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street-ridge morphology. The almond trees were 
intercropped with Capparis spinosa or with Thymus 
hyemalis While the mandarin trees were intercropped 
with a mixture of barley and vetch followed by fava 
bean. Changes caused by crop diversifications on C 
inputs into the soil and C outputs from the soil were 
estimated.
Results Crop diversification did not affect soil 
organic carbon stocks but did affect the carbon inputs 
and outputs regulating the soil carbon balance of 
above Mediterranean agroecosystems. Crop diversifi-
cation with perennials in the low-input rainfed woody 
crop system significantly improved the annual soil C 
balance in the short-term. However, crop diversifica-
tion with annual species in the intensively managed 
woody crop system had not effect on the annual soil 
C balance.
Conclusions Our results highlight the potential of 
intercropping with perennials in rainfed woody crop 
systems for climate change mitigation through soil 
carbon sequestration.

Keywords Intercropping · Agricultural practices · 
Soil  CO2 emissions · Eroded carbon · Plant carbon 
inputs · Carbon cycle

Introduction

Agriculture and land use change account for 23% of total 
anthropogenic greenhouse gas (GHG) emissions (IPCC 

Abstract 
Purpose Diversification practices such as inter-
cropping in woody cropping systems have recently 
been proposed as a promising management strategy 
for addressing problems related to soil degradation, 
climate change mitigation and food security. In this 
study, we assess the impact of several diversification 
practices in different management regimes on the 
main carbon fluxes regulating the soil carbon balance 
under semiarid Mediterranean conditions.
Methods The study was conducted in two nearby 
cropping systems: (i) a low input rainfed almond 
(Prunus dulcis Mill.) orchard cultivated on ter-
races and (ii) a levelled intensively irrigated man-
darin (Citrus reticulata Blanco) orchard with a 
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2019), while  CO2 is responsible for half of annual global 
emissions (Smith et al. 2014). Furthermore, agriculture 
expansion and intensification are considered major 
drivers of soil loss and degradation by accelerating soil 
erosion rates and speeding up the mineralization of 
soil organic matter (Xiao et  al. 2018). Several studies 
have found that the soil mobilization and deposition by 
erosion in agricultural soils under intensive management 
can significantly alter the global carbon and nutrient 
cycle (Quinton et  al. 2010) and consequently, modify 
inputs and outputs of soil organic carbon (SOC), altering 
the natural C balance of terrestrial ecosystems and 
increasing GHG emissions to the atmosphere (Aguilera 
et  al. 2015; Amundson et  al. 2015). However, the 
literature related to soil carbon dynamics and climate 
change provides contradictory results in relation to the 
potential of agricultural practices to increase carbon 
sequestration in soils while mitigating GHG emissions 
(Abbas et  al. 2020). The most common sustainable 
agricultural practices to maintain existing SOC stocks 
and restore SOC stocks in carbon-depleted soils include 
reducing tillage intensity and frequency, growing 
cover crops, the application of compost or manure, 
and crop residue retention (Hillel and Rosenzweig 
2011; Hutchinson et  al. 2007; Paustian et  al. 2016; 
Zahra et  al. 2016). In this sense, crop  diversification 
practices such as intercropping in woody cropping 
systems have recently been proposed as a promising 
management strategy to simultaneously address global 
environmental challenges such as soil degradation, 
climate change mitigation and food security (Bossio 
et al. 2020; Ruiz et al. 2020; Tamburini et al. 2020). In 
particular, the potential of intercropping for restoring 
SOC losses derived from the conversion of native 
ecosystems to croplands in Mediterranean environments 
has been demonstrated (Aguilera et al. 2013; Almagro 
and Martínez-Mena 2014; Pardo et al.  2017; Vicente-
Vicente et  al. 2016). According to the estimations of 
Almagro and Martínez-Mena (2014), SOC losses as 
a consequence of changes in land use, particularly 
those arising from the conversion of Mediterranean 
forests and shrublands to woody crop systems, could be 
compensated after 20 years of intercropping with green 
manure.

Long-term monitoring is an efficient tool for accu-
rately assessing SOC changes related with agricul-
tural practices. However, short-term estimations of 
the carbon inputs and outputs occurring in a given 
agroecosystem after a given management practice 

has been adopted can provide an early assessment 
of net SOC balances, thus anticipating decisions on 
agriculture management. More specifically, if the 
annual amounts of carbon entering the soil due to the 
cultivation of other crops with the main crop (crop 
diversification) exceed the carbon losses through  CO2 
emissions to the atmosphere and erosion, the SOC 
balance will be positive and SOC sequestration will 
be achieved in the short term. However, if the oppo-
site occurs, organic carbon is being lost from the soil 
system (Almagro et al. 2017).

To date, numerous studies have examined the effect 
of intercropping on soil erosion, carbon sequestration 
and soil  CO2 emission rates in Mediterranean woody 
cropping systems, but separately (Aguilera et  al. 
2013; Morugan-Coronado et  al. 2020; Pardo et  al.  
2017; Vicente-Vicente et al. 2016;). However, to the 
best of our knowledge, little research has focused on 
assessing the impacts of crop diversification on the 
main carbon fluxes regulating the soil carbon balance, 
including the carbon mobilized by erosion, under two 
contrasting management regimes (i.e., low-input rain-
fed and high-input irrigated cropping systems) under 
semiarid Mediterranean conditions.

The overall aim of this work was to assess the 
short-term effect of crop diversification on the 
soil carbon balance of a rainfed and an irrigated 
woody crop system under semiarid Mediterranean 
conditions. We focused in the alley between rows 
soil surface since inter-tree rows occupy around 
85–90% of the total area in these cropping systems. 
The specific objectives were: (i) to characterize soil 
carbon inputs and outputs in order to estimate the 
soil carbon balance under two contrasting agricul-
tural  management regimes; and (ii) to assess the 
impacts of crop diversification on the major com-
ponents affecting the soil carbon balance under 
low-input rainfed and high-input irrigated woody 
cropping systems.

Material and methods

Study site description and experimental design

The study was conducted in two nearby cropping sys-
tems located in the Region of Murcia (SE Spain): i) 
an organic rainfed almond (Prunus dulcis Mill.) crop 
cultivated on terraces (37° 57′ 31″ N, 0° 56′ 17″ W; 
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167  m a.s.l., and ii) a levelled irrigated mandarin 
(Citrus reticulata Blanco) crop with street-ridge mor-
phology (37° 57′ 33″ N, 0° 56′ 13.8″ W; 155 m.a.s.l. 
(Fig. 1). The study area is characterized by a semiarid 
Mediterranean climate, with warm dry summers and 
relatively cold wet winters. The annual precipitation 
and air temperature average 231  mm and 17.5  °C, 
respectively. The mean potential evapotranspiration 
reaches 1300  mm   yr−1 (calculated by the Thornth-
waite method), so the mean annual water deficit is 
around 1000 mm. A natural shrubland dominated by 
Rosmarinus officinalis, Cistus albidus, Thymus hye-
malis, Globularia alypum and Artemisia sp. (37º 57′ 
11″ N, 0º 56′ 28″ W; 155 m a.s.l.) located on the steep 
upper-slopes and adjacent to both cropping systems 
was used as a reference site to represent the pre-cul-
tivated conditions.

Soils in the study area, developed on marl, are 
classified as Calcaric Eutric Regosols (IUSS Working 
Group WRB 2015). They have a silt-loam texture, a 
pH  (H2O, 1:5) of 8.9, a high CaCO3 content (~ 54% 
and ~ 58% for rainfed and irrigated cropping sys-
tems, respectively), and an electrical conductivity of 

0.20 and 1.37 dS  m−1 for rainfed and irrigated crop-
lands, respectively. The soil organic carbon (SOC) 
content in the study area is relatively low (4.5 and 
8.2  g   kg−1 in the rainfed and irrigated croplands, 
respectively), while the total nitrogen (N) content is 
0.7 and 1.3 g   kg−1 in the rainfed and irrigated crop-
lands, respectively (Table 1). The average slope of the 
rainfed and irrigated cropland is about 10% and 12%, 
respectively. The shrubland (used as reference site) 
has a slope of about 20% and a soil organic carbon 
and nitrogen content of 11.7 and 1.4 g   kg−1, respec-
tively. In 1950, almond trees were planted in rows 
with a 7 m × 7 m spacing in 1950, since when no fer-
tilizers have been applied. The mandarin trees were 
planted in 2000, at a spacing of 6  m between rows 
and 4 m between trees within the same row. In 2018, 
two crop diversification practices were implemented 
in the rainfed almond orchard. These consisted of 
intercropping a proportion of the rainfed almond 
trees with caper (Capparis spinosa) (Diversification 
1; D1) at a spacing of 3.5 m × 3.5 m, or with thyme 
(Thymus hyemalis) (Diversification 2; D2) at a spac-
ing of 1 m × 0.5 m, leaving the remaining part of the 

Fig. 1  Location of the study area and experimental design in the cropping systems under rainfed and irrigated conditions: blocks 
and treatments and locations of erosion pin plots
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almond crop as a monocrop. In the irrigated man-
darin orchard, the diversification (Diversification 3; 
D3) consisted of intercropping with barley and vetch 
(Hordeum vulgare and Vicia sativa) (from February 
to June), followed by fava bean (Vicia faba) (from 
October to January), again leaving a proportion as a 
momocrop. Barley and vetch seeds (1:3 ratio) were 
manually sown at 150  kg   ha−1 covering the entire 
alley surface. Fava bean seeds were manually sown 
in three rows in each alley with a spacing of 100 cm 
between rows and 40  cm between plants (2.5 plants 
 m−2). Crop residues, both from barely/vetch and fava 
bean were incorporated in the soil after harvest as 
green manure.

To compare the diversification systems with 
their respective monocrop systems a randomized-
block design with three replicate plots per treatment 
was established in both the rainfed and the irrigated 
orchards. Thus, nine plots (200  m2) in the rainfed 
almond orchard and 6 plots (340  m2) in the irrigated 
mandarin orchard were established (Fig.  1). In the 
rainfed monocrop plots, the whole plot area, includ-
ing the area around the trunk base of each tree was 
chisel ploughed to 15  cm depth. Tillage was per-
formed twice a year (in autumn and spring) to con-
trol weeds. In the diversified rainfed plots, an area of 
about 1 m around the trunk base of each tree (but not 
the alleys) was also tilled twice a year. In the irrigated 

orchard, the monocrop was tilled in November 2019 
and January, March, September and October 2020 
(chisel ploughing at 20  cm depth). Tillage in the 
diversified irrigated plots was performed just before 
sowing the crops in the alleys and after harvest to 
incorporate crop residues into the soil. A drip irriga-
tion system was installed in all the tree rows, with one 
line per tree row and 3 pressure-compensated emitters 
(4 L  h−1) per tree. The irrigation water applied to the 
mandarin monocrop during the experimental period 
was 6700  m3   ha−1, while in the diversified plots the 
application rate was 4800  m3  ha−1 for mandarin, 1200 
 m3   ha−1 for fava bean and 700  m3   ha−1 for barley/
vetch.

Fertilizers were applied by fertigation as a mixture 
of soluble N, P, K, Ca, Mg and related oligoelements. 
Table S1 shows the quantity of N, P and K added with 
the fertilizers per treatment and crop each month. For 
more details on the irrigation management, see sup-
plementary material.

Soil sampling and analysis

Soil samples were collected at 0–10  cm depth in 
April 2020, two years after the diversification prac-
tices started to be implemented. The soils were sam-
pled in the alleys between the trees, 2 m from the tree 
trunks. Three disturbed composite soil samples (each 

Table 1  Physico-chemical properties of soils in the shrubland and in the monocrop and diversified cropping systems under rainfed 
and irrigated conditions. Means ± standard deviations are shown

D1: Diversification 1 (rainfed almond trees inter cropped with Capparis spinosa); D2: Diversification 2 (rainfed almond trees inter-
cropped with Thymus hyemalis); D3: Diversification 3 (irrigated mandarin trees intercropped with crop rotations of Hordeum vul-
gare/Vicia sativa and Vicia faba). Different letters in rows mean significant differences between monocrop and diversification within 
each cropping system at P < 0.05

 Cropping system

Shrubland Rainfed Irrigated

Soil Properties Monocrop D1 D2 Monocrop D3

Texture
Clay 22.5 ± 1.1 26.5 ± 4.2 13.6 ± 2.3
Silt 68.8 ± 0.6 64.7 ± 1.9 67.7 ± 6.6
Sand 8.8 ± 1.4 8.8 ± 3.0 18.3 ± 7.9
BD (g  cm−3) 1.4 ± 0.06 1.17 ± 0.03a 1.28 ± 0.1b 1.27 ± 0.08b 1.24 ± 0.08 1.16 ± 0.13
SOC (g  Kg−1) 11.7 ± 0.8 4.52 ± 0.5 4.70 ± 0.79 3.8 ± 0.78 9.84 ± 3.11 8.17 ± 1.52
TN (g  Kg−1) 1.4 ± 0.07 0.73 ± 0.05 0.69 ± 0.12 0.54 ± 0.09 1.29 ± 0.25 1.15 ± 0.15
C:N 8.5 ± 1.0 6.19 ± 0.64 6.23 ± 0.88 5.65 ± 2.23 8.12 ± 0.92 7.84 ± 1.0
OC Stock (g  m−2) 1638.2 ± 20 526.3 ± 56.1 578.5 ± 121.9 474.5 ± 94.2 1323.2 ± 404.5b 1036.4 ± 103.8a
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one from five randomly collected subsamples) were 
taken per management practice and block in each 
cropping system for chemical analyses, including 
texture, total carbon and total nitrogen. In the natu-
ral shrubland, a total of five disturbed composite soil 
samples (0–10 cm depth) were randomly collected at 
different points. Undisturbed samples were also col-
lected at the same spots using steel cylinders (100 
 cm3 core volume) for bulk density determinations.

The disturbed soil samples were air-dried and 
sieved to < 2 mm. Soil texture was determined using 
a Coulter LS200 ‘Laser particle sizer’ (Coulter Cor-
poration, Miami, Florida). Previously, soil sam-
ples were treated with hydrogen peroxide to remove 
organic matter before being dispersed using sodium 
hexametaphosphate for 12 h. Soil bulk density (BD, 
in g  cm−3) was calculated from the oven-dried mass 
(105  °C, 24  h) following the method described by 
Burke et  al. (1986). Bulk soil organic carbon (SOC, 
in g  kg−1) and total nitrogen (total N, in g  kg−1) were 
analyzed using an N/C Analyzer (Flash 1112 EA, 
Thermo-153 Finnigan, Bremen, Germany) after elim-
ination of the soil carbonates with 1 M HCl.

Soil organic carbon stocks

The soil organic carbon stock at 0–10  cm depth (in 
g C  m−2) was calculated as follows:

where  SOCstock is the accumulated carbon in the soil 
in g  m−2; SOC is the concentration of soil organic 
carbon in g  kg−1; BD is the soil bulk density in g 
 cm−3; and D is the soil depth in cm.

Soil  CO2 emissions, temperature and volumetric soil 
water content

Soil  CO2 emission rates to the atmosphere were meas-
ured in  situ every 7–20  days, depending on climate 
conditions and equipment availability in all the rep-
licated treatments from April 2019 to October 2020, 
and always between 9:00 and 13:00. The basic exper-
imental procedure used in this study was the dynamic 
gas chamber technique (Álvaro-Fuentes et  al. 2019; 
López-Teloxa and Monterroso-Rivas 2020; Wolff 
et al. 2018). The chambers were inserted into the bare 
soil to a depth of 10 cm, in the middle of the alleys 

(1)SOC
stock

= SOC × BD × D

between two tree rows, 3  m from the tree trunks in 
both almond and mandarin monocrops. In the almond 
plots diversified with thyme or caper, chambers were 
inserted within four thyme or caper plants, equidis-
tant to all plants in all cases (0.40 or 1.5 m for thyme 
and caper, respectively), and between two trees. In the 
diversified mandarin plots, chambers were randomly 
inserted between two fava bean plants in the cen-
tral row (15–20 cm to each of them). The chambers 
were inserted in the middle of the alleys in the peri-
ods when no intercrops grew in the mandarin alleys 
and when barley/vetch was present. The area inside 
the chambers were kept free of vegetation through-
out the experimental time to measure soil emissions 
only. Simultaneously with the soil  CO2 efflux meas-
urements, the soil temperature and volumetric water 
content were measured at 0–10  cm depth close to 
each soil chamber using a ProCheck and 5TM sensors 
(Decagon Devices, USA).

By assuming that midday measurements are rea-
sonable estimates of the mean daily emission rates 
(Davidson et  al. 1998; Xu and Qi 2001), the  CO2 
emission rates conducted within the same month 
were first averaged to provide the daily mean soil  CO2 
emission rates for each month. Daily soil  CO2 emis-
sion rates for each month of the year were then multi-
plied by the number of days in the month to calculate 
mean soil  CO2 emission rates for each month. The 
amount of carbon released to the atmosphere from 
the soil annually for each management treatment and 
study site was computed as the sum of the monthly 
rates as described by other authors (McCulley et  al. 
2004).

Soil detached/deposited and associated mobilized 
carbon

Soil erosion rates were measured using erosion pin 
plots (1  m × 1  m), each consisting of three lines of 
three pins with a distance of 0.5  m between them. 
Erosion pin plots were randomly distributed in the 
different land-uses and diversification treatments. 
In the rainfed cropping system, two or three ero-
sion pin plots per block (n = 9 or 6) were set up in 
the two diversifications and in the control treatment 
(monocrop). In the irrigated cropping system, six 
erosion pin plots (one per block) were set up in the 
alleys between rows in the diversification and in the 
control treatment (monocrop). In the shrubland, two 
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erosion pin plots were set up to estimate erosion rates 
occurring under natural conditions (Fig. 1). Pins were 
measured monthly and after each rainfall event from 
April 2019 to October 2020 (n = 17), identifying 
detachment and deposition patterns occurring dur-
ing the erosion process, based on the average differ-
ence in the height of each pin after an erosive event 
compared with the previously measured differences. 
That is, negative values indicate the predominance of 
deposition of eroded sediments while positive values 
indicate the predominance of detachment (Hancock 
and Lowry 2015). Rainfall characteristics of the dif-
ferent events occurring during the study period were 
obtained from our own meteorological station located 
1 km from the experimental area (Table 2).

In the rainfed and irrigated cropping systems, the 
sediments deposited in sink areas at the bottom of the 
erosion pin plots after each erosive event were col-
lected for organic carbon determinations. Sediment 
samples were oven-dried at 60  °C, ground and ana-
lysed to determine the organic C content using the 
same procedure as fused or the soil samples. After 
each erosive event, the organic carbon concentration 
in sediments was multiplied by the net erosion rate 
(i.e., the difference between detached and deposited 

sediment). To estimate the OC concentration of sedi-
ments in the shrubland, where no data were avail-
able, we assumed the same enrichment ratios (i.e., 
OC in sediments relative to the OC in soils) as previ-
ously observed in nearby sites under the same envi-
ronmental conditions (ERoc = 2.23, Martínez-Mena 
et  al. 2008). The enrichment OC ratios measured at 
the cultivated areas were 1.35, 1.54 and 0.97 for rain-
fed monocrop, D1 and D2, respectively; and 0.77 and 
1.05 for the irrigated monocrop and D3, respectively. 
Total OC outputs or inputs by erosion for each diver-
sified and monoculture practice were calculated as the 
sum of the net OC detached or deposited after every 
erosion event over a period of 18 months.

Carbon inputs from vegetation

Annual plant carbon inputs from the alleys between 
rows were estimated using a combination of methods 
tailored for the different diversified and monoculture 
systems and the natural shrubland.

Total plant biomass in each cropping system and 
management practice included, if present, spontane-
ous plant species growing in the plot together with the 
diversified crop. In the rainfed systems, above-ground 
biomass from the spontaneous vegetation and inter-
crop was collected from three quadrats (1  m × 1  m) 
randomly placed for each management treatment 
and block. The plant material was dried at 60 °C for 
72  h, and weighed. To estimate the below-ground 
biomass of the spontaneous vegetation we assumed 
a shoot:root ratio of 0.23, as previously estimated in 
a nearby non-tilled rainfed almond orchard (Almagro 
et al. 2017). Above-ground biomass inputs from Cap-
paris spinosa (D1) and Thymus hyemalis (D2), were 
estimated by assuming that 25% of the total harvested 
aboveground-biomass is returned to the soil as litter-
fall, as reported in previous studies conducted under 
semiarid conditions (Abanda et al. 2011; Perez-Quez-
ada et  al. 2011). In the irrigated cropping system, 
sequential harvesting of above- and below-ground 
biomass was performed at the biomass peak of each 
crop used for the rotation. All the barley and vetch 
plants were collected in June 2019 and 2020 from 
three quadrats (1  m × 1  m) randomly placed in each 
block. Roots and shoots were carefully separated and 
dried in an oven at 70º C until stable weight to esti-
mate root and shoot biomass. Only root biomass was 
considered as a carbon input to the system since the 

Table 2  Date of erosion pins measurements and total accumu-
lated rainfall and maximum rainfall intensity in thirty minutes 
 (I30) in the study period

Pins measured Date Accumulated rain-
fall (mm)

I30  (mmh−1)

17/04/2019 31 9.2
29/04/2019 152 14.8
05/06/2019 0.0 0.0
24/07/2019 0.0 0.0
02/09/2019 75.8 19.2
20/09/2019 321.2 130.4
27/09/2019 22.6 3.6
13/12/2019 65.6 10
29/01/2020 80 13.2
25/02/2020 3.8 0,64
13/04/2020 131.4 6.4
28/04/2020 42 28.8
28/05/2020 31 14.4
16/06/2020 7.4 4
29/07/2020 2.6 4
03/09/2020 7.6 5.6
24/09/2020 3.6 5.6
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above-ground biomass was harvested and used for 
feeding livestock at a nearby site. The total fava bean 
biomass was estimated by collecting three individual 
plants after harvesting in December 2019 and 2020.

In the shrubland, carbon inputs from vegetation 
were assumed to be the same of those observed in a 
nearby shrubland with similar plant cover percentage 
and species composition (Rosmarinus officinalis and 
Thymus sp.; Almagro et al. 2010).

Annual plant carbon inputs were estimated as the 
total biomass production for each diversified and 
monoculture system multiplied by 0.48 as the aver-
age carbon content of plant material (Almagro et al. 
2010). Average annual plant carbon inputs for the 
period April 2019 to October 2020 are reported in 
Table 3.

Conceptual framework and description of the soil 
carbon balance approach

Before implementation of the diversification prac-
tices, a steady-state equilibrium can be assumed 
with regard to the SOC level since both the rainfed 
and irrigated agricultural fields had been under the 
same management for at least 20 years (Burke et al. 
1995; Lal 2008). Our second assumption is that SOC 
sequestration in the alleys between rows of these agri-
cultural fields would begin after the different crop 

diversification practices had begun and would con-
tinue until pre-cultivation SOC levels (i.e., those of 
the adjacent shrubland) were reached, according to 
its attainable SOC sink capacity. To assess the effect 
of diversified vs. monoculture practices on the annual 
SOC accumulation rate of the rainfed and irrigated 
woody cropping systems, we adapted the conserva-
tion mass approach proposed by Yoo et  al. (2005), 
whereby any change in the C stored in the soil per 
unit of time (t) is given by the difference between C 
inputs (plant C inputs and depositional SOC inputs) 
and losses from the soil  (CO2 released to the atmos-
phere and erosional loss of SOC):

where SOC is soil organic carbon storage (in g C 
 m−2), t is time (year), NPP is the annual carbon input 
from the spontaneous vegetation and the diversified 
crops (g C  m−2  yr−1), Rs is the annual amount of car-
bon released to the atmosphere through soil respira-
tion (g C   m−2   yr−1) and ε is the carbon exported or 
deposited as a result of water erosion (g C  m−2  yr−1).

Biomass carbon inputs from the main crops (i.e., 
almond and mandarin tress) were not considered 
in the soil carbon balance approach, which focused 
on the alley between rows. In this sense, previous 
research has highlighted the important role of the 

(2)
dSOC

dt
= NPP − Rs − �

Table 3  Soil carbon fluxes (outputs and inputs) and balance (in g C  m−2  y−1) in the shrubland (as reference site) and in the mono-
crop and diversified cropping systems under rainfed and irrigated conditions. 

Average ± standard errors are shown. Negative values of C exported/accumulated by erosion processes correspond to deposition of 
sediments
D1: Diversification 1 (rainfed almond trees intercropped with Capparis Spinosa); D2: Diversification 2 (rainfed almond trees inter-
cropped with Thymus hyemalis); D3: Diversification 3 (irrigated mandarin trees intercropped with crop rotations of Hordeum vul-
gare/Vicia sativa and Vicia faba). n: negligible. Different letters in rows mean significant differences between monocrop and diversi-
fication within each farming system at P < 0.05

 Cropping system

Shrubland Rainfed Irrigated

Monocrop D1 D2 Monocrop D3

C released to the 
atmosphere by soil 
respiration

305 ± 54.4 233.6 ± 25.9b 174.8 ± 17.6a 184.4 ± 15.4a 382.9 ± 42.84 478.3 ± 40.9

Plant C inputs 193.75 ± 14.2 60.8 ± 12.6a 125.37 ± 8.9b 142.52 ± 11.8b n 70.48 ± 7.1
C exported/accumu-

lated by erosion 
processes

−59.47 ± 4.1 34.4 ± 7.3b 23.35 ± 11.3a 13.18 ± 7.6a 15.41 ± 6.9 9.95 ± 4.2

Soil carbon balance −51.77 ± 72.7 −207.16 ± 45.8 −72.78 ± 36.8 −55.12 ± 34.8 −398.33 ± 49.7 −414.27 ± 52.2
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alley between rows in the soil C budget of woody 
cropping systems with wide row spacing, as in our 
study sites (Midwood et al. 2020; Tezza et al. 2019).

Since no soil  CO2 efflux measurements were per-
formed in the native shrubland (as the reference site) 
averaged annual soil  CO2 emission rates for this site 
were assumed to be comparable to the average annual 
 CO2 emission rates of seven native Mediterranean 
shrublands under similar climatic conditions (mean 
annual precipitation less than 400  mm) included in 
the global soil respiration database by Bond-Lamberty 
and Thomson (2012).

Statistical analyses

Differences in soil properties, and SOC and  CO2 
emissions between diversified and monocrop systems 
were analysed using a General Linear Model (GLM) 
procedure, in which treatment was considered as a 
fixed factor and block as a random variable. When 
significant differences among treatments were iden-
tified at the 0.05 probability level of significance, 
the mean values were compared using Tukey’s test. 
The data were previously examined for normality by 
the Kolmogorov–Smirnov test and for homogene-
ity of variances by Levene´s test. Differences in ero-
sion rates between the monocrops and diversified 
crops were analysed separately for each rainfed and 
irrigated cropping system using a non-parametric 
Kruskal–Wallis test because of the lack of normality 
of this variable.

Results

Soil properties

Under rainfed conditions, soil bulk density signifi-
cantly increased in the diversified systems compared 
to the monocrop, but no significant differences in soil 
organic carbon and nitrogen contents or SOC stocks 
were detected among them. Under irrigated condi-
tions, there were no significant differences in soil bulk 
density, OC or total N content between the diversified 
and the monocrop cropping systems, although OC 
stocks were lower in the diversified system.

The shrubland (reference site) showed higher soil 
organic carbon and nitrogen contents and stocks than 
the irrigated and rainfed cropping systems (Table 1).

Mean temperature, volumetric water content and soil 
CO2 emissions

Mean soil temperatures were 24.30 ± 0.87  °C and 
25.34 ± 1.12  °C for the rainfed and the irrigated 
monocrop cropping systems, respectively, during the 
study period (Fig. 2a) and did not differ between the 
diversified and monoculture practices under rainfed 
or irrigated conditions. Mean soil volumetric water 
content was 0.10 ± 0.01  m3   m−3 and 0.12 ± 0.01 
 m3  m−3 for the rainfed and the irrigated cropping sys-
tem, respectively (Fig. 2b). Under rainfed conditions, 
the soil water content was similar between diversified 
crop and monocrop systems. However, under irri-
gated conditions, the soil water content was signifi-
cantly higher (by about 25%) in the crop diversifica-
tion treatment than in the monocrop.

Mean soil  CO2 emission rates were 96.69 ± 10.9 
and 160.3 ± 17.9 mg  CO2  m−2  h−1 in the rainfed and 
irrigated monocrop cropping systems, respectively 
(Fig.  2c). Contrasting effects of crop diversification 
on soil  CO2 emission rates were observed in the rain-
fed and irrigated cropping systems. Soil  CO2 emis-
sion rates were significantly reduced by 23%, on aver-
age in both crop diversification treatments compared 
with the monocrop system under rainfed conditions. 
However, under irrigated conditions, soil  CO2 emis-
sion rates were 25% higher with crop diversification 
(Fig. 2c).

Soil detached/deposited and carbon associated with 
the sediments

During the study period (from 19th March 2019 to 
2nd October 2020), 55 rainfall events (> 1 mm) pro-
duced a total rainfall of 948.4 mm, of which 16 events 
produced soil water erosion in the experimental area. 
Mean maximum rainfall intensity in 30 min  (I30) dur-
ing the study period was 5.96 mm  h−1 in both crop-
ping systems. The total rainfall was higher than the 
annual average (230  mm) given for this area due to 
the occurrence of three extreme events during the 
study period. The highest-intensity rainfall event 
(maximum  I30 of 130 mm  h−1) occurred in September 
2019, during which a total of 321  mm accumulated 
in two consecutive days. April 2019 and 2020 pro-
duced an accumulation of 152 and 131 mm, respec-
tively, and displayed a maximum  I30 of 14.8 mm  h−1 
(Table 2).
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According to the erosion pin measurements, 
detachment and deposition phases were observed 
in the different crop diversifications and mono-
crop systems during the study period. Both crop-
ping systems generally showed higher detachment 
losses than deposition gains, leading to soil loss. 
In the shrubland, however, deposition gains were 
higher than detachment losses, meaning that the 

deposition phase prevailed throughout the study 
period. At the end of the study period, total soil 
loss in the monocrop and crop diversification sys-
tems ranged from 84.5 to 54.5 t soil  ha−1 (under 
rainfed conditions) and from 30.4 to 17.3 t soil 
 ha−1 (under irrigated conditions), respectively, 
while 34.3 t soil  ha−1 were deposited in the shrub-
land (Fig. 3).

Fig. 2  Mean soil tem-
perature (a), volumetric 
soil water content (b) and 
 CO2 emission rates (c) in 
the monocrop and diversi-
fied cropping systems 
under rainfed and irri-
gated conditions. Means 
and standard errors are 
shown. D1: Diversification 
1 (rainfed almond trees 
intercropped with Capparis 
spinosa); D2: Diversifica-
tion 2 (rainfed almond trees 
intercropped with Thymus 
hyemalis); D3: Diversifica-
tion 3 (irrigated mandarin 
trees intercropped with 
crop rotations of Hordeum 
vulgare/Vicia sativa and 
Vicia faba). Within each 
farming system, different 
lower cases indicate sig-
nificant differences between 
the diversifications and the 
monocrop (control) systems 
at p < 0.05
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Fig. 3  Average and stand-
ard error of the net erosion 
rates in the shrubland (a), 
rainfed (b) and irrigated (c) 
cropping systems, with dis-
tinction between the detach-
ment and the deposition 
(negative values indicate 
deposition of eroded mate-
rial) processes. Diversifica-
tion 1 (intercropping with 
Capparis spinosa); D2: 
Diversification 2 (intercrop-
ping with Thymus hyema-
lis); D3: Diversification 3 
(crop rotation of Hordeum 
vulgare and Vicia sativa/
Vicia faba). Different lower 
cases indicate significant 
differences within each 
farming system between 
the diversifications and the 
monocrop (control) systems 
at p < 0.05
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Overall, the diversifications adopted in the for-
merly monocrop rainfed and irrigated systems 
showed higher deposition rates but slightly lower soil 
detachment rates (Fig. 3b and c). As a result, the total 
net erosion rate (detachment rate minus deposition 
rate) was reduced by 36–45% as a result of diversi-
fications in the rainfed cropping system, and by 43% 
after diversification of the irrigated cropping system.

The average carbon content in sediments 
was 6.1 ± 1.2  g   kg−1, 7.6 ± 2.6  g   kg−1 and 
26.0 ± 1.85 g  kg−1 in the rainfed monocrop, irrigated 
monocrop and shrubland, respectively. As expected, 
higher carbon losses through erosion were observed 
in the monocrop compared to the diversified crop-
ping systems under both rainfed and irrigated condi-
tions (Table 3). Diversification with caper and thyme 
reduced the organic carbon mobilized by erosion by 
32 and 61%, respectively, compared to the monocrop 
system under rainfed conditions (Table 3). Likewise, 
the diversification system reduced losses of carbon 
through erosion by 35% compared to the monocrop 
system under irrigated conditions. The native shrub-
land, by contrast, gained around 60 g C  m−2  yr−1 from 
the deposited sediments, acting as an erosion carbon 
sink.

Organic carbon inputs derived from vegetation

Intercropping increased total (above- and below-
ground) biomass and, hence, the plant C inputs 
returned to the soil in the alley between rows, in both 
rainfed and irrigated cropping systems compared to 
their respective monocrop systems (Table  3). More 
specifically, under rainfed conditions, plant C inputs 
doubled in the plots diversified with caper and thyme 
compared with the monocrop system. In irrigated 
conditions, intercropping increased the plant C inputs 
compared to the monocrop system, considering that C 
inputs were negligible in the irrigated crop (Table 3).

Soil organic carbon balance approach

Based on the findings of our soil carbon balance 
approach, all the systems acted as carbon source. The 
annual carbon balance (inputs–outputs) was −51, 
−207 and −413 g C  m−2  y−1 for the shrubland, rain-
fed and irrigated monocrop cropping systems, respec-
tively (Table  3). Intercropping the rainfed almond 
crops with caper or thyme enhanced plant carbon 

inputs, while reducing carbon losses through ero-
sion and respiration. Therefore, the net soil carbon 
balance improved significantly (by 65% and 73% in 
D1 and D2, respectively) compared with the mono-
crop system. By contrast, intercropping with a rota-
tion of a mixture of barley and vetch, followed by 
fava bean, in the irrigated mandarin crop did not 
improve the net soil carbon balance, and even pro-
duced slightly higher carbon losses (Table 3). In this 
case, the observed increase in the carbon inputs from 
the established vegetation, together with the decrease 
in carbon losses through erosion, was not off-set 
by the greater carbon losses through increased soil 
respiration.

Discussion

Impact of crop diversification on soil carbon stocks

In our study site, crop diversification practices did 
not enhance SOC stocks in the rainfed or in irrigated 
cropping system. This may be explained by the short-
term duration of this study (i.e., 18 months) together 
with the extreme environmental conditions (low 
rainfall, high evapotranspiration) low organic matter 
content of the soil (< 1%) and highly erodible marly 
substrate of the study site), which hampered the new 
crop establishment and slowed down soil organic car-
bon dynamics and sequestration (Ogle et  al. 2005). 
Although crop diversification was seen to enhance 
plant carbon inputs in the alley between rows of both 
cropping systems (Table  3), a longer time is still 
needed for these plant residues to be decomposed 
and incorporated into the soil as a stable soil organic 
matter pool. It is also important to consider the recal-
citrant nature of the plant residues derived from the 
intercropped perennial species (thyme and caper) in 
the rainfed diversified systems (Almagro et al. 2021).

Impacts of crop diversification on soil  CO2 emissions

Crop diversification significantly increased annual 
soil  CO2 emissions by 25% in the irrigated crop-
ping system while the opposite occurred in the rain-
fed cropping system. This contrasting pattern can be 
explained by the different crop diversification strat-
egies (i.e., intercropping with annual vs. perennial 
crops) and soil management practices adopted in both 
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cropping systems. The higher soil  CO2 emissions in 
the diversified compared than in the monocrop sys-
tem under irrigated conditions may be explained by 
several factors. First, intercropping with annual crop 
rotations avoids bare soil in the alley between rows 
throughout the year, preventing soil water evapora-
tion losses and improving the soil water balance, 
which ultimately drives higher soil  CO2 emissions. 
Moreover, the inclusion of different cereal and legu-
minous species in the rotation scheme, together with 
irrigation and the addition of nutrients (mostly N, P 
and K; Table S1) with fertilizers enhance root activ-
ity, rhizodeposition and soil microbial decomposition 
of new labile organic matter sources (the so-called 
“priming effect”; Kuzyakov 2002). Finally, tillage 
operations were performed four times per year, break-
ing up aggregates and accelerating organic matter 
decomposition.

By contrast, the reductions in the annual soil  CO2 
emission rates observed in both diversified crops 
under rainfed conditions could be explained by 
increased soil compaction (due to the absence of till-
ing inthese treatments), as indicated by the significant 
increase in soil bulk density values compared to the 
monoculture system (Table  1). According to several 
authors, as soil compaction increases, diffusive resist-
ance to gas movement also increases (Gaertig et  al. 
2002; Hashimoto and Suzuki 2002; Pengthamkeerati 
et al. 2006). This observation is supported by the fact 
that no other major factors that control  CO2 emissions 
from soils (such as soil temperature or moisture con-
tent) changed with crop diversification in the rainfed 
cropping system. Moreover, the plant material from 
the crops used for intercropping is more recalcitrant 
and N-poor than that of the annual crops used in the 
rotation scheme of the irrigated cropping system 
(Almagro et al. 2021), which might also contribute to 
explaining the lower  CO2 emissions in the diversified 
rainfed system.

Impacts of crop diversification on erosion and 
associated OC dynamics

The estimated net soil erosion rates (ranging from 
−34 to 84 t soil  ha−1  y−1) were within the range 
of those reported in other studies conducted at 
hillslope scale in similar Mediterranean environ-
ments (García-Ruiz 2010; Taguas et  al. 2015; Yoo 

et  al. 2005). While net erosion rates were positive 
(indicating the prevalence of the detachment phase 
throughout the study period) in the cropping sys-
tems, the deposition phase was predominant in 
the reference shrubland site (Table  3 and Fig.  3), 
indicating that native vegetation acted as a barrier, 
retaining the sediment.

Crop diversifications reduced soil losses through 
erosion, and the associated carbon losses, by 
between 30 and 60%, depending on crop diversifica-
tion practices and cropping system (Fig. 3b, c).

Under irrigated conditions, intercropping 
reduced the amount of carbon losses through ero-
sion by 35% compared with the monocrop system 
despite the depletion of organic carbon in sediments 
(enrichment ratios < 1) observed in the latter. This 
result reinforces the idea that OC losses are mainly 
driven by the total soil lost by erosion rather than by 
the OC content of sediments, as reported in other 
studies (Owens et al. 2002).

Under rainfed conditions, intercropping with 
thyme (D2) was doubly more effective than inter-
cropping with caper (D1) in reducing the amount 
of carbon lost by erosion. This is in line with the 
lower organic carbon enrichment ratio observed for 
the sediments resulting from the thyme-diversifica-
tion (0.96) than that coming from the caper-diver-
sification treatment (1.6), which might be related 
to the greater physical protection of organic carbon 
(Almagro et  al. 2017; García-Franco et  al. 2015) 
and/or to the size of material transported through 
erosion (Ordoñez-Fernández et  al. 2007) with 
thyme as a diversification crop.

Besides reducing the OC exported from a given 
system through erosion (prevalent detachment 
phase), crop diversification can increase carbon 
inputs into the system by trapping sediments rich 
in OC, which will remain or be temporarily accu-
mulated within the agricultural plot. The extent to 
which this carbon remains in the system will depend 
on many environmental factors, such as the topog-
raphy of the cropland and of the surrounding area, 
the frequency and intensity of rainfall events, and 
the time elapsing from the introduction of diversifi-
cation (i.e., the longer that diversification has been 
practised, the more the soil surface will be covered 
and protected against soil erosion, and thus the 
more C that will be retained in the system).
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Impacts of crop diversification on the soil carbon 
balance

Diversification practices under rainfed conditions 
improved the soil carbon balance (by reducing the 
carbon outputs by between 65 and 73%, depending 
on the diversification crop only eighteen months fol-
lowing its implementation. Our results highlight the 
potential of intercropping with perennials in rainfed 
woody crop systems for achieving carbon neutrality, 
particularly in the longer-term, once the new crop is 
fully developed and the diversified system reaches a 
steady state (Smith et  al. 2014). By contrast, under 
irrigated conditions, crop diversification did not 
improve the soil carbon balance. The higher annual 
soil  CO2 emissions in the irrigated diversification 
treatment with respect to the monocrop system were 
not offset by the observed increase in plant carbon 
inputs and the reduction in carbon outputs by ero-
sion. These results might suggest that, under inten-
sively managed cropping systems, it is more difficult 
to improve the soil C balances to achieve carbon neu-
trality. These results are in line with those of other 
authors who found that intensively managed irrigated 
systems act as GHG sources, while low-input rainfed 
ones usually act as neutral carbon systems (Aguilera 
et al. 2015).

Based on our soil carbon balance approach, all 
the systems acted as carbon source, but agriculture 
intensification promoted higher carbon outputs from 
ecosystems to the atmosphere. Unfortunately, the lack 
of literature reporting soil carbon balances in Medi-
terranean agroecosystems under similar environmen-
tal and management conditions makes comparisons 
difficult. Noteworthy, other studies carried out in 
Mediterranean woody crop systems under rainfed and 
irrigated conditions using different approaches to esti-
mate the carbon balance at the whole agroecosystem 
level reported much higher net carbon inputs and, as 
a result, those agroecosystems acted as C sinks (Brilli 
et al. 2016; Nardino et al. 2013; Palese et al. 2013).

Contribution of the different C fluxes to the soil 
carbon balance

Soil respiration was the major component of the 
soil carbon balance, followed by annual plant C 
inputs (NPP) and erosion in all three study sites 
(Table  3), which is in line with the results reported 

by other authors (Giardina and Ryan 2002). In both 
diversified systems under rainfed conditions and in 
the shrubland, carbon outputs through soil respira-
tion were of the same order of magnitude as carbon 
inputs from vegetation. Moreover, in the shrubland, 
a significant proportion of the carbon mobilized by 
erosion was deposited within the system, contribut-
ing to the increase in the total carbon input of 24%. 
Although carbon inputs and outputs in different eco-
systems can vary annually depending on climatic 
conditions and vegetation development (Chamizo 
et  al. 2017; Tezza et  al. 2019), our results show the 
significant role played by soil erosion in controlling 
the net soil carbon balance of those systems, keeping 
them much closer to carbon neutrality. Likewise, our 
findings highlight the importance of considering the 
erosion process when estimating the soil carbon bal-
ance in Mediterranean ecosystems, in contrast to sev-
eral reports suggesting the relatively small influence 
on the total soil carbon budget of carbon export due 
to erosion (Forrester et  al. 2006; Giardina and Ryan 
2002; Schlesinger 1986).

Under irrigated conditions, however, carbon out-
puts through respiration were one order of magnitude 
higher than carbon inputs due to crop diversification. 
This highlights the fact that, under highly intensive 
cropping systems, it is more difficult to improve soil 
C balances to achieve carbon neutrality. This is par-
ticularly true when crop material is harvested and 
taken out of the system as food or feed, as in the case 
of our study. Our results underline the importance of 
retaining crop residues for improving SOC balances.

Nevertheless, we cannot ignore the fact that the 
dissolution of carbonates would contribute to the 
amount of  CO2 emitted from soils and that such 
contributions are dependent on many environmen-
tal and management factors (Cardinel et  al. 2020). 
This is one drawback of the present study, and future 
research should include isotopic analyses (δ13C) to 
assess the contribution of inorganic carbon to the 
total  CO2 emitted.

Conclusions

Crop diversification did not affect SOC stocks in our 
study, but did affect the carbon inputs and outputs 
regulating the short-term soil carbon balance in these 
Mediterranean agroecosystems. Crop diversification 
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with perennials in the low-input rainfed woody crop 
system significantly improved the annual soil C bal-
ance in the short-term. Reductions of 23% in  CO2 
emissions and of about 45% in lateral C fluxes as a 
result of erosion, together with a significant increase 
in the OC inputs, contributed to enhancing the soil 
carbon balance of the diversified systems. Crop diver-
sification using annual species in the intensively man-
aged woody crop system did not improve the annual 
soil C balance but, a significant increase in plant car-
bon inputs and a reduction in the lateral carbon fluxes 
caused by erosion (53%) was observed.

Our results highlight the potential of intercropping 
with perennials in rainfed woody crop systems for miti-
gating the effects of climate change through soil carbon 
sequestration. Indeed, the effects of such crop diversifi-
cation on the carbon balance would be expected to be 
more pronounced in the long-term, once the new crops 
have fully developed and the diversified system reaches 
a steady state. Further research is needed if we are to 
confirm whether or not intercropping with perennials 
in irrigated cropping systems could be considered a 
solution to improving the soil carbon balance in these 
systems.
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