content of each treatment was measured to evaluate its impact
on soil evaporation, using CS650 reflectometric sensors (Campbell Scientific,
https://www.campbellsci.fr/cs650 (accessed on 6 June 2024): Campbell Scientific France
S.A.S. 41 Rue Périer, 92120 MONTROUGE, France), with one sensor positioned at a 3 cm
depth and one placed at a 10 cm depth (Figure 3). These sensors were connected to the
data logger (CR1000) used for temperature assessment, with continuous measurements at
20 min intervals throughout the cropping season.

2.8. Crop Monitoring
2.8.1. Leaf Area Index (LAI)

The leaf area index (LAI) is an indicator expressed in square meters of leaves per
square meter of soil, representing crop canopy development and thus the ability to inter-
cept light and radiation use for photosynthesis [71]. Throughout the three years of exper-
imentation, the vegetative growth of the main crops was assessed by weekly measure-
ments of the LAI (ten spatial repetitions per treatment to assess potentially uneven distri-
butions of the LAI values) using the LAI-2200C plant canopy analyzer from the LI-COR
system [72]. Measurements were conducted during the late hours of the day to avoid di-
rect sunlight, which is known to impact the accuracy of such measurements. These non-
destructive measurements were conducted from the initial stages of crop vegetative de-
velopment until the beginning of the crop senescence phase, when a decrease in the LAI
values was observed, shortly after the maximum LAI values (LAImax) were reached.

2.8.2. Grain Yield (GY)

The dry grain yield was determined at harvest by calculating the average of five ran-
dom samples taken from the aboveground components of the plants, including the leaves,
stems and cobs, within an area of 1.44 m2 The plants were meticulously separated into
individual vegetative components, weighed and subsequently dried in laboratory ovens
at a constant temperature of 65 °C for 48 h, until the grain reached stable moisture content
of 12-15%. Following the drying process, the kernels were separated from the corncobs,
sorghum panicles or soybean pods to estimate the grain yield.

2.9. Total Water Productivity and Irrigation Water Productivity

The total water productivity and irrigation water productivity were calculated for
each cropping season as practical, straightforward indicators of the water use efficiency
in crop production. The total water productivity (TWP), expressed in kg -m3, can be de-
fined as follows [73]:

GY
TWP = —— 3
I+R ®)
where GY is the grain yield in kg-ha™, and I and R denote the water application depths
from irrigation and rainfall, respectively, measured in m*ha-'.

The irrigation water productivity (IWP), also expressed in kg-m=, can be defined [74]

as
GY; — GY,

wp =—

- @

where GY; and GY, are the grain yields in kg-ha under irrigated and rainfed conditions,
respectively.



Agronomy 2025, 15, 299

16 of 38

2.10. Dates of Measurement

Table 3 shows the measurement dates for the period 2021-2023. All measurements
were performed in the middle of each treatment plot.

Table 3. Summary of measurement dates for variables across three crop cycles.

Measurement 2021 2022 2023
Bulk density April 22nd June 15th September 8th
Soil temperature From May 5th to September From June 10th to August From June 6th to October
3rd 29th 19th
Soil penetration resistance April 22nd September 27th December 7th
Quasi-steady ponded infiltration May 6th May 30th June 28th

rate

Soil evaporation

From June 21st to September From June 14th to August From May 26th to August

3rd 30th 18th
. From June 10th to September From July 1st to August From June 20th to Septem-
Leaf area index (LAI) ond 18th ber 18th
Grain yield and water productiv- September 6th September 3rd October 12th

ity

2.11. Statistical Analysis

This study employed a factorial design to investigate the effects of two categorical
variables (“practice” and “irrigation system”) on a set of continuous responses. Practice
was divided into two levels (CA and CT) and irrigation system into three levels (S, SSD
and NI), resulting in a total of six experimental treatments. To assess the main effects of
each variable independently, the Kruskal-Wallis test was employed to ensure robustness
against violations of parametric assumptions (normality and variance homogeneity). To
evaluate interactions, two linear models were constructed to assess the joint and individ-
ual effects of the practice and irrigation system and their interactions on a continuous re-
sponse variable. The first model exclusively considered the main individual effects, ex-
pressed as

Y =B+ B1Xy + B Xs + € ®)

where Y is the so-called “dependent variable” (the effect), and X; and X, denote the
“categorical independent variables” (practice and irrigation system, respectively). Here,
Po is the “intercept”, which represents the residual value of Y when all independent var-
iables are zero—in other words, the part of the effect that is unexplained by the variables
accounted for. The coefficients ; and 8, are the “regression coefficients” denoting the
strength of the effects associated with X; and X,, respectively, and € represents the er-
ror. The second model considered both the main individual effects and interactions:

Y =00+ BiXi + 52X, + B3 (X1 X Xp) € (6)

where f; is the coefficient associated with the interaction term X; X X,. The significance
of the interaction term was assessed using an ANOVA or analysis of variance. The null
hypothesis stated that the inclusion of the interaction terms did not significantly improve
the overall fit of the model. A p-value below the pre-specified significance level (typically
0.05) indicated a significant interaction effect. This analytical procedure was applied to a
larger set of response variables, handled separately, allowing for a systematic assessment
of the impact of the tested factors. To conduct these statistical analyses, the R package (r-
stats) version 2.0 was employed, ensuring the accuracy and reproducibility of the results.
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A principal component analysis (PCA) was conducted specifically for soil evapora-
tion assessment, to evaluate the correlation between soil evaporation and other variables,
including the soil moisture (taking the average value between a 3 and 10 cm soil depth),
net global radiation at the soil surface, LAI and soil temperature (also taking the average
value between a 3 and 10 cm soil depth), which are also thought to control evaporation.
The analysis was limited to the days on which all variables were measured in the field,
during the 2022 and 2023 cropping seasons.

3. Results
3.1. Soil Temperature

The seasonal mean soil temperatures, between a 3 and 10 cm depth (horizontal black
line in each sketch in Figure 5), presented comparable values for most of the CA and CT
treatments, with the differences remaining below 5%. However, significant variations ap-
peared between the irrigation systems, notably in 2022, where treatments with S irrigation
resulted in mean soil temperatures that were up to 4 °C lower than in the SSD and NI
treatments.

In CA, the soil temperature fluctuations were notably damped in comparison with
CT (the envelopes of the red and orange curves are narrower for CA), especially during
periods of high temperatures early in the crop cycle, when residues remained on the soil
surface (Figure 5). Across all cropping cycles, CA consistently led to lower maximum soil
temperatures and higher minimum soil temperatures than CT. For example, during the S
cropping cycle in 2021, the seasonal mean of the maximum soil temperatures at the 3 and
10 cm depths was 6 °C lower under CA, while the seasonal mean of the minimum soil
temperatures was 2 °C higher. This trend persisted across the years and cropping cycles,
highlighting the insulating effect of residues under CA practices.
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Figure 5. Temporal variation in soil temperature across different depths and mean soil temperature
(3 and 10 cm) for each crop cycle under different agricultural practices (conservation agriculture —
CA and conventional tillage—CT) combined with different irrigation systems (non-irrigated —NI,
sprinkler—S and subsurface drip—SSD).
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3.2. Bulk Density

Figure 6 presents the soil bulk density profiles across the three experimental years.
In 2021, measurements were only performed on the CA-S, CA-SSD and CT-SSD treat-
ments, for the 0-20 cm horizon. The bulk density ranged from approximately 1.35 g-cm™
for CT to 1.55 g-em™®, with CA exceeding CT by 11-14%. During 2022, the bulk density
evaluations were extended to the 0-60 cm depth for all treatments, with values ranging
from 1.48 g-cm to 1.75 g-cm™. Treatments irrigated with SSD showed the highest density
values, particularly beyond the 15 cm depth, surpassing 1.70 g-cm=. While the mean bulk
density varied between CA and CT at different soil depths, the differences remained be-
low 6% across the 0—-60 horizon, except for the S treatments at 5 cm (15%). In 2023, the
measurements were limited to the 0-30 cm horizon, with the mean values ranging from
1.4 g-em™ to 1.68 g-cm=. The CA mean values surpassed those of CT, especially at 5 cm
(15%) and 15 cm (up to 10%), with minimal differences at 25 cm (<5%).
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Figure 6. Soil bulk density profile for different agricultural practices (conservation agriculture—CA
and conventional tillage—CT) combined with different irrigation systems (not irrigated — NI, sprin-

kler—S and subsurface drip—SSD). Error bars indicate standard deviations.

Between 2021 and 2022, there was a 4.5% increase in the mean bulk density (between
all depths) for CA and a 20% increase for CT. However, these values declined in 2023, by
2.5% for CA and 4.8% for CT, in comparison to 2022. The bulk densities for CA appeared
roughly stable across all depths for all years, while the bulk density values for CT de-
creased near the soil surface as a direct consequence of ploughing. Notably, CT showed
lower values in 2021 compared to subsequent years, likely due to the measurements being
taken shortly after seedbed preparation, in contrast to 2022 (1 month later) and 2023 (3
months later), allowing more time for natural soil consolidation and the formation of sur-
face crusts as a result of rainfall and sprinkler irrigation.
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3.3. Soil Penetration Resistance

Measurements performed in 2021 suggested that CA exhibited higher penetration
resistance compared to CT. However, the manual method employed, lacking precision,
was finally discarded. An improved methodology was implemented from 2022 onwards,
using a digital penetrometer. In 2022 and 2023, along the soil profile, with soil volumetric
water content of approximately 20%, the penetration resistance tended to be higher in CA
by 33—47% compared to CT, and there was a common trend toward increasing penetration
resistance with increasing depth (Figure 7). Specifically, the CA-NI and CA-SSD treat-
ments showed penetration resistance values exceeding 2500 kPa below 10 cm, which then
further increased with the depth. In 2023, these treatments resulted in increased resistance
by more than 50%, particularly below 20 cm. In contrast, the CA-S treatment demon-
strated lower and stable values, around 1500 kPa for both years. Finally, CT showed low
penetration resistance at the surface (<1000 kPa), which increased abruptly for the SSD
and NI treatments below 30 cm, surpassing 2000 kPa.
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Figure 7. Soil penetration resistance profile in 2022 and 2023 under different agricultural practices
(conservation agriculture—CA and conventional tillage—CT) combined with different irrigation
systems (not irrigated —NI, sprinkler —S and subsurface drip—SSD). Error bars indicate standard
deviations. Measurements were realized after the sowing date of the main crop (CT and CA) and
before the tillage date (CT).
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3.4. Quasi-Steady Ponded Infiltration

The quasi-steady ponded infiltration values exhibited clear differences between CA
and CT (Figure 8). In 2021, the standard deviations for CA ranged from 23 mm-h! to 96
mm -h, while, for CT, they ranged from 86 mm -h™ to 274 mm -h™'. These deviations
decreased in 2022, with CA showing values ranging from 3 mm -h' to 13 mm *h™' and CT
from 40 mm -h to 58 mm -h-'. By 2023, the standard deviations were further reduced to
7 mm ‘h™ to 14 mm -h™' for CA and 15 mm ‘h™' to 90 mm -h for CT. These variations
highlight the small-scale heterogeneity in the soil properties despite the relatively short
distance between the measurement points (5 m).

Throughout all three years, CT consistently displayed higher infiltration rates com-
pared to CA, regardless of the irrigation system. In 2021, CT-S gave the highest value at
680 mm -h7, followed by CT-SSD at 306 mm -h-'. CA-S followed with 162 mm *h', while
CT-NI and CA-SSD were close at 117 mm -h' and 111 mm ‘h-}, respectively. The lowest
value was observed for CA-NI at 38 mm -h-!. In 2022, the infiltration rates decreased across
all treatments, compared to 2021. CT-S led with 223 mm ‘h-, followed by CT-55D at 101
mm -h-! and CT-NI at 77 mm -h-; then, CA-SSD, CA-NI and CA-S followed at 46 mm -h,
44 mm ‘h™! and 34 mm -h, respectively. In 2023, CT-NI gave the highest rate at 284 mm
‘h1, followed by CT-SSD at 136 mm -h! and CT-S at 51 mm -h-!. CA showed lower rates
between 33 and 48 mm -h-1.

Moreover, within CA, the infiltration rates decreased with the time that had elapsed
since the last tillage (spring 2020). Additionally, CA exhibited less temporal variability in
the infiltration rates compared to CT.
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agriculture—CA and conventional tillage—CT) combined with different irrigation systems (not ir-

rigated —NI, sprinkler —S and subsurface drip—SSD). Error bars indicate standard deviations.
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3.5. Soil Evaporation

The cumulative soil evaporation curves represent measurements taken outside of
rainy or irrigated periods (Figure 9). The soil evaporation measurements began 69 days
after sowing in 2021, 34 days in 2022 and 28 days in 2023. In 2021, CA exhibited lower
cumulative soil evaporation values compared to CT, with differences of —8%, 2% and
8% for S, SSD and NI, respectively. However, in 2022, CA showed higher values, with
differences of +28%, +6% and +24% for S, SSD and NI, respectively. In 2023, CA demon-
strated lower values than CT for S irrigation, with a difference of -22%, while presenting
higher values with differences of +4% and +6% for SSD and NI, respectively. Hence, all
trends were present, meaning that multiple factors likely intervene and may be challeng-
ing to identify and even more so to isolate. Nevertheless, clear variations were noted be-
tween the irrigation systems: the S treatments displayed higher cumulative soil evapora-
tion values compared to SSD and NI, with differences of 36% and 17% for 2021, 42% and
39% for 2022 and 27% and 16% for 2023 for SSD and NI, respectively.

a0 i 1
40 ; I
Practice
E ] ] = CA
=304 o ‘o - CT
o o™ .y .o
® & o o
2 et = ‘O Irrigation
g (s 0] o] -
20 } i o i
‘© L]
w
BH 55D
10
0

0 50 100 0O 30 60 80 0O 25 50 75
Days after sowing

Figure 9. Cumulative soil evaporation for each cropping season (2021, 2022 and 2023) under differ-
ent agricultural practices (conservation agriculture—CA and conventional tillage—CT) combined
with different irrigation systems (not irrigated —NI, sprinkler—S and subsurface drip—SSD). Dot-

ted blue lines indicate the sowing dates.

The impact of cover crop residues left on the soil surface in CA was not clearly dis-
cernible across all years of observation. This was due to the quick degradation (a few
weeks at the very most) of most cover crop residues with a predominance of legumes
during the soil evaporation study periods in 2021 and 2022, resulting in minimal global
effects on the cumulative evaporation. Additionally, noticeable differences in vegetative
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growth, between treatments and during the same periods, were expected to have a strong
influence on the net soil evaporation dynamics.

To clarify these points, a more detailed examination was conducted in 2023, focusing
on three specific periods along the crop cycle, following rainfall or irrigation events for
the SSD treatment under CA and CT (Figure 10). During the first period (May 31 to June
5), the LAI of the main crop was 0 m>m?2 and the cover crop residues on the soil surface
in CA had a mass of 421 g of dry matter per m?. This resulted in lower evaporation rates
for CA compared to CT. By the second period (June 14 to 21), the LAl was 0.2 m*>m?2 and
the residue mass in CA had decreased to 248 g of dry matter per m? leading to slightly
higher evaporation rates in CA compared to CT. As for the third period (July 4 to 10), the
LAI values increased to 1.1 m2:m=2 for CT and 0.8 m?m2 for CA, with the residues in CA
further degraded to 200 g of dry matter per m2. At this point, the evaporation rates be-
tween the two treatments were nearly identical, with less than a 0.5 mm difference, sug-
gesting that both the residue mass and LAl influenced soil evaporation. However, by this
stage of crop growth, additional factors may also have contributed to the observed evap-
oration rates.
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Figure 10. Daily soil evaporation observations periods in 2023 under different agricultural practices
(conservation agriculture—CA and conventional tillage—CT) irrigated by subsurface drip (SSD):
(1) May 31 to June 5, (2) June 14 to 21 and (3) July 4 to 10.

To further investigate the multiple determinants of the soil evaporation dynamics, a
principal component analysis (PCA) was conducted using data from 2022 and 2023 (Fig-
ure 11). This dataset included variables such as the LAIL net global radiation at the soil
surface, soil surface temperature (averaged from 3 to 10 cm) and soil surface moisture
(averaged from 3 to 10 cm).

The analysis reveals that the first two principal components together capture approx-
imately 80% of the total variance in the data (Figure 11a), providing a comprehensive un-
derstanding of the factors driving soil evaporation. Dimension 1 (Dim 1, 53.9% of the var-
iance) highlights soil moisture as the dominant factor controlling soil evaporation, as
demonstrated by their strong positive correlation. This indicates that water availability is
the primary constraint on evaporation within the dataset. Conversely, the soil tempera-
ture exhibits a negative correlation with evaporation, suggesting that limited moisture
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availability may inhibit evaporation, even when the soil temperature is elevated. This in-
verse relationship implies that the temperature alone is not a sufficient driver of evapora-
tion without enough soil moisture. Additionally, the LAI shows a negative correlation
with the net global radiation, indicating that the increased interception of solar radiation
by the canopy reduces the radiation reaching the soil surface. This shading effect plays a
critical role in moderating both the soil temperature and moisture retention.

Dimension 1 clearly separates the treatments based on their moisture availability and
evaporation patterns (Figure 11b). The S treatments are clustered on one side of Dim1,
reflecting higher water availability and evaporation rates, while the NI and SSD treat-
ments are grouped on the opposite side, indicating lower moisture levels and reduced
evaporation. In contrast, Dimension 2 (Dim 2, 25.3% of the variance) reveals only slight
differences between CA and CT. In CA systems, soil evaporation appears to be more in-
fluenced by the interaction between soil moisture and global radiation, whereas, in CT
systems, factors such as the LAI and soil temperature seem to exert a stronger influence
on the evaporation dynamics.
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Figure 11. Principal component analysis (PCA) of the 2022 and 2023 dataset for soil evaporation
assessment. (a) Correlation circle displaying vectors for explanatory variable scores; (b) graph of
individuals illustrating the distribution of treatments. Each point represents an agricultural practice
(conservation agriculture—CA and conventional tillage—CT) and an irrigation system (not irri-

gated —NI, sprinkler—S and subsurface drip—SSD).

3.6. Leaf Area Index (LAI) and Grain Yield (GY)

The maximum leaf area index (LAImax) and total grain yield (GY) values are indi-
cated in Figure 12. They followed a similar trend throughout the three years, with CA
consistently showing lower values than CT, regardless of the irrigation method, indicating
reduced crop development in CA. In 2021, the LAImax values for CA were 31%, 14% and
24% lower than CT for S, SSD and NI, respectively. The differences became more pro-
nounced in 2022, with reductions of 44%, 68% and 56% for S, SSD and NI, respectively,
and with 49%, 54% and 29% reductions in 2023 for S, SSD and NI, respectively. Among
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the irrigation methods, S consistently produced the highest LAImax, followed by SSD and
NL

Similarly, in 2021, the GY was lower in CA by 28%, 15% and 9% for S, SSD and NI,
respectively, compared to CT. These differences widened significantly in subsequent
years. In 2022, the GY in CA was 65%, 98% and 88% lower than in CT for S, SSD and NI,
respectively. In 2023, the reductions were 65%, 76% and 95%. Across all years, the S irri-
gation method always resulted in the highest GY, followed by SSD irrigation and NI

Practice
CA
cT

Irrigation

NI
?A s

Figure 12. Maximum leaf area index (LAImax) and grain yield (GY) values across cropping seasons
(2021, 2022, 2023) under different agricultural practices (conservation agriculture—CA and conven-
tional tillage—CT) combined with different irrigation systems (not irrigated —NI, sprinkler—S and
subsurface drip—SSD). Error bars indicate standard deviations.

3.7. Water Productivity

The trends in the total water productivity (TWP) and irrigation water productivity
(IWP) matched the observed grain yield patterns over the three years (Table 4). Specifi-
cally, higher values of TWP and IWP were constantly observed in CT compared to CA,
and the values for S-irrigated treatments were higher compared to the SSD and NI treat-
ments. This was expected as the water productivity is closely linked to the yield. In 2021,
the TWP in CA was reduced by 40%, 16% and 11% compared to CT for the S, SSD and NI
treatments, respectively. These differences became more pronounced in 2022, where the
reductions in TWP reached 65%, 97% and 89% for S, SSD and NI, respectively. In 2023,
the gaps changed, with reductions of 61%, 75% and 96% for S, SSD and NI, respectively.

A similar trend was observed for IWP. In 2021, the IWP in CA was lower than that in
CT by 42% and 20% for the S and SSD irrigation treatments, respectively. These gaps
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increased significantly in 2022, reaching reductions of 63% and 99% for S and SSD. By
2023, the IWP reductions were 60% and 72% for S and SSD, respectively. Across most
scenarios, IWP consistently outperformed TWP, except in the CA-SSD treatment in 2021.

Table 4. Summary of real irrigation volumes (I), total water input (rainfall R + irrigation I), total
water productivity (TWP) and irrigation water productivity (IWP) across cropping seasons under
different agricultural practices (conservation agriculture—CA and conventional tillage—CT) com-

bined with different irrigation systems (not irrigated —NI, sprinkler —S and subsurface drip —SSD).

2021 (Maize) 2022 (Sorghum) 2023 (Soybean)

I R+I TWP IWP I R+I TWP IWP I R+I TWP IWP
(m*ha) (m3ha) (kg-m-3) (kg:m=) (m*ha) (m3*ha?) (kg-m3) (kg-m=) (m>ha) (m>ha) (kg:m-3) (kg-m=)
CA-S 2100 6000 1.70 2.02 2400 3550 0.48 0.71 3000 4570 0.32 0.48
CA-SSD 2500 6400 1.48 1.41 2600 3750 0.01 0.01 2700 3870 0.20 0.31
CA-NI - 3900 1.53 - - 1150 0.02 - - 1570 0.02 -

CT-S 2400 6300 2.37 3.48 2600 3750 1.38 1.92 2700 4270 0.81 1.02
CT-SSD 2500 6400 1.71 1.75 2600 3750 0.62 0.83 2700 4270 0.83 1.06
CT-NI - 3900 1.69 - - 1150 0.16 - - 1570 0.44 -

Treatment

3.8. Effect of Practice and Irrigation System on Dependent Variables

Table 5 presents the statistical results for each cropping season, examining the effect
of the “practice” (CT or CA), “irrigation system” (S, SSD, or NI) or their interaction on
various dependent variables. This section includes the Kruskal-Wallis p-values. Subse-
quently, p-values derived from linear models for the interactions are also provided, indi-
cating the statistical significance of the factors.

Table 5. Statistical comparison of effects of practice (CA and CT), irrigation system (S, SSD and NI)
and their interaction on variables measured for all cropping seasons. Kruskal-Wallis p-values for

main effects “practice” and “irrigation system” and linear model p-values for interaction are shown.

e e 1%

indicates highly significant (p < 0.001). **" indicates moderately significant (0.001 <p < 0.01).
indicates marginally significant (0.01 < p < 0.05). (ns) indicates not statistically significant (p > 0.05).

‘- indicates that p-values were not assessed.
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In 2021, the practice significantly influenced most variables, except soil evaporation
and the bulk density. Similarly, the irrigation systems had notable effects on the variables,
except the bulk density. The interaction between these factors notably affected the soil
temperature and marginally impacted the quasi-steady ponded infiltration and grain
yield. In 2022, the practice continued to exert a significant influence, impacting most var-
iables except the bulk density. The irrigation system also showed substantial effects across
the variables, except the quasi-steady ponded infiltration. The interaction effects were sig-
nificant, notably on the grain yield, soil temperature and quasi-steady ponded infiltration.
By 2023, the practice significantly influenced the grain yield, soil temperature, soil pene-
tration resistance and quasi-steady ponded infiltration. The irrigation system also had
substantial impacts, particularly on the grain yield, soil temperature and soil evaporation.
The interaction effects were notable, especially on the soil temperature and quasi-steady
ponded infiltration, with marginal significance for the grain yield.

The grain yield, soil temperature and quasi-steady ponded infiltration rate remained
constantly sensitive variables affected by interactions between the practice and the irriga-
tion system across all years. The soil penetration resistance was significantly influenced
by the agricultural practices, while the irrigation system notably affected soil evaporation.

4. Discussion
4.1. Effects of CA and Irrigation System on Soil Physical Properties

In the present study, significant effects of both the agricultural practice (CA or CT)
and the irrigation system (S, SSD or NI) were observed from the first year of the experi-
ment.

4.1.1. Temperature

In CA, smaller temperature fluctuations were noted (Figure 5), attributed to the buff-
ering effect of cover crop residues. Even in low quantities, these residues reduce the direct
radiation on the soil surface, leading to more stable temperatures [75]. Similar findings
have been reported in several studies (Table 1), including those by Shen et al. [32], Alletto
et al. [50] and Meena et al. [51]. The irrigation method also played a role in temperature
regulation. Sprinkler (S) irrigation resulted in soil surface temperatures that were up to 4
°C lower than in SSD and NI. On the one hand, S treatments are characterized by higher
surface humidity, contributing to lower temperatures by cooling the soil surface, espe-
cially during hot days under a strong evaporative demand. This cooling effect occurs as
liquid vapor absorbs heat from the surrounding air and evaporates, lowering the temper-
atures via phase changes [76]; however, it is generally limited to the top few centimeters
of the soil, where the evaporative front takes place. A few centimeters below this, another
effect takes over: the infiltration of water at temperatures lower than the soil’s has a direct
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cooling effect. Moreover, the higher the water content, the more efficiently the cooling
effect propagates downwards; this is due to convection but also because the thermal con-
ductivity of water is at least twice that of soil particles [77]. On the other hand, the SSD
and NI treatments, characterized by dry surface conditions, displayed stronger tempera-
tures due to reduced moisture levels, which limit the soil’s capacity to absorb and retain
heat.

These temperature fluctuations are influenced not only by crop residues and the soil
characteristics but also by the developmental stage of the crops [78]. While the sun’s
warming effect on the soil surface is prone to increasing from spring to summer, the grow-
ing canopy intercepts progressively more radiation.

The higher LAI values observed for S irrigation indicate better radiation interception,
leading to less radiation reaching the soil surface, in comparison with SSD and NI, exhib-
iting lower LAI values. In Mediterranean climates, reduced soil temperatures may help to
mitigate the effects of wider daily temperature fluctuations and increased drought fre-
quencies [33,79]. Moreover, cooler soil temperatures in summer can create a more stable
environment for crops, enhancing water retention, nutrient availability and microbial ac-
tivity, as lower temperatures reduce evaporation and help to maintain the optimal condi-
tions for soil organisms, which collectively support crop growth.

4.1.2. Bulk Density

The bulk density, an indicator of soil health and compaction and affected by the soil
structure, texture, climatic conditions and agricultural practices [80], showed no signifi-
cant differences across the years (Figure 6). In general, in CT, the bulk density values were
lower than those in CA (5-15%) due to the effect of tillage in loosening soil packing and
particle arrangement [81]. The values found in this study are similar to those also observed
by [47] for a silty soil in CT. Particularly high values (>1.7 g-cm=) were observed in CA.
According to the USDA guidelines (2019) for loam soils, bulk densities exceeding 1.7
g-cm= may hinder root development. Nevertheless, the “ideal” bulk density for optimal
plant growth (i.e., adequate pore space, optimal water retention, good support for root
development, sufficient nutrient availability, etc.) varies depending on the soil type and
crop variety [82]. Research suggests that adopting CA can lead to an increase in bulk den-
sity in many cases [83,84], which often implies a reduction in micro-, meso- and
macroporosity, thereby reducing the hydraulic conductivity [85].

4.1.3. Penetration Resistance

By contrast, the soil penetration resistance, which is a proxy for soil compaction [86]
and represents the difficulty with which the roots will develop throughout the crop cycle
[82], was significantly influenced by the farming practice (Table 5), with higher values
observed in CA compared to CT, from the first year (Figure 7). The difference between
CA and CT was observed in the upper soil layers and could be mainly attributed to the
tillage practice in CT, which mechanically allows the loosening and restoration of the ini-
tial soil conditions for root development. Conversely, in CA, the absence of tillage, com-
bined with the repeated use of agricultural machinery for sowing, weed control and har-
vesting [87], likely contributed to higher surface compaction.

In CT, however, the penetration resistance values significantly increased at depths of
25 to 30 cm, exceeding the critical threshold of 2000 kPa recommended for optimal root
growth in the literature [87,88]. This increase suggests the presence of a plough pan, a
compacted layer formed during tillage that can raise the bulk density in the deeper soil
layers, negatively impacting root penetration and overall crop development [89]. In CA,
the penetration resistance values also generally exceeded 2000 kPa, indicating surface
compaction issues. Similar trends have already been observed in different short-term
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studies, as shown in Table 1 [17,21-23,36]. Additionally, Peigné et al. [90] emphasize that,
even with conservation practices, compaction is reinforced by the soil’s susceptibility to
compaction, particularly in soils with high silt and clay content, as observed in our study.

Notably, the highest resistance values in CA were observed in the NI treatments, fol-
lowed by the SSD-irrigated treatments, with the lowest values recorded in the S-irrigated
treatments. Since the soil moisture levels during penetration resistance measurement were
equivalent across the treatments (approximately 20%), these resistance differences di-
rectly reflect the impacts of the irrigation systems on the soil structure. For the SSD and
NI treatments, the drying cycles and localized water distribution patterns likely exacer-
bated surface compaction. In the SSD system, where the driplines were buried at a depth
of 35 cm, the frequent dry conditions in the surface layers may have increased the friction
between the soil particles, strengthened the soil structure and shrunk the pores [91], even
though sufficient moisture was maintained at the depth of the driplines. Particularly in
SSD, Lamm [92] has observed potential challenges, where driplines may encounter defor-
mation due to vertical soil compaction or lateral overburden. This deformation can result
in reduced flow rates and compromised distribution uniformity, affecting, in turn, the
irrigation efficiency.

4.2. Effect of CA and Irrigation System on Water Flux
4.2.1. Infiltration

The quasi-steady ponded infiltration values were significantly lower in CA (three to
four times) compared to CT (Figure 8), due to soil compaction in CA, as indicated by the
elevated penetration resistance, especially in the SSD and NI treatments. This trend, re-
lated to the higher bulk density and penetration resistance in the topsoil under CA, is also
noted in previous studies [26,93] (see Table 1). The difference is also attributed to greater
small-scale soil heterogeneity in the conventionally tilled plots, in coherence with obser-
vations made by Vinatier et al. [67], who attribute this dynamic to preferential flows
through cracks or macropores that are unevenly distributed. This soil heterogeneity was
consistent across all CT repetitions, likely influenced by factors such as the soil structure,
the presence of compacted layers or aggregates and prior tillage conditions [94]. However,
some authors [41,61,95] indicate that the infiltration rates in tilled systems may decrease
rapidly due to post-tillage soil reconsolidation. Finally, the infiltration rates in CA de-
creased after the first year, because of the progressive soil compaction with the passage of
heavy machinery for agricultural operations, known to affect the soil structure and de-
crease the soil porosity [96]. Moreover, Esser and Roua et al. [97,98] suggest that CA prac-
tices may have different effects on the soil infiltration rates according to specific practices
(minimum tillage, no tillage, etc.) and the initial or local soil conditions (soil texture, or-
ganic matter content, compaction level, etc.). Finally, numerous authors report that CA
practices may lead, in the long term, to an improved soil structure, increased soil organic
matter content and enhanced soil biota, which overall favor infiltration [29,41,56,58,99—
102].

4.2.2. Evaporation

According to the literature, surface residues in CA practices reduce soil evaporation
by creating a physical barrier, often referred to as mulch, which shields the soil surface
underneath from direct exposure to sunlight and air, minimizing water loss [103]. The
observations in 2023 (Figure 10) showed a more pronounced effect during the initial
phases of the crop cycle, before the decomposition of the residues. Later on, when the
surface gradually dries out over time and the residues naturally degrade, the decrease in
evaporation in CA becomes less pronounced. In fact, water located deeper in the soil does
not reach the surface rapidly enough to sustain the rate of evaporation from moist soil. As
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the surface soil surface dries out, it begins to impede the transport of water [102]. Addi-
tionally, the thickness of the mulch, which limits the lateral movement of humid air at the
surface [104], decreases as the residues decompose, reducing the mulch’s efficacy in
dampening soil evaporation.

Treatments irrigated by S had significantly higher soil evaporation (Table 5) com-
pared to SSD and NI, because, when the soil surface is wet, the evaporation rates are pri-
marily driven by atmospheric energy. As the surface dries out, the evaporation rates are
constrained by water movement from the soil to the surface. In the case of the SSD (buried
at 35 cm) and NI treatments, the increase in soil surface moisture was only due to precip-
itation, which results in lower evaporation values when compared to S irrigation. This
trend was corroborated by the principal component analysis (PCA) shown in Figure 11,
highlighting the surface soil moisture as a principal variable affecting soil evaporation.
However, the methodology used to evaluate soil evaporation may present a limitation.
Rainwater may drain out quickly from lysimeters, preventing water redistribution
through capillarity, which would normally occur. This likely results in lower evaporation
from lysimeters [105] than from the soil volume that they aim to monitor.

4.3. Effect of CA and Irrigation System on LAI, GY, TWP and IWP

It was constantly observed that the LAI values remained lower in CA compared to
CT, regardless of the irrigation system employed (Figure 12). Moreover, the S irrigation
system consistently gave the highest values of all indicators. In 2022, the LAl and GY val-
ues for the CA-SSD and CA-NI treatments were far lower than those obtained for all other
combinations. Several interdependent factors may have contributed to these poor re-
sults—most likely soil compaction, low infiltration rates and high bulk densities. These
factors are closely linked to vegetative growth and, when unfavorable, they can hinder
root development and water uptake, limiting plant growth and productivity. Indeed,
Chen et al. [106] and Carceles Rodriguez et al. [107] mentioned that the main challenge in
CA is root growth limitation due to compaction and poor water infiltration. Some authors
observed also lower yields in CA [21,36], attributed to poor seedling emergence due to
soil compaction and low soil temperatures in the no-till system (see other examples in
Table 1). In a meta-analysis, Van den Putte et al. [108] confirmed that no tillage results in
lower yields under drier climatic conditions compared to CT and other conservation till-
age techniques that do not involve soil inversion.

Regarding water productivity, similar patterns could be observed as in the crop yield.
The treatments in CT exhibited higher values of total water productivity (TWP) and irri-
gation water productivity (IWP), indicating more efficient water use (rainfall and irriga-
tion) by the crops under these conditions. On the contrary, CA may face challenges in
maintaining water productivity, potentially due to factors such as soil compaction or
changes in soil moisture dynamics that can affect root development and water uptake.
Generally, S-irrigated systems allowed better TWP and IWP than SSD-irrigated systems
for both CA and CT. In particular, the IWP values surpassed the TWP values, suggesting
that using irrigation is more effective in enhancing crop yields than relying only on rain-
water, although both remained relatively low for the CA-SSD treatments. For comparison,
Rana et al. [109] reported that an SSD system, buried at a 0.15 m depth with spacing of
0.67 m under CA for 8 years, allowed two times less water use (increase of 1.8% in total
water productivity) compared to flood irrigation under semi-arid to sub-humid condi-
tions. Sanchez-Llerena et al. [35] reported an important increase in total water productiv-
ity, with water savings of up to 75% when using sprinkler irrigation with no tillage com-
pared to flood irrigation under Mediterranean conditions.

It is important to note that the TWP and IWP have limitations, as they do not account
for the timing of rainfall or irrigation, which affects the water availability. More detailed
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approaches, such as daily water balance models or models with a frequency sufficient to
capture temporal variations, may be needed, especially in CA systems, where the soil
structure and water retention can vary.

4.4. Challenges of CA Adoption

Our study identified significant challenges in the initial years following CA adoption,
particularly high soil compaction, in irrigated systems under a Mediterranean climate. It
is hypothesized that, before transitioning to CA (before distinguishing CA and CT plots
prior to winter crop sowing in 2020 under CA), a “plough pan” was already established
at our experimental site, down to a depth of about 30 cm, as evidenced in the literature
and confirmed by the results regarding soil penetration resistance. Additionally, compac-
tion in the shallower soil horizon may have been intensified by machinery passage and
the impact of raindrops during the preceding crop period. After transitioning to CA, soil
compaction, as indicated by the penetration resistance values, became more evident in CA
compared to CT, primarily in the first 30 cm, owing to the absence of tillage. In CT, the
tillage annually reconditions the soil, alleviating compaction. Therefore, reconditioning
measures to address soil compaction in CA systems may be necessary, as persistent com-
paction can affect other critical soil physical properties, ultimately hindering crop perfor-
mance and irrigation water productivity, even if the irrigation system is recognized as
efficient. Martinez et al. [24] propose that adopting no tillage with subsoiling before sow-
ing may be especially relevant in Mediterranean areas affected by soil compaction. Simi-
larly, Salem et al. [17] recommend exploring alternative forms of conservation tillage, like
reservoir and minimum tillage, in specific scenarios to mitigate compaction without sac-
rificing the benefits of CA. Special attention needs to be given to SSD-irrigated plots, en-
suring that these measures are applied to an optimal depth, preferably not exceeding 30
cm, to prevent any damage to the irrigation system buried at a depth of 35 cm.

Despite the agronomic challenges associated with the adoption of CA, it is feasible to
address them through the more tailored adaptation of CA principles to the local condi-
tions, such as adapted machinery or agricultural practices adapted to the climatic condi-
tions [10]. Moreover, as observed in Table 1, the temporal dimension of CA has diverse
and varying effects on the observed properties [13], with expectations for their evolution
to benefit crop productivity over the long term [110,111], underscoring the interest in
monitoring these properties over the long term.

4.5. Subsurface Drip Irrigation in CA

In the Mediterranean climate, irrigation is essential to maintain productivity and en-
hance the regulating services improved by CA, especially during dry seasons [14]. This
study aimed to explore how different irrigation systems influence the outcomes (and di-
agnostic) of CA, with a particular focus on subsurface drip irrigation (SSD), recognized
for its efficiency in water delivery.

The combination of SSD with CA offers a compelling strategy, as it enables direct,
localized water delivery to the root zone, minimizing soil evaporation [112,113]. However,
despite the potential benefits of SSD irrigation in improving the water use efficiency and
mitigating environmental impacts [114,115], this irrigation system may be unable to de-
liver water in the shallow soil layers. This issue is particularly critical during the early
stages of crop growth, when insufficient surface moisture can lead to water stress, less-
ened seed emergence, reduced vegetative growth and lower yields, particularly in the ab-
sence of sufficient rainfall [116]. Consequently, SSD-irrigated systems may face disad-
vantages compared to sprinkler irrigation (S), which consistently maintains the soil mois-
ture throughout the profile from the beginning of the crop cycle. To address SSD’s limita-
tions, supplementary irrigation with an alternative system, such as sprinklers, may be
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necessary during the initial growth stages to ensure proper crop establishment and root
access to moisture provided by SSD at deeper levels [92]. This strategy could be especially
crucial in Mediterranean climates, with low initial soil moisture and extended summer
droughts. However, the success of this approach depends heavily on favorable soil con-
ditions that support root growth and development [117]. Further research is needed to
optimize SSD systems for Mediterranean crops under CA practices, including determin-
ing the ideal drip line depth, spacing and emitter discharge rates to ensure that the water
delivery aligns with the crop needs and environmental conditions.

5. Conclusions

This study presents the impacts of conservation agriculture (CA), over a three-year
period following adoption, and compares it to conventional tillage (CT), with different
irrigation systems (sprinkler (S), subsurface drip (SSD)) and under non-irrigated condi-
tions (NI). The physical soil properties, water fluxes, vegetative growth, crop yields and
water productivity were studied in the Mediterranean French context, likely to be extrap-
olated to other Mediterranean systems.

The results show that the short-term effects of CA differ significantly from those seen
in long-term studies reported in the literature, with initial challenges observed in the soil
properties, water fluxes, crop development, yields and water productivity. CA treatments
exhibited higher soil penetration resistance and lower infiltration rates, particularly the
CA-SSD and CA-NI treatments, leading to reduced crop performance. Sprinkler irrigation
produced the best crop results across all systems. In CA, mulch initially reduced soil evap-
oration, but this effect diminished over time as the residue decomposed, and crop devel-
opment lagged. Soil temperature fluctuations were moderated by surface residues, espe-
cially in S-irrigated plots.

Addressing soil compaction is vital when implementing CA, especially in soils that
are sensitive to compaction, as it can severely hinder crop yields and water productivity,
even with efficient irrigation systems. Our findings suggest that mid- and long-term stud-
ies in irrigated Mediterranean systems are needed to assess whether the initial challenges
of CA can be mitigated through improvements in the soil structure and system adapta-
tion. Additionally, the water consumption of winter crops should be considered, as they
help to maintain soil cover but also use rain or irrigation water (commonly applied in
Mediterranean conditions), affecting the water reserves for summer crops. Future re-
search should focus on the optimal irrigation strategies under varying water deficit sce-
narios and explore how combining conservation practices and irrigation systems can en-
hance the water use efficiency and provide other ecosystemic benefits.
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CA Conservation Agriculture

CT Conventional Tillage

S Sprinkler

SSD Subsurface Drip
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GY Grain Yield

LAI Leaf Area Index

TWP Total Water Productivity

IWP Irrigation Water Productivity
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