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Abstract 13 

Soils provide key ecosystem services and are crucial to combat climate change. Agriculture provides important 14 

ecosystem services but also causes negative environmental effects depending on agricultural management. In 15 

this regard, crop diversification is a promising sustainable land management strategy to combat soil erosion 16 

and degradation, mitigate climate change and ensure food security. Here, we assess the combined short-term 17 

effects of crop diversification and no tillage on several key soil physico-chemical parameters related to soil 18 

functioning as well as on crop yields in a rainfed almond (Prunus dulcis Mill.) orchard under semiarid 19 

Mediterranean conditions. Almond trees were inter-cropped with Capparis spinosa L. (caper) or Thymus 20 

hyemalis Lange (winter thyme) and compared with the almond monocrop system. The experimental design 21 

consisted of three plots in a randomized-block design, with three replicates for each crop management 22 

treatment (almond monocrop, almond inter-cropped with caper, and almond inter-cropped with winter thyme). 23 

Along with crop yields, the combined effects of crop diversification and no tillage on a range of soil quality 24 

and health indicators including soil physical (bulk density, aggregate stability, water retention and availability) 25 

and chemical (total and particulate organic carbon and nitrogen, ammonium and nitrate content, available 26 

macro- and micro-nutrients) properties were monitored in the topsoil and subsoil (at 0-10 and 10-30 cm depth, 27 

respectively) one and three years from establishment. 28 

Results from this study indicate that soil water retention capacity and water availability for plants were 29 

enhanced in both crop diversification systems after three years from their implementation at 0-30 cm depth. 30 
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Likewise, improvements in particulate organic carbon and available N were observed in the subsoil of both 31 

crop diversifications. Crop diversification did not significantly affect the main crop yields, highlighting that 32 

crop diversification can be a promising sustainable management practice for improving soil health without 33 

compromising food security under semiarid Mediterranean conditions. Indeed, land equivalent ratios (LER) 34 

of almond trees inter-cropped with winter thyme were higher than those of their respective monocrop systems 35 

for two consecutive years, indicating that inter-cropping with aromatics can improve the productivity of 36 

rainfed woody monocrop systems under semiarid conditions. Our results emphasize the importance of 37 

selecting an appropriate secondary crop that ensures a permanent soil cover while contributes to enhance the 38 

agroecosystem productivity from the first year of establishment onwards to off-set plausible lower yields from 39 

the main crop. In this regard, preliminary assessments on soil condition and crop nutrient requirements are 40 

encouraged before designing and implementing a crop diversification in these low-input cropping systems. 41 

Likewise, long-term studies are needed to provide evidence on the stability of the production of diversified 42 

crop management, particularly in these low-input cropping systems under harsh environmental conditions. 43 

 44 

Keywords: Inter-cropping; low-input woody crops; winter thyme; soil management; semiarid conditions; soil 45 

ecosystem services; climate change mitigation; land equivalent ratio 46 

  47 



Highlights 

 

 Crop diversification impacts on land productivity and soil functioning were assessed 

 Almond trees were inter-cropped with caper or thyme under semiarid conditions 

 Inter-cropping enhanced soil structure and water and nutrient availability for plants 

 Inter-cropping with aromatics improved land productivity of a rainfed almond orchard 

 Soil and crop nutrient requirement assessments are encouraged before inter-cropping 

 

Highlights (for review)



Table 1. Soil physical properties of the almond monocrop, almond inter-cropped with caper, and almond inter-cropped with winter thyme in 

the topsoil and subsoil one and three years after implementation (values on dry weight basis). Standard errors are given in parentheses. Aster-

isks indicate significant differences between sampling times at each soil depth within each crop management treatment. 

Soil variables Sampling time Almond monocrop Almond inter-cropped with caper Almond inter-cropped with winter thyme 

  
  

Topsoil 

(0-10 cm) 

Subsoil 

(10-30 cm) 

Topsoil 

(0-10 cm) 

Subsoil 

(10-30 cm) 

Topsoil 

(0-10 cm) 

Subsoil 

(10-30 cm) 

BD (g cm-3) 
Year 1 1.1 (0.01) 1.3 (0.02) 1.2 (0.03) 1.3 (0.04) 1.2 (0.03) 1.3 (0.02) 

Year 3 1.1 (0.06) 1.2 (0.07) 1.2 (0.04) 1.3 (0.05) 1.1 (0.07) 1.3 (0.04) 

                

fPOM (%) 
Year 1 0.2 (0.09) 0.1 (0.1) 0.2 (0.06) 0.2 (0.1) 0.1 (0.03) 0.0 (0.03) 

Year 3 0.1 (0.01) 0.1 (0.02) 0.1 (0.04) 0.2 (0.07) 0.1 (0.02) 0.3 (0.2) 

                

LM (%) 
Year 1 2.0 (0.3) 2.8 (0.7) 1.3 (0.4) 3.2 (0.8) 1.5 (0.4) 4.1 (1.2) 

Year 3 2.7 (0.8) 2.9 (0.9) 2.8 (0.9)* 2.7 (1.9) 5.7 (1.8)* 6.6 (2.8)* 

                

SM (%) 
Year 1 17.0 (1.2) 17.2 (1.6) 16.8 (1.6) 25.1 (1.4) 14.1 (0.5) 21.3 (1.3) 

Year 3 21.5 (0.9)* 29.7 (1.7)* 18.3 (1.3) 27.6 (2.6) 20.6 (1.5)* 26.7 (1.9) 

                

m (%) 
Year 1 17.4 (0.4) 33.4 (3.2) 28.7 (3.8) 20.5 (0.9) 40.6 (0.3) 18.0 (0.7) 

Year 3 17.4 (0.4) 19.2 (0.9) 17.4 (0.4) 19.1 (0.9) 16.7 (1.0) 19.2 (1.2) 

                

s + c (%) 
Year 1 63.2 (1.6) 46.5 (1.8) 53.3 (2.4) 51.2 (1.8) 43.7 (0.6) 56.5 (2.1) 

Year 3 58.3 (0.9) 47.7 (1.8) 60.5 (1.3)* 50.5 (3.1) 57.6 (1.1)* 48.3 (2.6)* 

                

LM:m 
Year 1 0.12 (0.02) 0.10 (0.04) 0.06 (0.02) 0.16 (0.03) 0.04 (0.01) 0.24 (0.08) 

Year 3 0.16 (0.05) 0.17 (0.06) 0.17 (0.06) 0.26 (0.13) 0.40 (0.14)* 0.54 (0.2)* 

                

AWC (m3 m-3) 
Year 1 0.1 (0.03) 0.09 (0.03) 0.09 (0.03) 0.10 (0.03) 0.08 (0.03) 0.08 (0.03) 

Year 3 0.1 (0.04) 0.09 (0.03) 0.11 (0.04)* 0.12 (0.04)* 0.10 (0.03)* 0.12 (0.04)* 

BD: bulk density; fPOM: floating particulate organic matter; LM: large macroaggregates; SM: small macroaggregates; m: microagrgregates; s+c: silt plus clay; 

LM:m: large macroaggregate-to-microaggregate ratio; AWC: available water content 

*For each treatment and soil depth, differences between the first and third year after crop diversifications were implemented were found after Bonferroni test (P < 

0.05) 
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Table 2. Soil chemical properties of the almond monocrop, almond inter-cropped with caper, and almond inter-cropped with winter thyme in the 

topsoil and subsoil one and three years after implementation (values on dry weight basis). Standard errors are given in parentheses. Asterisks 

indicate significant differences between sampling times at each soil depth within each crop management treatment. 

Soil variables Sampling time Almond monocrop Almond inter-cropped with caper Almond inter-cropped with winter thyme 

  
  

Topsoil 

(0-10 cm) 

Subsoil 

(10-30 cm) 

Topsoil 

(0-10 cm) 

Subsoil 

 (10-30 cm) 

Topsoil 

(0-10 cm) 

Subsoil 

(10-30 cm) 

pH 
Year 1 8.4 (0.03) 8.4 (0.03) 8.4 (0.04) 8.4 (0.03) 8.3 (0.04) 8.3 (0.06) 

Year 3 8.5 (0.02)* 8.5 (0.02) 8.5 (0.07) 8.5 (0.07) 8.6 (0.05)* 8.5 (0.06)* 

                

EC (dS m-1) 
Year 1 0.2 (0.01) 0.2 (0.01) 0.23 (0.02) 0.18 (0.01) 0.26 (0.04) 0.21 (0.01) 

Year 3 0.2 (0.02) 0.17 (0.01) 0.19 (0.01) 0.17 (0.01) 0.24 (0.03) 0.22 (0.03) 

                

CEC (cmol kg-1) 
Year 1 11.4 (0.4) 11.1 (0.4) 9.9 (0.7) 11.1 (0.7) 10.3 (0.5) 10.2 (0.4) 

Year 3 13.8 (0.3)* 14.6 (0.3)* 13.7 (0.4)* 14.6 (0.5)* 13.6 (0.4)* 14.0 (0.5)* 

                

TOC (g kg-1) 
Year 1 4.5 (0.2)  3.8 (0.3)  4.5 (0.3) 3.7 (0.4) 3.7 (0.3) 3.2 (0.2) 

Year 3 4.6 (0.3)  4.1 (0.3)  4.7 (0.3) 3.7 (0.2) 4.6 (0.3)* 3.3 (0.3) 

                

Nt (g kg-1) 
Year 1 0.7 (0.02) 0.6 (0.03) 0.7 (0.04) 0.6 (0.05) 0.5 (0.03) 0.5 (0.02) 

Year 3 0.9 (0.03)* 0.8 (0.1)* 0.8 (0.05) 0.7 (0.02) 0.6 (0.08) 0.6 (0.02)* 

                

POC (g kg-1) 
Year 1 1.2 (0.1) 0.8 (0.1) 1.2 (0.1) 0.5 (0.05) 0.9 (0.2) 0.5 (0.07) 

Year 3 1.2 (0.1) 0.6 (0.07) 1.3 (0.1) 0.7 (0.07)* 1.2 (0.2) 0.7 (0.1)* 

                

PON (g kg-1) 
Year 1 0.09 (0.01) 0.06 (0.01) 0.1 (0.01) 0.06 (0.01) 0.08 (0.01) 0.07 (0.01) 

Year 3 0.1 (0.01) 0.08 (0.01) 0.1 (0.01) 0.07 (0.01) 0.1 (0.01)* 0.06 (0.00) 

                

NH4
+ (mg kg-1) 

Year 1 2.7 (0.1) 2.1 (0.4) 2.2 (0.1) 1.5 (0.4) 1.5 (0.3) 0.9 (0.5) 

Year 3 1.5 (0.2)* 2.0 (0.2) 1.4 (0.2) 2.7 (0.2)* 1.7 (0.2) 3.4 (0.6)* 

                

NO3
- (mg kg-1) 

Year 1 26.4 (6.7) 16.2 (4.0) 27.1 (7.4) 4.4 (1.0) 14.2 (2.7) 5.6 (0.6) 

Year 3 11.3 (2.6)* 15.0 (3.3) 9.3 (1.7)* 7.3 (1.0) 8.5 (2.5) 12.3 (1.4) 

                

P (mg kg-1) Year 1 0.4 (0.2) 0.3 (0.04) 0.5 (0.2) 0.3 (0.1) 0.3 (0.06) 0.2 (0.04) 

Table 2 Click here to access/download;Tables;Table 2_CS1_Almagro et al_R1.odt



Year 3 4.0 (1.1)* 2.0 (0.5)* 3.6 (0.9)* 2.2 (0.7)* 1.7 (0.5)* 1.0 (0.3) 

                

K (g kg-1) 
Year 1 213.3 (6.9) 145.5 (7.9) 184.2 (13.2) 129.0 (8.0) 177.7 (10.3) 129.0 (8.9) 

Year 3 215.9 (13.2) 151.3 (8.4) 217.5 (9.5)* 145.5 (9.2) 221.7 (18.1)* 146.9 (15.2) 

                

Na (g kg-1) 
Year 1 BDL 0.03 (0.02) 0.04 (0.02) 0.03 (0.01) 0.03 (0.02) 0.03 (0.02) 

Year 3 0.02 (0.01) 0.02 (0.01) 0.04 (0.01) 0.04 (0.01) 0.06 (0.01) 0.09 (0.01)* 

                

Ca (g kg-1) 
Year 1 1.8 (0.1) 1.7 (0.1) 1.6 (0.1) 1.8 (0.1) 1.6 (0.1) 1.6 (0.1) 

Year 3 2.3 (0.1)* 2.4 (0.1)* 2.2 (0.1)* 2.4 (0.1)* 2.1 (0.1)* 2.1 (0.1)* 

                

Mg (g kg-1) 
Year 1 0.2 (0.04) 0.2 (0.06) 0.2 (0.05) 0.2 (0.04) 0.2 (0.03) 0.2 (0.05) 

Year 3 0.2 (0.03) 0.2 (0.04) 0.2 (0.02)* 0.2 (0.02) 0.3 (0.05)* 0.3 (0.07)* 

                

Mn (mg kg-1) 
Year 1 9.9 (1.2)* 12.3 (2.0)* 13.0 (1.3)* 13.9 (0.9)* 12.7 (0.8)* 13.9 (1.3)* 

Year 3 2.7 (0.2)* 2.9 (0.3)* 2.2 (0.1)* 2.5 (0.2)* 2.4 (0.04)* 2.7 (0.2)* 

                

Zn (mg kg-1) 
Year 1 0.1 (0.02)* 0.1 (0.02)* 0.2 (0.03) 0.1 (0.01) 0.2 (0.02) 0.1 (0.02)* 

Year 3 0.2 (0.01)* 0.1 (0.02)* 0.2 (0.01) 0.1 (0.02) 0.2 (0.08) 0.2 (0.05)* 

                

Fe (mg kg-1) 
Year 1 1.4 (0.1) 1.8 (0.2) 1.8 (0.1)* 2.1 (0.1)* 2.1 (0.2)* 2.2 (0.2)* 

Year 3 1.5 (0.07) 1.4 (0.07) 1.3 (0.07)* 1.3 (0.1)* 1.5 (0.1)* 1.5 (0.1)* 

                

Cu (mg kg-1) 
Year 1 0.6 (0.05) 0.6 (0.06) 0.9 (0.08) 0.8 (0.06) 0.9 (0.09) 0.8 (0.1) 

Year 3 0.7 (0.04)* 0.7 (0.05) 0.8 (0.04) 0.7 (0.04) 0.7 (0.05) 0.6 (0.05)* 

EC: electrical conductivity; CEC: cation exchange capacity; TOC: total organic carbon; POC: particulate organic carbon; PON: particulate organic nitrogen. 

*For each treatment and soil depth, differences between the first and third year after crop diversifications were implemented were found after Bonferroni test (P < 0.05) 

BLD: Below detection limits             



Fig.1. Location of the study site and experimental block design regarding the different crop management 

treatments under rainfed conditions: almond monocrop (orange), almond inter-cropped with caper (pink), 

and almond inter-cropped with winter thyme (green). 

 

 

Fig. 2. Average annual almond yields (in kg ha-1) for each crop management practice (almond monocrop, 

almond inter-cropped with caper, and almond inter-cropped with winter thyme) in 2019, 2020 and 2021. 

Average almond yield for each crop management practice over the 3-year period is also shown. For each year, 

different letters denote significant differences among crop management treatments according to Bonferroni 

test (P < 0.05). 
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Fig. 1. Average annual almond yields (in kg ha-1) for each crop management practice (almond monocrop, 

almond inter-cropped with caper, and almond inter-cropped with winter thyme in 2019, 2020 and 2021. 

Average almond yield for each crop management practice over the 3-year period is also shown. For each 

year, different letters denote significant differences among crop management treatments according to 

Bonferroni test (P < 0.05).  
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Figure S1. Partial views of the different crop management practices: almond monocrop (left picture); almond inter-cropped with caper (central picture); and 

almond inter-cropped with winter thyme (right picture). 
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Table S1. Two-way analysis of variance (ANOVA) assessing the effects of crop 

management treatment and year on almond yields in the 2019-2021 period. 

Factor Sum of squares df Mean Square F P 

Treatment 142.19 2 71.01 3.86 0.11 

Year 110.34 2 55.17 0.53 0.62 

Block 81.46 2 40.73 0.36 0.71 

Treatment * year 158.77 4 39.69 4.60 0.02 

Treatment * block 74.33 4 18.58 2.14 0.15 

year * block 429.44 4 107.36 12.67 <0.01 

Treatment * year * block 66.93 8 8.36 0.61 0.76 
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1. Introduction 48 

Agriculture is a dominant form of land management globally and its expansion and intensification are 49 

considered major threats to biodiversity, natural habitat fragmentation, soil and fresh water preservation, and 50 

global warming through greenhouse gas emissions worldwide (Power, 2010; Montanarella et al., 2016; 51 

Paustian et al., 2016; Campbell et al., 2017; IPCC, 2019). However, if wise managed, agricultural soils can 52 

also provide a broad range of supporting (e.g., waste decomposition and nutrient cycling), regulation (e.g., 53 

climate change mitigation, water supply and erosion control) and provisioning (e.g., food, fibre and raw 54 

materials) ecosystem services, contributing to climate change mitigation and adaptation goals (IPCC, 2019; 55 

2022). Whether any particular agroecosystem provides services or disservices depends on management, and 56 

management is influenced by the balance between short-term and long-term benefits (Power, 2010).  57 

A new crop production paradigm based on the concepts of ecological intensification and sustainable soil 58 

management is needed to face both local and global challenges of providing food and material in a growing 59 

demand scenario while minimizing negative environmental impacts (Bommarco et al., 2013; Ramankutty et 60 

al., 2018; García-Palacios et al., 2019). In this regard, crop management based on diversification practices that 61 

enhance biodiversity in cropping systems can increase resource use efficiency and the stability of the 62 

agroecosystem production over time (Cardinale et al., 2012; Wagg et al., 2014; Renard and Tilman, 2019). In 63 

other words, diversified cropping systems are expected to promote ecosystem functions and services, thereby 64 

reducing dependency on agronomic inputs as well as on a single crop while maintaining high crop yields and 65 

contributing to climate change mitigation and adaptation (i.e., protecting bare soils against erosion and 66 

increasing the capture of atmospheric CO2). However, we are still very far from a comprehensive knowledge 67 

of diversified crop management potential to cope with perturbations while maintaining yield stability of the 68 

main crop in the long-term (Newbold et al., 2015; Tamburino et al., 2020; Beillouin et al., 2021).  69 

Although contradictory results have been previously reported in the literature in relation to crop diversification 70 

practices, spanning from positive to negative impacts on main crop yields, a recent meta-analysis (Tamburini 71 

et al., 2020) has demonstrated that increasing agroecosystem functional biodiversity (through different 72 

diversified practices such as inter-cropping, diversifying habitats, reducing tillage or inoculating beneficial 73 

microorganisms into the soil) promotes the provision of multiple ecosystem services such as pollination and 74 
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pest control, water regulation, carbon sequestration, regulation of soil fertility and nutrient cycling, without 75 

compromising crop yields. However, in the same meta-analyses referred above, negative impacts on crop 76 

yields and climate regulation were also found in a proportion of the diversified cropping systems included in 77 

the study. Noteworthy, this new crop production model can be quite a challenge under rainfed semiarid 78 

conditions, as it is the case of Mediterranean agricultural systems, where an accurate and locally-adapted 79 

management will be necessary in order to avoid competence for water and nutrients between the main and the 80 

new-diversified crop (Palese et al., 2014; Daryanto et al., 2018; Morugán-Coronado et al., 2020). In this 81 

regard, the selection of species adapted to the local pedoclimatic conditions, whose management is compatible 82 

with available machinery, and that have a competitive market price, is crucial to ensure the success of inter-83 

cropping under semiarid conditions (Hinsinger et al., 2011; Isbell et al., 2015). Furthermore, we have to be 84 

aware of the fact that the transition to more sustainable and diversified cropping systems is a long pathway 85 

and continuously evolving process that entails up-to-date and integrated assessments adapted to each particular 86 

socio-environmental context (Beillouin et al., 2021).  87 

Understanding and predicting agroecosystem functioning (e.g., food provision, climate change mitigation 88 

through carbon sequestration, soil retention, regulation of soil fertility and nutrient cycling) and the role of 89 

soil management in regulating carbon, water, and nutrient storage requires an integrated assessment of a suite 90 

of soil ecological indicators. Those indicators should encompass different dimensions of the soil system (soil 91 

physics, soil chemistry, soil biodiversity and soil ecosystem functions) that directly link to targeted goals under 92 

the European Soil Strategy, the Green Deal, the Sustainable Development Goals and the Paris Agreement. On 93 

this regard, soil variables such as soil aggregation, water retention capacity, organic carbon content and 94 

nutrient availability, have been proposed as excellent indicators of soil functional biodiversity (Guerra et al., 95 

2021). 96 

Most of the scientific literature on crop diversification has, to date, focused either on ecological outcomes or 97 

on production (Hufnagel et al., 2020). However, to our knowledge, there is a lack of studies assessing the 98 

agronomic and environmental impacts of crop diversification, and particularly in low-input rainfed cropping 99 

systems. Here, we conducted an experiment to demonstrate the environmental and agronomic benefits of inter-100 

cropping conventionally managed almond monocrops under semiarid rainfed conditions in order to scale up 101 
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agricultural landscape restoration in dryland regions facing serious land degradation problems. This extensive 102 

cropping system was selected because it is very representative of the South-eastern Spain agricultural 103 

landscape and has a significant potential to provide a wide range of ecosystem services if sustainable land 104 

management practices are adopted (Almagro et al., 2016; IPCC, 2019). However, it is nowadays endangered 105 

due to its low profitability and lack of national policies support (i.e., promotion of more-profitable irrigated 106 

and intensively-managed cropping systems). Consequently, large scale rural abandonment or the conversion 107 

of traditional rainfed farming systems to intensively irrigated ones is becoming more frequent nowadays, 108 

resulting in over-exploitation and land degradation problems since the 1950s, a situation that will be 109 

aggravated by ongoing climate change (IPCC, 2022).  110 

The objective of this study was to assess the combined short-term effects of crop diversification and no tillage 111 

on the agroecosystem functioning in a rainfed woody cropping system under semiarid Mediterranean 112 

conditions. To do so, a range of soil physico-chemical quality properties related to soil health, functioning and 113 

services, as well as crop yields, were monitored one and three years after two crop diversifications were 114 

implemented in a conventionally managed almond monocrop under semiarid rainfed conditions. The specific 115 

objectives were to assess the impacts of inter-cropping under rainfed semiarid conditions on: 1) the main crop 116 

yield and the land equivalent ratio as indicators of the agroecosystem productivity and sustainability; 2) a suite 117 

of soil physical properties related to ecosystem services such as water regulation and soil retention (bulk 118 

density, aggregate stability and available water for plants); and 3) a set of soil chemical properties related to 119 

ecosystem services such as climate regulation through soil carbon sequestration and soil fertility maintenance 120 

(carbon content and available nutrients for plants). We hypothesize that crop diversification improves soil 121 

condition due to the combined effect of increased plant biomass inputs from the secondary crop and tillage 122 

cessation. However, and due to the short-lived experiment, major improvements are expected in the topsoil 123 

rather than in the subsoil. We also expect that combining inter-cropping and no tillage management will not 124 

negatively affect the main crop yields compared to the almond monocrop system.  125 

 126 

2. Material and Methods 127 

2.1. Study site description and experimental design 128 
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The study was conducted in a rainfed organic almond (Prunus dulcis Mill.) orchard with an extension of 2.63 129 

ha cultivated on terraces with a 7 m x 7 m spacing located in the Region of Murcia (Spain, Los Ramos, 37° 130 

57′ 31″ N, 0° 56′ 17″ W; 167 m a.s.l.). The climate of the study site is semiarid Mediterranean, with warm dry 131 

summers and relatively cold wet winters. The mean annual precipitation and air temperature is 231 mm and 132 

17.5 °C, respectively. The mean potential evapotranspiration reaches 1300 mm yr−1 (calculated by the 133 

Thornthwaite method) and the mean annual water deficit is around 1000 mm. The soils in the study site, 134 

developed on marl, are classified as Calcaric Eutric Regosols (IUSS Working Group WRB, 2015) and have a 135 

silt-loam texture with high contents of  CaCO3 (~ 54%), a pH (H2O, 1:5) of 8.9, and an electrical conductivity 136 

of 0.20 dS m-1. The total soil organic carbon and nitrogen contents are relatively low (4.5 g kg-1 and 0.7 g kg-
137 

1, respectively).  138 

In 1950, almond trees were planted in rows with a 7 m × 7 m spacing, since when no fertilizers have been 139 

applied. This almond orchard is ploughed twice or three times a year after important rainfall events to control 140 

weeds, so the soil is uncovered almost all year round and biomass inputs from spontaneous vegetation are 141 

negligible. To increase the soil cover, profitability and resilience of this almond monocrop, two crop 142 

diversification practices were implemented in November 2018. These consisted of intercropping a proportion 143 

of the rainfed almond trees with Capparis spinosa (hereafter caper) at a spacing of 3.5 m × 3.5 m, or with 144 

Thymus hyemalis (hereafter winter thyme) at a spacing of 0.5 m (between rows) × 1 m (between individuals 145 

within the same row), leaving the remaining part of the almond crop as a monocrop. These native species were 146 

selected as secondary crops because they are well adapted to the local pedoclimatic conditions and can increase 147 

farmer´s profitability since they can be sold as food (caper) or spices and essential oils (aromatics) used in 148 

pharmacy, cosmetics and biotechnology industries (De Martino et al., 2015). The selection of the species for 149 

inter-cropping was based on a combination of approaches, including data mining from previous published 150 

studies and reports on potential crop associations and low-input management practices (Morugán-Coronado 151 

et al., 2020), surveys to farmers, researchers, and technicians, and the analysis of the gathered information 152 

using a multicriteria decision methodology (Gómez-López et al., 2019). 153 

The experimental design consisted of nine plots (7 m x 30 m), each enclosing five almond trees, in a 154 

randomized-block design, with three replicate plots for each of the three crop management treatments (almond 155 

monocrop, almond inter-cropped with caper, and almond inter-cropped with winter thyme). In the rainfed 156 
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almond monocrop, tillage was performed by chisel ploughing to 15-20 cm depth twice or three times a year 157 

after important rainfall events to control weeds. In the diversified rainfed plots, no tillage operations were 158 

performed due to the presence of the secondary crops in the inter-tree rows (Fig. S1). Moreover, to monitor 159 

the performance of winter thyme and caper without associated almond orchards (that is, as monocrop systems), 160 

two additional plots (7 m x 20 m) were implemented in a nearby field under the same pedoclimatic conditions 161 

than the crop diversification systems. 162 

2.2. Crop production  163 

The annual almond yield in each crop management practice was estimated by harvesting the almond kernels 164 

from four or five trees per block (a total of twelve-fifteen trees per crop management practice) and weighing 165 

them, after removal of the pericarp, in August 2019, 2020 and 2021. In the crop diversification treatments, 166 

moreover, the annual production of the secondary crop (i.e., caper and winter thyme) was estimated. Winter 167 

thyme production was estimated by cutting off the top ten-fifteen cm of above-ground biomass of each 168 

individual (in 4th March 2020 and 23rd April 2021), leaving around 5 cm of remnant biomass above the woody 169 

parts for subsequent resprout. The essential oil extracted from the harvested material was weighted and 170 

expressed as crop yield. The annual production of caper could not be estimated during the experimental period 171 

because between four and five years are needed to obtain its first harvest (Barbera and Di Lorenzo, 1983).  172 

To characterize land use efficiency of crop diversifications the land equivalent ratio (LER) was estimated as 173 

the sum of the relative yields in the intercropped system divided by the sole-crop yields in the monocrop 174 

systems. According to Mead and Willey (1980), a LER > 1 means that the intercropping system results 175 

advantageous since it produces more yields with the same land requirements. 176 

2.3. Soil sampling and analysis 177 

Soil samples were collected at 0–10 cm and 10-30 cm depth on 8th April 2019 and 24th March 2021, one and 178 

three years after the diversification practices started to be implemented. The soils were sampled in the alleys 179 

between the trees, 2 m from the tree trunks. Three disturbed composite soil samples (each one from five 180 

randomly collected subsamples) were taken per crop management practice and block in each cropping system 181 

for physical and chemical analyses. Undisturbed samples were also collected at the same spots using steel 182 

cylinders (100 cm3 core volume) for bulk density determinations. Gravimetric soil moisture was determined 183 

by weighing before and after drying at 105 ºC for 24 h. The disturbed soil samples were air-dried and sieved 184 
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to < 2 mm for physical (texture, water retention capacity) and chemical (C, N, P, etc.) analyses. The remaining 185 

non-sieved soil samples were stored for aggregate stability analysis. 186 

2.4. Soil physical analysis 187 

Soil texture was determined using a Coulter LS200 ‘Laser particle sizer’ (Coulter Corporation, Miami, 188 

Florida). Previously, soil samples were treated with hydrogen peroxide to remove organic matter before being 189 

dispersed using sodium hexametaphosphate for 12 h. Soil bulk density (BD, in g cm-3) was calculated from 190 

the oven-dried mass (105 °C, 24 h) following the method described by Burke et al. (1986). Water-stable 191 

aggregates were separated from soil composite samples of each crop management practice and soil depth 192 

following the wet-sieving method proposed by Elliott (1986). Briefly, a 100-g subsample of air dried soil was 193 

placed on top of a 2000-μm sieve and gently moistened by sprinkling to minimise aggregate slaking before 194 

immersed in water at room temperature. The sieving was performed manually by moving the sieve up and 195 

down 3 cm, 50 times in 2 min, to achieve aggregate separation. A series of three sieves (2000, 250, and 53 196 

μm) was used to obtain four aggregate-size classes: i) large macro-aggregates (LM; > 2000 μm); ii) small 197 

macro-aggregates (SM; 250–2000 μm); iii) micro-aggregates (m; 53–250 μm); and iv) silt plus clay-sized 198 

particles (s + c; < 53 μm). The aggregate size classes were oven-dried at 50 ºC, weighed, and stored in glass 199 

jars at room temperature (21 ºC). The macroaggregate-to-microaggregate ratio was used as an indicator of 200 

aggregate stability. 201 

Soil water retention, at matric potentials of -50 kPa (water content at field capacity) and − 1500 kPa (water 202 

content at permanent wilting point) was measured using disturbed samples sieved at 2 mm (Keller et al. 2007). 203 

The water contents were measured gravimetrically using a Soil Moisture Equipment (Corp., Santa Barbara, 204 

CA), as described by Dirksen (1999). Volumetric values were then calculated by multiplying the gravimetric 205 

measurements by the BD values obtained previously. The available water content (AWC), the maximum soil 206 

capacity to store available water for plants, was estimated as the difference between the water content at field 207 

capacity and the water content at permanent wilting point. 208 

2.5. Soil chemical analysis 209 

Soil pH and electrical conductivity (EC) were measured in deionized water (1:2.5 and 1:5 w/v, respectively). 210 

Total organic carbon (SOC, in g kg-1) and nitrogen (total N, in g kg-1) were analyzed using an N/C Analyzer 211 

(Flash 1112 EA, Thermo-153 Finnigan, Bremen, Germany) after elimination of the soil carbonates with 1 M 212 
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HCl. Soil NH4
+-N was extracted with 2M KCl in a 1:10 soil:extractant ratio and  measured (Keeney and 213 

Nelson, 1983; Kandeler and Gerber, 1988). Soil NO3
--N was extracted with deionized water in a 1:10 214 

soil:extractant ratio and measured by ion chromatography (Metrohm 861). Available phosphorus was 215 

extracted using the Burriel-Hernando method (Díez, 1982), with 0.2 g CaCO3, 0.17 g MgCO3, 5 mL glacial 216 

acetic acid and 0.2 mL H2SO4 in 2 L deionized water in a 1:25 soil:extractant ratio and measured by ICP-MS 217 

(Agilent 5977A).  218 

Particulate organic carbon (POC) and nitrogen (PON) were determined following the method described by 219 

Cambardella and Elliott (1992). Briefly, 20 g of air-dried soil sample sieved to 2 mm was dispersed by shaking 220 

overnight in a 100 ml solution of sodium hexametaphosphate (5 g L-1). The mixture was then sieved through 221 

a 53 µm sieve by rinsing gently with deionized water to remove reagent remnants and filtrated. The material 222 

retained on the filter was dried in an oven at 60 ◦C for 48 h, weighed and finely ground using a ball mixer 223 

mill. The C and N concentrations of the POM fraction (≥ 53 µm) were analyzed using an Elemental Analyzer 224 

(LECO TRUSPEC CN, Michigan, USA). The particulate organic carbon (POC; g kg-1) and nitrogen (PON; g 225 

kg-1) contents were then calculated by multiplying the weight percentage of dried retained material by the 226 

respective percentages of organic carbon and nitrogen. 227 

Cation exchange capacity (CEC) was determined using BaCl2 as exchangeable salt; and exchangeable Na, Ca, 228 

K and Mg were measured in the BaCl2 extract from CEC (Álvaro Fuentes et al., 2019). Bioavailable 229 

oligoelements (Fe, Mn, Cu and Zn) were extracted using the chelating agent DTPA (1:2 w/v) (Álvaro Fuentes 230 

et al., 2019). Macro- and micro-nutrient (Ca, Mg, Na, K, B, Zn, Cu, Mn and Fe) concentrations were 231 

determined using ICP-MS (Agilent 7900). 232 

2.6. Statistical analyses 233 

Annual differences in soil physical (bulk density, aggregation index, and available water for plants) and 234 

chemical (pH, total and particulate organic carbon and nitrogen contents, cation exchange capacity, plant-235 

available nutrients for plants) properties within each crop management practice (almond monocrop, almond 236 

inter-cropped with caper, and almond inter-cropped with winter thyme) were analyzed using a two-way 237 

ANOVA, in which “year” and “soil depth” were considered as the main fixed factors and “block” as a random 238 
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variable. When significant time and/or soil depth effects were found, pairwise comparison tests with 239 

Bonferroni adjustment were performed to detect differences among years and soil depths. Differences in the 240 

main crop yields were analysed using a two-way ANOVA, in which “crop management practice” and “year” 241 

were considered as the main fixed factors and “block” as a random variable. When significant crop 242 

management practice effects were found, pairwise comparison tests with Bonferroni adjustment were 243 

performed to detect differences among crop management practices within each year. Prior to these analyses, 244 

the data were tested for ANOVA assumptions, and were log- (LM, Nt, POC, PON, NO3
--N, NH4

+-N: NO3
--245 

N, Pav), root-square (e.g., main crop yields) or arcsine-transformed (SM, available water content and 246 

phosphorous) when necessary. All the statistical analyses were performed using SPSS 22.0 software (SPSS 247 

Inc., Chicago, IL, USA).  248 

 249 

3. Results  250 

3.1. Main crop yields and land productivity 251 

Average almond crop yields ranged from 49.5 to 187.2 kg ha-1 yr-1 depending on the crop management practice 252 

and year. The crop management practice did not significantly affect the main crop yields when pooled across 253 

years (F = 3.86; P = 0.11; Table S1). However, there was a significant crop management x year interaction (F 254 

= 4.60; P = 0.02). In the third year of implementation, almonds inter-cropped with winter thyme resulted in 255 

significantly lower yields than those in the other crop management treatments (Fig. 1). 256 

While caper production was negligible during the experimental period, the production of the winter thyme 257 

essential oil started fifteen months after its implementation. In 2020, about 8.1 and 6.4 L ha-1 of essential oil 258 

from winter thyme were obtained in the winter thyme monocrop and the almond inter-cropped with winter 259 

thyme systems, respectively. In 2021, however, the production of essential oil was slightly higher in the 260 

diversified (9.9 L ha-1) than in the monoculture (9.1 L ha-1) system. 261 

Based on our results, the land equivalent ratio of the almond inter-cropped with winter thyme was 2.22 and 262 

1.56 in 2020 and 2021, respectively, which means that a total of 2.22 and 1.56 ha of sole cropping area would 263 

be required to produce the same yields as those of the inter-cropped system in 2020 and 2021, respectively.  264 

3.2. Soil physical properties  265 

3.2.1. Soil bulk density 266 
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Soil bulk density values, ranging from 1.10 to 1.33 g cm-3 depending on the crop management practice and 267 

soil depth, did not significantly change with time at any soil depth within each crop management practice 268 

(Table 1).  269 

2.3.2. Soil aggregation and stability 270 

Soil aggregate stability improved with time in both crop diversification treatments. After three years, the 271 

percentage of large macro-aggregates significantly increased in the topsoil (0-10 cm depth) of both crop 272 

diversification systems (by 123% and 274% in the almond inter-cropped with caper and with winter thyme, 273 

respectively) as well as in the subsoil (10-30 cm depth) in the almond inter-cropped with winter thyme  (by 274 

58%; Table 1). In the almond monocrop system, however, no temporal changes were observed in the 275 

percentage of large macro-aggregates. Likewise, the macroagregate-to-microagregate ratio, an index of soil 276 

aggregation and stability, significantly increased with time in the topsoil and subsoil of the almond inter-277 

cropped with winter thyme, while no significant increments were detected at any soil depth in the almond 278 

monocrop or the almond inter-cropped with caper. 279 

3.2.3. Soil available water content 280 

Soil-available water content (AWC) ranged between 0.8 and 0.12 m3 m-3 depending on the crop management 281 

treatment and soil depth (Table 1) and there were significant interactions between crop management treatment, 282 

soil depth and year. At the end of the experiment, available water content for plants increased in the topsoil 283 

and subsoil of both crop diversifications.  284 

3.3. Soil chemical properties  285 

3.3.1. Soil organic carbon, nitrogen and phosphorous 286 

Total organic carbon (TOC) content ranged from 3.2 to 4.7 g kg-1 depending on the crop management practice 287 

and soil depth and it increased with time only in the topsoil of the almond inter-cropped with winter thyme (F 288 

= 7.55; P = 0.008). Particulate organic carbon (POC) content significantly increased with time in the subsoil 289 

of both crop diversification systems (by 43% and 46% in the almond inter-cropped with caper and with winter 290 

thyme, respectively) while no annual changes were observed in the almond monocrop (Table 2). 291 

Total nitrogen (Nt) content increased in all crop management treatments and soil depths, although significant 292 

differences were only detected in the whole soil profile of the almond monocrop and in the subsoil of the 293 

almond inter-cropped with winter thyme. Particulate nitrogen (PON) content significantly increased with time 294 
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in the topsoil of the almond inter-cropped with winter thyme (F = 6.95; P = 0.01) while no changes were 295 

found in the almond monocrop or the almond inter-cropped with caper (Table 2).  296 

Soil ammonium (NH4-N) content ranged from 0.9 to 3.4 g kg-1 and no consistent temporal trends were 297 

observed between crop management treatments and soil depths. Soil NH4-N content decreased with time in 298 

the topsoil of the almond monocrop while the opposite was observed in the subsoil of both crop diversification 299 

treatments.  300 

Soil nitrate (NO3
--N) content decreased with time in the topsoil of all crop management treatments, although 301 

statistical significant differences were only detected in the case of the almond monocrop and of the almond 302 

inter-cropped with caper. In the subsoil, however, no consistent patterns were observed among crop 303 

management treatments. The NO3
--N content increased in the subsoil of both crop diversification treatments 304 

while no changes were observed in the almond monocrop at this soil depth. Plant-available phosphorous (P) 305 

increased with time in all crop management treatments and soil depths. 306 

3.3.2. Cation exchange capacity and plant-available nutrients 307 

The cation exchange capacity (CEC) increased with time in all crop management treatments and soil depths 308 

(Table 2). Plant-available nutrients for plants did not show consistent temporal trends among crop 309 

management practices and soil depths. Plant-available potassium (K) increased with time in the topsoil of both 310 

crop diversifications while no changes were observed in the almond monocrop system. Plant-available 311 

calcium (Ca) uniformly increased with time in the topsoil and subsoil of all crop management treatments. 312 

Plant-available magnesium (Mg) increased with time in the topsoil of both crop diversification systems, as 313 

well as in the subsoil of the almond inter-cropped with winter thyme, but not in the almond monocrop. Plant-314 

available sodium (Na) increased with time only in the subsoil of the almond inter-cropped with winter thyme. 315 

No consistent temporal trends were observed in micro-nutrients among crop management practices. The 316 

content of Mn available for plants uniformly diminished with time in all treatments and soil depths while the 317 

opposite was observed in the case of Zn. Soil Fe content was reduced in the topsoil and subsoil of both crop 318 

diversifications while it did not change at any soil depth in the almond monocrop. The Cu content increased 319 

with time in the topsoil of the almond monocrop while the opposite occurred in the subsoil of the almond 320 

inter-cropped with winter thyme.  321 

  322 
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Discussion 323 

Results from this study demonstrate that the combination of inter-cropping permanent crops with perennials 324 

and no tillage under rainfed semiarid conditions might have beneficial effects on key soil physico-chemical 325 

properties as indicators of soil structure recovery and of improvements in water and nutrient availability for 326 

plants, which ultimately have effects on the functioning (i.e., erosion control, water regulation, soil carbon 327 

sequestration, fertility maintenance and crop productivity) of the whole agroecosystem.  328 

 329 

4.1. Combined effects of crop diversification and no tillage on land productivity  330 

Crop diversification did not significantly affect the main crop yields over the 3-year study period. Expectedly, 331 

our almond yields resulted much lower than those reported in previous studies in which rainfed almond 332 

monocrops were inter-cropped with different perennials such as sage, rosemary and thyme, under sub-humid 333 

Mediterranean conditions with a mean annual precipitation of 540 mm (Durán Zuazo et al., 2008). 334 

Noteworthy, climate conditions are particularly dry and warm in our experimental site. Specifically, our mean 335 

annual precipitation (~ 220 mm) and temperature (~ 17.5 ºC) are well below and above the thresholds (470 336 

mm and 15.5 ºC, respectively) identified in a recent meta-analysis to detect increments in the main crop yields 337 

of crop diversification systems compared to their monocrop counterparts (Morugán-Coronado et al., 2020). In 338 

this regard, several authors have stated that inter-cropping with annual crops in semiarid regions under rainfed 339 

conditions can be a more suitable management option since those can be easily removed to avoid excessive 340 

competition for water and nutrients before critical periods take place, such as severe water scarcity in summer 341 

or when nutrients requirements increase for the main crop fruit production and development, and so prevent 342 

from negative effects on yields (Palese et al., 2014; Daryanto et al., 2018). Several pros and cons have been 343 

reported in the literature when diversifying with annuals or perennials. On the one hand, inter-cropping with 344 

annual species entails more agricultural practices (i.e., annual seeding) and increases the probability of leaving 345 

the soil uncovered if crop failure occurs because adverse weather conditions, but it also guarantees crop 346 

harvest in the first year from implementation. On the other hand, inter-cropping with perennials requires much 347 

less maintenance and management practices after crop establishment, provides a permanent habitat for 348 

pollinators and other beneficial soil organisms, protects the soil against erosion all year round since fallow 349 
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periods are avoided, and improves soil structure and carbon sequestration in deeper layers due to deeper root 350 

systems (Ferrarini et al., 2017; Ledo et al., 2020).     351 

The essential oil production of the winter thyme, which was about 7 and 10 L ha-1 in the second and third year, 352 

respectively, was very similar to that reported for the same diversified almond system referred above (Durán 353 

Zuazo et al., 2008), and thereby could off-set the lower almond yields observed in this crop diversification 354 

system in the third year. This statement is supported by the higher land equivalent ratios obtained for this crop 355 

diversification system (2.22 and 1.56 in 2020 and 2021, respectively) compared to their respective monocrop 356 

systems. Our land equivalent ratios are somewhat higher than those reported elsewhere for other crop 357 

diversification systems under similar semiarid conditions (Bai et al., 2016; Arenas-Corraliza et al., 2018), 358 

indicating that inter-cropping with aromatics can improve the productivity of rainfed monocrop systems. 359 

However, caper production was negligible during the study period because between four and five years are 360 

needed to obtain its first harvest (Barbera and Di Lorenzo, 1983), and therefore it did not contribute to increase 361 

land productivity in the almond inter-cropped with caper treatment in the short-term.  362 

 363 

4.2. Combined effects of crop diversification and no tillage on soil physical properties 364 

After three years, both soil aggregate stability and water availability for plants were significantly improved in 365 

the topsoil of both crop diversifications while the soil bulk density remained very similar in all crop 366 

management treatments. Our results indicate that tillage suppression in rainfed woody cropping systems can 367 

enhance soil structure and water availability for plants without causing topsoil compaction in the short-term. 368 

This statement is supported by the similar patterns observed in the topsoil of both crop diversification systems 369 

regardless phenological differences between secondary crops and distinct plantation densities. Previous 370 

research has reported both beneficial (i.e, enhancement of soil structure and water availability for plants) and 371 

detrimental (i.e., soil compaction) effects of tillage suppression in woody cropping systems under semiarid 372 

conditions (Peregrina et al., 2010; Martínez-Mena et al., 2013; Almagro et al., 2017; Martínez-Mena et al., 373 

2021b). In the subsoil, however, soil aggregate stability and water availability for plants only improved in the 374 

diversification with winter thyme, highlighting the importance of selecting species that provides carbon inputs 375 

and a permanent plant cover all year round as secondary crops while allowing higher plantation densities, as 376 

it is the case of winter thyme, for improving more effectively key physical properties related to water 377 
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regulation and soil formation in the subsoil. Nevertheless, the available water content values observed in our 378 

study site are below the threshold identified for fine-texture soils (between 0.10 and 0.15 m3 m-3) to allow root 379 

growth and development (Verdonck et al., 1984), which may explain the very low almond yields observed 380 

over the course of the experiment as well as the potential to increase them if soil structure and water availability 381 

for plants are improved in the long-term. 382 

4.3. Combined effects of crop diversification and no tillage on soil organic carbon and inorganic 383 

nitrogen pools 384 

The total N content was at the lower limit reported for agricultural soils (0.8 - 4 g kg-1; Bremner, 1965), 385 

consistent with the low level of TOC, highlighting that soils have been subjected to erosion and degradation 386 

for years due to conventional soil management in this area (i.e., lack of plant cover since tillage is performed 387 

2 or 3 times per year to control weeds). Indeed, according to the much higher TOC and N contents reported 388 

for a native shrubland adjacent to our experimental plots (11.7 and 1.4 g kg-1, respectively; Martínez-Mena et 389 

al., 2021a), the TOC and N contents have been reduced by 65% and 48%, respectively, after 20 years of land-390 

use change and intensive management. 391 

After three years, the topsoil organic carbon content only enhanced in the almond inter-cropped with winter 392 

thyme, while a significant increment in the POC content was observed in the subsoil of both crop 393 

diversification systems. The fact that topsoil organic carbon only increased in the almond inter-cropped with 394 

winter thyme could be explained by the higher plantation density of winter thyme compared to that of caper 395 

but also by phenological differences between both secondary crops. While winter thyme provides a permanent 396 

plant cover in the inter-tree rows and continuous leaf-litter C inputs to the soil from its establishment, caper 397 

shoots are lost annually from November to April, when it re-sprouts, and therefore leaf-litter inputs from this 398 

crop can be assumed to be negligible during half of the year. It is well known that leaf-litter inputs contribute 399 

to increase the organic carbon content in the topsoil while roots contribute more to increase the organic carbon 400 

content in the subsoil (Rasse et al., 2005 and references therein). Nevertheless, and noteworthy, the extremely 401 

harsh environmental conditions (i.e., low mean annual precipitation and high evapotranspiration rates) of the 402 

study site together with the recalcitrant nature of the plant residues derived from the inter-cropped perennial 403 

species (winter thyme and caper) slow down soil organic carbon dynamics and sequestration (Ogle et al., 404 
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2005; Almagro et al., 2017, 2021). Our results also highlight the important role of roots, rather than leaf-litter 405 

inputs, in increasing the particulate organic carbon (Puget and Drinkwater, 2001; Kemp et al., 2003; Austin et 406 

al., 2009) since improvements of this labile organic carbon pool were only observed in the subsoil.   407 

Expectedly, given that the N content was at the lower limit reported for agricultural soils and that no fertilizers 408 

are applied in our treatments, the ammonium and nitrate values of our crop management treatments were very 409 

low. Our figures are in the range of those reported for other rainfed low-input perennial cropping systems 410 

(Sánchez-García et al., 2016; Martínez-Mena et al., 2021b) and are in agreement with the almost negligible 411 

soil N2O emissions monitored in the site over two years (Sánchez-Navarro et al., 2022). It is well known that 412 

the disruption of soil aggregates by tillage induces nitrate release and thereby previous research has reported 413 

significant reductions in mineral N (NO3
--N) caused by tillage suppression in other semiarid rainfed organic 414 

cropping systems (Bergh et al., 1995; Silgram and Shepherd, 1999; Malhi et al., 2001; Martínez-Mena et al 415 

2013, 2021b). However, our results do not support this pattern, as reductions in the topsoil NO3
--N content 416 

were observed with time in all crop management treatments regardless tillage frequency. The fact that 417 

reductions in the topsoil NO3
--N content were observed with time in all crop management treatments could be 418 

explained by the relatively higher soil moisture content detected in the field at that sampling date in the third 419 

year compared to that in the first year, presumably causing N leaching episodes, consistent with what reported 420 

in other studies (Kopáček et al., 2013; Liu et al., 2022). Other authors reporting a similar pattern than that 421 

observed in our study have related it to increases in the abundance of functional genes involved in the 422 

denitrification process under increased soil moisture (Liu et al., 2022) that consume NO3
--N as it is the main 423 

substrate for denitrification (Dobbie and Smith, 2003). However, we do not have data to confirm this 424 

interpretation. On the other hand, the fact that both NO3
--N and NH4

+-N contents increased in the subsoil of 425 

both crop diversification systems, while no changes (in the case of NO3
--N) or even the opposite (in the case 426 

of NH4
+-N) occurred in the almond monocrop system at this soil depth, indicates that inter-cropping has 427 

improved the availability of N for plants in the subsoil. This has probably been boosted by vegetation recovery 428 

in the alleys of these crop management treatments that has activated the soil microbiota (Wagg et al., 2014; 429 

Wachendorf et al., 2020; Beule and Karlovsky, 2021; D’Hervilly et al., 2021). On the other hand, our results 430 

seem to contradict those by Dittrich et al (2021), who reported lower NH4
+-N levels in a vineyard inter-cropped 431 
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with two different species of aromatic plants compared to the monocrop system, indicating their higher affinity 432 

and demand toward NH4+-N. 433 

 434 

4.4. Combined effects of crop diversification and no tillage on plant-available macro- and micro-435 

nutrients 436 

Plant-available soil nutrient levels in our study site were relatively low compared to those reported in other 437 

agricultural soils under similar semiarid and management conditions (Gómez et al., 2009; Ramos et al., 2010; 438 

Martínez-Mena et al., 2021; Soto et al., 2021). After three years of inter-cropping, plant-available macro- and 439 

micro-nutrients did not show consistent temporal patterns among crop management practices and soil depths, 440 

and in most cases no significant changes were found. The fact that exchangeable-K levels increased with time 441 

in the topsoil of both crop diversification systems while no changes were observed in the almond monocrop 442 

system is explained by changes in soil management and the new crop inducing exchangeable K stratification 443 

under those treatments, as it has been reported elsewhere (Jobbágy and Jackson, 2001; Mallarino and Borges, 444 

2006; López-Garrido et al., 2011). Stratification normally occurs when roots uptake K from deeper soil layers 445 

and above-ground plant residues are deposited in the soil surface, particularly in no tillage systems, as it is our 446 

case. Our results are in line with those by López-Garrido et al. (2011), who also reported an increase of 447 

available K in the topsoil under no tillage cropping systems, suggesting that K could be a good indicator of 448 

early changes caused by soil management. However, others authors have reported reductions in soil 449 

exchangeable-K contents when aromatic plants were inter-cropped with other perennial crops, highlighting a 450 

potential competition for this nutrient between the main and the secondary crop (Dittrich et al., 2021). 451 

Nevertheless, soil nutrient availability for plants varies seasonally and with management (e.g., before/after 452 

harvest), so comparisons among studies should be made with caution and considering the season when the 453 

soil was sampled.  454 

Likewise, the fact that exchangeable Mg and Na increased with time in the subsoil of the almond inter-cropped 455 

with winter thyme indicates that the presence of winter thyme in the inter-rows has contributed to improve the 456 

availability of such as crucial nutrients for plants. On the other hand, the fact that soil Fe and Cu levels 457 

diminished with time in the whole soil profile of both crop diversifications, while it did not change at any soil 458 
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depth in the monocrop system, indicates competence for these micro-nutrients between the almond tree and 459 

the inter-cropped crops (Ballester-Costa et al., 2017).  460 

 461 

In conclusion, the results from this study demonstrate that inter-cropping permanent crops with perennials 462 

under no-tillage management can be a promising sustainable management practice for improving soil health 463 

without compromising food security under semiarid Mediterranean conditions. The new crop under no tillage 464 

improved the soil structure as well as the availability of water and some nutrients for plants, which ultimately 465 

enhances the functioning (i.e., soil, water, carbon and nutrient retention, fertility and land productivity) of the 466 

whole agroecosystem, even in the short-term. Our results also emphasize the importance of selecting an 467 

appropriate secondary crop that ensures a permanent soil cover while contributing to enhance the 468 

agroecosystem productivity from the first year of establishment onwards to off-set plausible lower yields from 469 

the main crop, like rosemary, sage, safflower or lavender. In this regard, preliminary assessments on soil 470 

condition and crop nutrient requirements are encouraged before inter-cropping with perennials in low-input 471 

cropping systems under semiarid conditions. Likewise, long-term studies are need to provide evidence on the 472 

stability of the productivity of diversified cropping systems, particularly in these low-input cropping systems 473 

under harsh environmental conditions.  474 
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