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• Water-carbon dynamics are predicted 
for temperate intercropping vs 
monoculture.

• Intercropping showed similar evapo
transpiration to monoculture over the 
long-term.

• Intercropping increased plant transpira
tion but had less variability in water use 
in dry years.

• Intercropping is projected to increase 
soil carbon by 16 % over monoculture 
by 2050.
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A B S T R A C T

Intercropping is an emerging potential nature-based solution for sustainable crop production in temperate en
vironments. However, its long-term role in contributing to climate mitigation and adaptation remains unclear. 
This work presents the first evidence of potential long-term water and carbon effects of barley (Hordeum vulgare 
L.) and pea (Pisum sativum L.) intercropping versus its barley monoculture for a typical temperate environment in 
Scotland. Based on experimental data, water (HYDRUS 5) and soil carbon (RothC) models were coupled to 
project water-carbon dynamics for the short-term during a two-season field trial (2022− 2023) and the long-term 
future (2024–2050) under a worst-case climate scenario (Representative Concentration Pathway, RCP 8.5). The 
coupled water-carbon model effectively captured the water-carbon dynamics observed in the short-term. 
Compared to barley monoculture, intercropping increased evapotranspiration up to ~20 % in the short-term, 
dominated by the dry weather conditions in 2022. Long-term intercropping projected lower interannual vari
ability in evapotranspiration than barley monoculture, but showed higher plant transpiration in dry years, 
indicating more adaptive water use and hydrological resilience. As intercropping is projected to increase tran
spiration but reduce soil evaporation compared with barley monoculture, it maintained similar levels of soil 
water content and storage in the topsoil (0–30 cm). In addition, by 2050, soil carbon was predicted to increase in 
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the upper topsoil (0–5 cm) of intercropping by 16 % (1.91 kg m− 2) compared to barley monoculture (1.63 kg 
m− 2). These novel findings suggest that intercropping could play a critical role in enhancing hydrological 
resilience and carbon sequestration in temperate environments for sustainable land management.

1. Introduction

Climate change is intensifying pressure on land resources globally by 
elevating temperatures and shifting precipitation patterns causing soil 
degradation, low agricultural productivity and food insecurity (IPCC, 
2023). In humid temperate climates, where water has not previously 
been limiting for plant growth, periods of water scarcity are increasingly 
occurring and projected to intensify in the future (IPCC, 2023; Visser- 
Quinn et al., 2021). Drought frequency in Scotland is projected to double 
by 2050, with significant challenges to major sectors, including the 
agricultural, food and drink industries (Glendell et al., 2024; Visser- 
Quinn et al., 2021). This relates directly to shifts in precipitation pat
terns and temperature extremes leading to elevated evapotranspiration, 
decreased soil water storage, and increased water stress (Glendell et al., 
2024).

Soil carbon (C) is a factor that is key in achieving both climate 
change adaptation and mitigation (Li et al., 2024). Nature-based solu
tions, such as those included in agroecological or regenerative practices, 
provide the potential to enhance C storage in soils (Begum et al., 2022; 
Prudil et al., 2023), and present economic opportunities for farmers to 
access C credit markets (Raina et al., 2024). Furthermore, soil C is in
tegral to overall soil health, including its water holding capacity 
(Rodriguez et al., 2020; Yu et al., 2022). This underpins the long-term 
productivity and resilience of agroecosystems (Smith et al., 1997). 
While experimental evidence has been collected for these benefits at 
relatively short timescales (Begum et al., 2022; Li et al., 2024), the long- 
term sustainability potential for C sequestration remains unclear; this 
highlights the need for modelling approaches.

One promising nature-based solution in arable agriculture, gaining 
attention in temperate environments, is intercropping. This involves two 
or more crop species or varieties being grown simultaneously in the 
same field, deployed in mixed, row, strip or relay patterns (Durodola 
et al., 2025; Stomph et al., 2020). Monoculture systems typically rely on 
the intensive use of agrochemical inputs, including synthetic fertilisers, 
pesticides and herbicides (Stomph et al., 2020), while intercropping 
practices provide potential for maintaining crop yield and productivity 
with reduced inputs (Rodriguez et al., 2020).

In temperate environments, cereal - legume combinations are of 
particular interest due to their adaptability to climatic and soil condi
tions, while legumes also enhance nitrogen use efficiency and reduce 
reliance on synthetic fertiliser inputs for cereals (Rodriguez et al., 2020). 
Additional beneficial effects of intercropping in temperate environments 
have been reported to include increased yields and land productivity 
(Brooker et al., 2024), higher N fixation (Rodriguez et al., 2020) and 
enhanced water uptake during periods of water stress (Durodola et al., 
2025).

However, previous studies have mainly focused on the short-term 
(≤3 years) benefits of intercropping, while the potential long-term ef
fects remain unknown. Global syntheses have shown that in the short- 
term, diverse intercropping systems can reduce runoff by 13 - 45 % 
and soil evaporation by 3 - 18 %, while increasing plant transpiration by 
20 - 40 % and water use efficiency by 6 - 45 %, resulting in similar soil 
volumetric water content (VWC) compared with monocultures (Liu 
et al., 2025; Yin et al., 2020). For example, Fan et al. (2016) found that 
maize - potato intercropping reduced evaporation and runoff, while it 
increased transpiration and soil VWC compared to maize and potato 
monocultures in China. Maize - soybean intercropping also showed 
similar evapotranspiration with monocultures, but reduced soil VWC 
and soil evaporation during a 2-year experiment, with effects dependent 
on the sowing ratio/pattern (Rahman et al., 2017).

In another global synthesis (Li et al., 2024), it was found that 
intercropping increased soil C by 8 - 18 % compared to monocultures, 
with the top 0–20 cm soil depth showing the most accumulation. For 
example, during a 7-year field experiment in China, intercropping- 
rotation of maize-wheat, maize-faba bean and wheat-faba bean sys
tems increased soil C by 4 % in the top 20 cm of soil (Cong et al., 2015). 
Potato - soybean intercropping also increased soil C by 7.8 % compared 
to monoculture during a 7-year field experiment (Wang et al., 2025a). 
These outcomes were mainly influenced by crop/cultivar combination 
and soil depth. However, these studies are predominantly from non- 
temperate environments and were carried out over short- to medium- 
term (≤ 7 years) timescales, highlighting the gap this study aims to fill.

Since most of the existing evidence originates from non-temperate 
environments, where climatic conditions, soil types and crop species 
differ substantially from those in temperate environments, their rele
vance to temperate environments remains unclear. There is, therefore, 
limited understanding of the long-term (≥25 years) resilience and rate of 
soil C sequestration in intercropping under future climate scenarios, 
especially in temperate environments. Understanding how intercrop
ping systems could affect soil moisture and C sequestration in temperate 
environments under projected climate change is essential for the wider 
adoption of intercropping as a potential climate-resilient practice and to 
inform policy (Durodola et al., 2025). While some experimental and 
modelling studies have explored the short-term benefits of intercrop
ping, most have not considered how these systems would perform over 
the long term in response to projected climatic changes.

Coupled water and C modelling, especially when based on empirical 
data, provides a viable approach to understanding the potential long- 
term and future effects of intercropping on water and C dynamics. 
Process-based models such as HYDRUS (for simulating soil water dy
namics) and RothC (for C turnover and sequestration) in intercropping 
could therefore provide important insights into its potential for climate 
change adaption, and sustainable land and water management (Begum 
et al., 2022; Šimůnek et al., 2024; Wang et al., 2024a).

The aim of this study is, therefore, to examine the long-term effects of 
temperate intercropping on water and C dynamics under a worst-case 
climate scenario. The Representative Concentration Pathway 8.5 (RCP 
8.5) (Reyniers et al., 2025) was selected as a high-emission climate 
scenario to assess the potential resilience of intercropping under 
extreme and adverse future conditions. More specifically, the objectives 
were to: 

1. Calibrate and evaluate a coupled water and C modelling approach to 
simulate short-term (two years) observed soil water and C dynamics 
of barley-pea intercropping and barley monoculture.

2. Extrapolate simulations to provide long-term future (2024–2050) 
water and C dynamics of intercropping and barley monoculture 
under a worst-case climate change scenario (RCP 8.5) using the same 
approach.

3. Explore the effects of barley-pea intercropping as opposed to barley 
monoculture on water availability and C storage in the long-term.

This study focused on the intercropping of spring barley (Hordeum 
vulgare L.) and pea (Pisum sativum L.) in North-East Scotland, UK. Barley 
was selected for its economic relevance to the UK food and drink sectors, 
and pea was chosen as a nitrogen-fixing legume commonly used in an
imal feed. This study is based on short-term empirical data collected 
during the experimental period from 2022 to 2023 (Durodola et al., 
2025, 2026), providing the foundation for calibrating and evaluating the 
soil water and C modelling approach. The modelling approach followed 
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the coupling of HYDRUS (Version 5) with the RothC model for soil water 
and C dynamics, respectively. To our knowledge, this study represents 
the first attempt to model the long-term effects of intercropping on soil 
water and C dynamics under future climate conditions.

2. Materials and methods

2.1. Study site and experimental design

Experimental data were collected at Balruddery Farm, a research 
facility of the James Hutton Institute, near Dundee in North-East Scot
land, UK (56.48◦N, 3.11◦W; 67-163 m above sea level) (Fig. S1). The site 
is within a temperate climate zone, characterised by a long-term average 
annual precipitation and a mean daily temperature of 800 mm and 
8.6 ◦C, respectively (Hawes et al., 2018). The soil at the farm is Cambisol 
according to the World Reference Base for Soil Resources, with a sandy 
loam and clay loam texture and topsoil depth of 30 cm (Hawes et al., 
2018). The field used for this study, known as Grieves House, has sandy 
loam texture within the topsoil (41.74 % sand, 46.55 % silt and 11.71 % 
clay), bulk density of 1.33 g cm-3 and pH of 6.2.

Field trials were conducted over two consecutive years (18 April - 16 
September 2022 and 27 March - 25 August 2023) across 20 (6.25 m ×
1.5 m) experimental plots to evaluate barley - pea intercropping systems 
in comparison to their respective monocultures. The experiment 
included four cropping systems, each with five replicates, arranged in a 
randomised complete block design (Fig. S2). Treatments comprised two 
monocultures and two barley–pea intercropping systems involving two 
barley cultivars (Laureate and KWS Sassy) and one pea cultivar (LG 
Stallion) as described in Durodola et al. (2025, 2026). Intercropping 
systems were established using a mixed-replacement design with sowing 
density of 70 % barley and 30 % pea. In a replacement design, a 

proportion of one crop species is substituted by another, while main
taining the total sowing density equivalent to that of the corresponding 
monocultures. The experiment followed low-input management, with 
no agrochemical applications during the growing seasons. Prior to the 
study, the plots were under barley monoculture for several years but 
changed to cover cropping (a mix of rye, vetch, triticale, fodder radish, 
brown mustard, buckwheat, and clover) and no-tillage management 
three years before the experiment. Plots were inversion ploughed to 20 
cm deep prior to seed drilling. A full description of the field layout and 
field management is reported in Durodola et al. (2025, 2026). In this 
study, the focus is on the barley (Laureate) - pea intercropping and its 
barley monoculture, where increases in soil C for the intercropping 
system were observed during the experiment (Durodola et al., 2026). 
This study could not consider pea monoculture since empirical data on 
plant water uptake were only available for barley monoculture during 
the experimental period, constraining the ability to simulate pea 
monoculture.

2.2. Data collection

2.2.1. Short-term meteorological and soil water measurements
Daily weather data and soil VWC (Fig. 1) covering the study period 

were obtained from the COSMOS-UK Met Station (56.482◦N, 3.112◦W; 
elevation 130 m; https://cosmos.ceh.ac.uk/), situated about 320m 
south of the study site (Fig. S1). The data (hereafter referred to as the 
COSMOS data) provided high temporal resolution measurements via 
cosmic ray neutron sensing (Smith et al., 2024). In addition, historical 
daily climatic records (1960 - 2021) were sourced from the UK Met 
Office Mylnefield Station (56.456◦N, 3.069◦W; elevation 26 m), which 
covers the catchment and is situated about 5.1km southeast of the study 
site.

Fig. 1. Hydro-climatological data during the short-term study period. (a) Daily Precipitation amount (P, mm d− 1); (b) air temperature and potential evapotrans
piration (ET0) estimated with weather station data and the Penman-Monteith equation; (c) daily soil volumetric water content (VWC) for the upper ~15 cm soil 
depth measured at the COSMOS Met Station (https://cosmos.ceh.ac.uk/); (d) phenological crop growth stages. The green bands represent the periods of each 
growth stage.
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The first experimental year (October 2021 - September 2022) was 
drier and warmer compared to the second year (October 2022 - 
September 2023) (Fig. 1). Both years followed similar seasonal trends, 
with mean daily air temperatures rising from approximately 5 ◦C in 
April to over 20 ◦C in summer, then gradually decreasing by late August 
(Fig. 1). Daily potential evapotranspiration (ET0), as estimated from the 
weather station climatological data using the Penman-Monteith equa
tion (Allen et al., 1998), followed the same pattern.

In 2022, in-situ VWC was measured during the growing season at 5 
cm depth on 11 and 24 May; 15 and 29 Jun; and 05 and 19 August using 
SM300 time domain reflectometry (TDR) sensors (Delta-T Devices Ltd., 
Cambridge, UK) across 8 sampling points (n = 8) in each plot. In 2023, 
TDR measurements were taken at 5 cm and 10 cm depths on 16 May, 22 
June and 18 July.

Daily timeseries of in-situ soil VWC (hereafter referred to as in-situ 
probes data) were obtained at the experimental plots in 2023 (not 
measured in 2022), as reported in Durodola et al. (2025). The in-situ 
probes data were measured from April to August at 10, 20, 30, and 
40 cm depths in one replicate of the four cropping systems (n = 4) using 
PR2 SDI-12 Soil Moisture Profile Probes (Delta-T Devices Ltd., Cam
bridge, UK). A relationship between 2023 TDR and in-situ data was 
established and subsequently applied to adjust the 2022 TDR values 
(hereafter referred to as 2022 TDR-corrected data), thereby minimising 
methodological discrepancies. However, due to small-scale spatial het
erogeneity in soil properties, clear distinctions in VWC among the 
cropping systems were not discernible in either 2022 or 2023 (Durodola 
et al., 2025). Therefore, for the HYDRUS soil profile modelling setup 
(Section 2.3), a representative profile from the four replicates at each 
depth were used similarly for both intercropping and monoculture 
systems.

2.2.2. Short-term plant root water uptake
Data on barley root water uptake depths during the field experiment 

in both intercropping and monoculture systems were previously re
ported in Durodola et al. (2025). Those data quantified the proportional 
contributions of different soil water sources (upper topsoil, < 5 cm and 
lower topsoil, 5-30 cm depths) to barley water uptake. To estimate the 
proportional water uptake contributions, water stable isotopes (δ2H and 
δ18O) were used to explore water uptake patterns during different 
hydro-climatological conditions, offering insights into niche differences 
in water uptake between barley in intercropping and monoculture 
(Durodola et al., 2025). To support this, isotope sampling was conducted 
on 19 Aug 2022, 16 May 2023, 22 June 2023 and 18 July 2023 across 
key crop growth stages, covering 2022 and 2023. The HYDRUS 
modelling was based on plant water uptake data, providing a qualitative 
assessment of the model’s ability to capture soil water uptake dynamics 
under both intercropping and monoculture systems.

2.2.3. Short-term soil carbon data
Historical soil C stock and bulk density data measured at the study 

site five years prior to the study were obtained from the Farm records 
while the data measured during the field experiment in both inter
cropping and monoculture systems are reported in Durodola et al. 
(2026) (Table S1). The historical data were obtained for the upper 
topsoil (<5 cm depth) at post-harvest in September each year, while 
reported data in Durodola et al. (2026) were also collected from the 
same depth at pre-sowing in March and post-harvest in September each 
year.

2.2.4. Long-term climate change scenario data
To assess the potential long-term future impacts of climate change, 

the bias-corrected projections for precipitation (P), air temperature (T) 
and potential evapotranspiration (ET0) of the study site up till 2050 
based on the high greenhouse gas emissions RCP 8.5 scenario were 
employed. Opting for a worst-case scenario allows us to capture the full 
range of potential climate risks and test whether intercropping as a 

mitigation strategy is viable even in the most adverse of plausible con
ditions. While RCP8.5 may represent a less likely future under current 
mitigation policies, it is useful for identifying management strategies 
that are robust across a wide range of climate outcomes and could 
therefore support robust decision making. The projections were pro
vided by Reyniers et al. (2025) and were derived from the UK Climate 
Projections 2018 (UKCP18) using the downscaled Regional Climate 
Model output from the 12 km resolution Perturbed Physics Ensemble 
(UKCP18-RCM-PPE) across 12 ensemble members. They estimated ET0 
using the Penman–Monteith method (Allen et al., 1998), after which all 
the datasets were bias-corrected using a variant method of quantile 
mapping developed for the third phase of the Inter-Sectoral Impact 
Model Intercomparison Project (ISIMIP) (Reyniers et al., 2022a, 2022b). 
The biases in the dataset for the study site were corrected by multiplying 
the P, T and ET0 timeseries obtained from Reyniers et al. (2022a, 2022b, 
2025) by correction factors (Ehret et al., 2012). These correction factors 
were estimated as 0.81, 1.03, and 1.16, for P, T and ET0, respectively. 
The factors were estimated by the average of UK Met Office observed 
values between 1960 and 2021, divided by the average projected data 
for the same timeframe.

Compared to the 1960 - 2021 long-term average, P is projected to 
decrease by 5 % during April - September while it is projected to increase 
by 35 % during October - March, though changes are expected to be 
highly variable between extreme wet and dry years (Table S2). Also, T is 
projected to increase by 10 % in all months, steadily rising from average 
annual of 12.7 ◦C in 2024 to 13.1 ◦C by 2050, while annual ET0 is 
projected to increase from an average of 2.2 to 2.9 mm day-1 in warm 
years. Overall, climate extremes (hotter and drier summers, as well as 
wetter autumn and winter seasons) are expected to become more 
frequent from the 2040s onwards.

2.2.5. Standardised precipitation and evapotranspiration index
The 3-month Standardised Precipitation and Evapotranspiration 

Index (SPEI) was used to categorise all study years (2022 - 2050) into 
hydro-climatological conditions relevant for agricultural water avail
ability: dry, normal, and wet. SPEI was selected for incorporating both 
precipitation and temperature anomalies, reflecting the combined ef
fects of drought and elevated temperatures expected under future 
climate scenarios, while a 3-month timescale reliably captures short- 
and medium-term soil water variability critical for crop growth and 
useful for agricultural forecasting (Vicente-Serrano et al., 2010). Years 
with SPEI value(s) below -1.5 were classified as dry, values above 1.5 as 
wet, and those between as normal. Accordingly, the years 2022, 2025, 
2036, 2044, and 2047-49 were identified as dry; 2024, 2028, 2033, 
2042 and 2045 as wet, and all other years as normal (Fig. S3).

2.3. HYDRUS 2-D model configuration

2.3.1. Description of HYDRUS model and modelling parameters
The HYDRUS 5 (2D) software (Šimůnek et al., 2024; Šimůnek and 

van Genuchten, 1999) was used to simulate soil water dynamics due to 
its ability to resolve unsaturated flow with high vertical accuracy (<1 
mm) by solving the Richards equation and accounting for detailed soil 
hydraulic properties via the van Genuchten (1980) model.

Water flow in isotropic unsaturated soil was numerically solved in 
the model using a modified Richards’ equation, Eq. (1) (Šimůnek et al., 
2016, 2024). 

∂θ
∂t

=
∂

∂x

[

K(h)
∂h
∂x

]

+
∂
∂z

[

K(h)
(

∂h
∂z

+1
)]

− S(h, hφ)
∂θ
∂t

=
∂

∂x

[

K(h)
∂h
∂x

]

+
∂
∂z

[

K(h)
(

∂h
∂z

+ 1
)]

− S(h, hφ) (1) 

where θ is the soil VWC (cm3 cm− 3), h is the pressure head (cm), hφ is 
the osmotic head (cm), K(h) is the hydraulic conductivity function (cm 
day− 1), t is time (day), S is the root water uptake (cm3 cm− 3 day− 1), x is 
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the horizontal coordinate (cm), and z is the vertical coordinate (cm) 
(note that all parameters are listed and defined in Table S3).

Root water uptake (S) under water stress conditions is described in 
Eq. (2) (Feddes et al., 1978). HYDRUS code was modified to consider 
water uptake of two different vegetations, i.e., to allow different pa
rameters for root water uptake by barley and pea following Chen et al. 
(2020, 2022a), Eq. (3). 

S(h) = ∝(h)b(x, z, t)TpLp (2) 

S(h) = S1(h)+ S2(h) = ∝1(h)b1(z)Tp1 +∝2(h)b2(z)Tp2 (3) 

where ∝ is the stress response function (unitless), b represents the spatial 
distribution of roots in the rootzone (cm-1), and Tp is the potential 
transpiration (cm day-1), subscripts 1 and 2 refer to barley and pea, 
respectively, Lp is the length of the soil surface associated with tran
spiration (cm), Lp values of 50cm in barley monoculture and barley – 
pea intercropping were used, and b(x, z, t) is the normalized root water 
uptake distribution function (cm–2).

HYDRUS requires potential evapotranspiration separately as poten
tial evaporation (Ep) and transpiration (Tp), describing the potential rate 
of root water uptake and evaporation from the soil surface under suffi
cient water availability, respectively. First, potential crop evapotrans
piration (ETp) was obtained by multiplying ET0 with the crop coefficient 
(Kc), Eqs. (4)–(5), determined using the single crop coefficient approach 
(Allen et al., 1998). 

ETp = Kc ×ET0 (4) 

ETp = Tp + Ep (5) 

where ETp is potential crop evapotranspiration (cm day–1), Tp is the 
potential transpiration rate (cm day–1), ET0 is the potential evapo
transpiration (cm day–1), and Kc is crop coefficient (unitless). The 
required daily weather data (Ep, Tp and ET0) used in the above calcu
lations for 2022-2023 were obtained from the COSMOS weather station 
while for 2024–2050, they were obtained from the future climate 
dataset.

For the intercropping, Kc was estimated using a comprehensive co
efficient without considering the height difference between the two 
crops (Allen et al., 1998; Wang et al., 2024a), Eq. (6). 

Kc =
PbKc,b + PpKc,p

Pb + Pp
(6) 

where Pb and Pp are sowing area proportions of barley (Pb = 0.7) and pea 
(Pp = 0.3) in the intercropping system, and Kc,b and Kc,p are the crop 
coefficients of barley and pea, respectively, as obtained from Allen et al. 
(1998). Kc,b is 0.30, 1.15 and 0.25 while Kc,p is 0.50, 1.15 and 1.10 
during the early season, mid- season, and late season, respectively 
(Table S4).

Ep is estimated as Eq. (7) (Belmans et al., 1983) 

Ep = ETp e− k.LAI (7) 

where k is the radiation extinction coefficient, which is 0.46 for barley 
(Geris et al., 2021) and 0.53 for pea (Robertson et al., 2001), and LAI 
refers to the leaf area index (no units).

Daily LAI of spring barley monoculture was obtained from Baruth 
et al. (2012) as monitored in East Anglia, UK. The LAI of spring pea 
monoculture (unpublished) was obtained from Processors and Growers 
Research Organisation (PGRO), as monitored in Peterborough, UK in 
2023. Tp for barley and pea in the intercropping system was estimated as 
70 % of the Tp of barley monoculture and 30 % of the Tp of pea 
monoculture, respectively, based on the mix ratio.

The root density distribution was configured using the Vrugt model 
with a maximum rooting depth of 80cm, maximum root intensity set at 
5cm (10 cm for intercropping), and a shape parameter of 1, using Feddes 

model root water uptake parameters in HYDRUS. Feddes model root 
water uptake parameters were not available for barley at the study site, 
so Feddes wheat and pea parameters were used instead (Feddes et al., 
1978). The root distribution of barley was subsequently adjusted based 
on the barley root water uptake data reported in Durodola et al. (2025)
which indicated that the upper topsoil (< 5 cm) water is the dominant 
source for barley monoculture during different crop growth stages, with 
deeper water acquisition from lower topsoil (5-30 cm) depth under 
intercropping. Barley root distribution was set for monoculture as 0.6, 
0.2, 0.1, 0.1 and for intercropping as 0.4, 0.3, 0.2, 0.1 at 0 - 5, 5 - 10, 10 - 
20, 20 - 30 cm depths, respectively. The root distribution of intercropped 
pea was not adjusted, as no measurements were available.

Change in seasonal (Apr - Aug) soil water storage for each year was 
determined by Eq. (8). 

ΔS = P − ETa − D (8) 

where ΔS is the water storage change in the soil rooting zone (i.e. upper 
30 cm), D is the deep percolation leaving the 30 cm depth and ETa is 
simulated actual evapotranspiration. Lateral fluxes were neglected due 
to no-flux boundaries.

2.3.2. Modelling conditions, calibration and validation
Soil water dynamics were simulated within a 100 cm × 50 cm 

rectangular domain (Fig. S4). Boundary conditions included an atmo
spheric boundary at the top, free drainage at the bottom (reflecting the 
freely draining nature of the soil), and no-flux boundaries along the left 
and right boundaries. Soil layers were defined as 0 - 10, 10 - 20, 20 - 30, 
and 40 - 100 cm.

The model was calibrated with the 2023 in-situ probes VWC data for 
both intercropping and monoculture systems due to its higher temporal 
and spatial coverage, providing a robust setup. For calibration, the 
model was initially set up using the in-situ probes VWC data as the initial 
conditions on 12 April 2023 set to 18, 23, 26, 24, and 39 % at 10, 20, 30, 
40, and 40–100 cm depths, respectively. Bulk density and soil texture 
data were inputted to the Rosetta pedotransfer functions to estimate soil 
hydraulic parameters for each soil layer with the van Genuchten- 
Mualem model using the neural network approach (Schaap et al., 
2001). The hydraulic parameters were residual VWC (θr, %), saturated 
VWC (θs, %), inverse air-entry suction (α, cm-1), pore size distribution 
index (n, unitless), saturated hydraulic conductivity (Ks, cm day-1) and 
pore connectivity parameter (l, unitless). These parameters were then 
optimised using a Marquart-Levenberg-type parameter optimisation 
module (Lazarovitch et al., 2009) to ensure a fit between simulated and 
observed VWC. The 2022 TDR-corrected VWC data was then used for 
validating the fit between simulated and observed VWC.

HYDRUS performance in simulating the short-term soil water dy
namics was evaluated using the coefficient of determination (R2), root 
mean square error (RMSE), and the Kling–Gupta Efficiency (KGE). R2 

estimates the proportion of variance explained by a model, where values 
closer to 1 indicate stronger agreement between observed and simulated 
values. RMSE quantifies the average magnitude of prediction errors (in 
same units as the measurements), lower values indicate optimal model 
performance, Eq. (9). It was also expressed as a percentage by multi
plying by 100

μo 
(where μo is the average of the observed values). KGE is a 

composite metric that combines correlation, bias and variability, with 
values closer to 1 indicating optimal model performance (Gupta et al., 
2009), Eq. (10). KGE values greater than − 0.41 indicates model is better 
than using mean observation, but only values between 0.4 and 0.6 are 
deemed ‘acceptable’ and above 0.6 generally are deemed as ‘good’. 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1(Oi − Si)
2

n

√

(9) 

O.S. Durodola et al.                                                                                                                                                                                                                            Science of the Total Environment 1010 (2026) 181060 

5 



KGE = 1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(r − 1)2
+

(
σs

σo
− 1

)2

+

(
μs

μo
− 1

)2
√

(10) 

where r is the linear correlation coefficient between the simulated (Si) 
and observed (Oi) values, n is number of observations, σs and σo are the 
standard deviations in the simulations and observations, respectively, 
and μs and μo are the mean of the simulations and observations, 
respectively.

Since the short-term observed VWC was comparable between inter
cropping and barley monoculture, a qualitative approach was adopted 
to assess the model’s performance in capturing system-specific dy
namics. Model evaluation focused on the proportional distribution of 
barley water uptake across different soil depths, providing insight into 
the spatial patterns of root water uptake (Durodola et al., 2025). This 
allowed confirmation that the model accurately represented water up
take dynamics characteristic of both intercropping and monoculture.

To capture the full seasonal dynamics following soil hydraulic cali
bration, HYDRUS was simulated for the short-term (2022− 2023), 
following a spin-up of 3 years with optimal soil water conditions as 
initial conditions. For the long-term future (2024–2050), simulations 
were run continuously with 1 April and 31 August as sowing and har
vesting dates, respectively, representing a typical spring growing season. 
To isolate the effects of climate variability on water use, management 
practices were held constant across years, with weather data being the 
only variable input.

The results of soil water dynamics are presented for the top 30 cm of 
the soil profile in this study, since that is where the roots and water 
uptake are concentrated in this type of environment (Durodola et al., 
2025).

2.4. Rothamsted carbon model (RothC) configuration

2.4.1. Description of RothC
The Rothamsted C model (RothC; (Coleman and Jenkinson, 2024, 

1996)) simulates soil C dynamics through four active soil organic matter 
pools; decomposable plant material (DPM), resistant plant material 
(RPM), humified soil organic material (HUM) and soil microbial biomass 
(BIO), and an inert organic matter pool (IOM). RothC partitions 
incoming plant residues into RPM and DPM based on the DPM:RPM 
ratio defined according to land use type. The plant material decomposes 
to form CO2, BIO and HUM, with all active pools undergoing decom
position by first-order processes, each with different decomposition 
rates. Decomposition rates are modified monthly based on the soil VWC, 
temperature, pH and plant cover, according to the conditions of that 
month (Falloon et al., 1998). Soil clay content (texture) affects the 
partitioning of decomposing organic matter into CO2, BIO and HUM.

The IOM pool, CIOM (kg m-2), was estimated from the observed total C 
using the Falloon equation, Eq. (11), (Falloon et al., 1998). 

CIOM = 0.049×C1.139
o (11) 

where Co is the observed C (kg m-2).
RothC operates in two modes, a forward mode, which uses known C 

inputs to simulate C changes, and an inverse mode, used to estimate C 
inputs and initial pool sizes based on observed soil C at steady state 
(Smith et al., 2007). Monthly C dynamics in each pool are computed as 
Eq. (12) (Coleman and Jenkinson, 2024, 1996): 

Cend = Cstart × e− abwcdkr/12 (12) 

where a, bw and c are rate modifiers for temperature, soil water and soil 
cover, respectively (Coleman and Jenkinson, 2024); d is the rate modi
fier for soil pH; kr is the decomposition rate constant 10.0 y-1 (DPM), 0.3 
y-1 (RPM), 0.66 y-1 (BIO), and 0.02 y-1 (HUM) (Coleman and Jenkinson, 
2024); Cend is C in the pool at the end of the month, Cstart is C in the pool 
at the beginning of a month, both in kg m-2 (or t ha-1), and 12 is a 

constant converting the yearly rate constant to a monthly value. The 
sum of these pools gives the total active C.

2.4.2. Interpolation procedure of RothC model
Weather (current and future scenarios), plant and soil data obtained 

were entered into RothC (Table S1). The DPM/RPM ratio was set to the 
default value of 1.44 for arable (i.e. 59 % of the plant material is DPM 
and 41 % is RPM) (Coleman and Jenkinson, 2024, 1996). The model was 
first run in inverse mode (to steady-state) to estimate monthly C inputs 
from plant residues, based on observed total C, clay content, IOM, 
climate and soil cover conditions (Smith et al., 2007). This steady-state 
run used weather data obtained from the UK Met Office and was 
continued until total soil C in two consecutive iterations differed by less 
than 0.0001 kg m-2 (steady-state) and matched the soil C measured in 
September 2022 (Table S1); this served as a baseline to assess the effects 
of future climate and management changes on soil C.

Because no long-term data are available for this intercropping sys
tem, RothC was then run in forward mode, iteratively adjusting C inputs 
for each crop in the rotation until the simulated C matched measured 
values. Note that the simulations were restricted to the 0 - 5 cm depth, 
where the obtained measurements showed significant difference be
tween intercropping and barley monoculture systems (Durodola et al., 
2026).

The fit of the adjusted RothC simulations to the measurements was 
quantified using R2, RMSE and KGE as described in Section 2.3.2. The 
statistical significance of RMSE was also assessed by estimating its 95 % 
confidence threshold (RMSE95%,%) following (Smith et al., 1997), Eq. 
(13), using the standard error of observations. 

RMSE95% =
100
μo

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

i=1
(
t(n− 2)95% × Se(i)

)2

n

√

(13) 

where t(n− 2)95% is Student’s t distribution with n − 2 degrees of freedom 
and a two-tailed P-value of 0.05, μo is mean of observations, and Se is 
standard error of observed values. The 95 % confidence intervals (%) 
were estimated as mean ± RMSE95%, with non-overlapping intervals 
indicating significant differences.

It is worth noting that this is not an evaluation of RothC, as the plant 
inputs were adjusted to fit the measured data, but it provides an estimate 
of the expected uncertainty in the simulations compared to measured 
values. This can then be used to estimate of model uncertainty in the 
long-term simulations.

2.5. Coupling HYDRUS with RothC model

To better account for future changes in soil hydrology, and so 
improve future C simulations, RothC was coupled with HYDRUS by 
replacing the model’s default soil water accounting method with simu
lated VWC values from HYDRUS. Rather than relying on RothC’s 
simplified monthly water balance method, daily soil VWC outputs from 
HYDRUS were cumulated to provide monthly values. These values were 
then used as direct inputs to drive the soil water modifier function in 
RothC, which controls the rate of organic matter decomposition. This 
approach allowed for a more realistic representation of soil water dy
namics, especially under different climatic and cropping conditions. 
This coupling was applied across both cropping systems (barley mono
culture and intercropping) under short-term and long-term future 
scenarios.

3. Results

3.1. Short-term water and carbon model performance

HYDRUS effectively captured both temporal and spatial soil water 
dynamics in the short-term. The optimised soil hydraulic parameter 
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values are given in Table 1. The values were similar across depths except 
Ks which reflect active root zone. The model’s performance was tested 
against observed soil VWC. Soil water simulations generally agreed well 
with observation, showing optimal model performance. For calibration, 
the model achieved R2, RMSE and KGE of 0.76, 3 %, 0.83 at 10 cm; 0.71, 
3 %, 0.70 at 20 cm; and 0.82, 2 %, 0.71 at 30 cm depths, respectively 
(Fig. 2). Also, the model performed optimally during the evaluation 
period, as reflected by high R2 (0.98), low RMSE (1 %), and high KGE 
(0.77) at 5 cm depth, though it is worth noting that this was calculated 
based on five values (Fig. 2). It was notable that the model tended to 
overestimate and underestimate soil water in 20 cm and 30 cm depths, 
respectively during the summer in 2023.

In addition to soil water dynamics, HYDRUS performance was tested 
against barley root water uptake patterns quantified as proportional soil 
water sources to water uptake. The model generally captured the water 
uptake patterns from both upper and lower topsoil layers in barley 
monoculture and intercropping systems, aligning with the mixing 
modelling results from isotope sampling observations (Fig. 3). However, 
the model tended to underestimate the proportions of water uptake from 
the upper topsoil compared to isotope observations, particularly during 
the dry period in June 2023. During the June 2023 sampling, the model 
indicated that barley in both monoculture and intercropping potentially 
showed greater reliance on lower topsoil water than was suggested by 
the isotope observations.

RothC effectively simulated the observed soil C stock dynamics in the 
upper topsoil in the short-term in both barley monoculture and inter
cropping. For monoculture, the model had R2 of 0.95, RMSE of 0.05 kg 
m-2 (3.5 %) (which is less than RMSE95% of 6.0 %) and KGE of 0.95. For 
intercropping, the model also had R2 of 0.98, RMSE of 0.04 kg m-2 (2.6 
%) (which is less than RMSE95% of 6.4 %) and KGE 0.94. Values of RMSE 
(as a percentage of the average observed value) less than 
RMSE95%indicate that predictions are within the 95 % confidence in
terval of the observations. This reflects the model’s ability to fit 
measured data, but we could not complete an independent evaluation 
due to lack of independent data. It is worth reiterating that the inter
cropping was simulated based on only four values, and that the plant 
inputs were adjusted to ensure good model fit. Therefore, while these 
statistics provide an estimate of uncertainty, they do not represent an 
independent evaluation of model performance.

3.2. Water dynamics in intercropping compared to barley monoculture

Simulated soil VWC in the short term (2022− 2023) was similar be
tween barley monoculture and intercropping systems (Fig. S5), con
firming similar patterns as reported in Durodola et al. (2025). Average 
daily root water uptake rate for barley in monoculture and intercropping 
was 1.4 mm day-1 and 1.1 mm day-1, respectively, peaking during 
summer (Table S5).

During the short-term period with observations (2022 - 2023), sea
sonal Ea of barley monoculture ranged from 166 to 251 mm, Ta ranged 
from 168 to 192 mm while ETa ranged from 333 to 443 mm. For 
intercropping, Ea ranged from 230 to 261 mm, Ta ranged from 211 to 
215 mm, while ETa ranged from 441 to 476 mm. Compared to barley 
monoculture, intercropping increased mean Ea by 18 % (208 vs 245 
mm), increased mean Ta by 18 % (180 vs 213 mm), leading to 18 % 
increase in ETa (388 vs 458 mm) (Fig. 4). It is worth noting that the 
increase in ETa in intercropping is strongly influenced by 2022, a 
particularly dry year.

In the long-term (2024–2050), seasonal Ea of barley monoculture 
ranged from 167 to 257 mm, while Ta ranged from 152 to 236 mm and 
ETa ranged from 322 to 487 mm. For intercropping, Ea ranged from 175 
to 233 mm, while Ta ranged from 227 to 263 mm, and ETa ranged from 
410 to 494 mm. It is worth noting that intercropping has a narrower 
range of fluctuations in Ea, Ta and ETa, indicating less vulnerability to 
climatic variability (Fig. 4). Compared to barley monoculture, inter
cropping decreased mean Ea by 10 % (218 vs 194 mm), but increased 
mean Ta by 18 % (205 vs 241 mm), overall leading to similar values in 
ETa (423 vs 435 mm), although these were relatively higher for inter
cropping than barley monoculture during dry years (Fig. 4).

In summary, across all years (i.e. 2022 - 2050), compared to barley 
monoculture, intercropping decreased mean Ea by 9 % (217 vs 198 mm), 
but increased mean Ta by 18 % (203 vs 239 mm), leading to similar ETa 
(420 vs 436 mm) (Fig. 4). Specifically, under dry conditions, ETa of 
intercropping was considerably higher than barley monoculture, while 
similar under normal and wet hydro-climatological years (Fig. 5). This 
indicates that intercropping has higher evapotranspiration compared to 
barley monoculture during drought conditions, suggesting that inter
cropping adaptively uses available soil water and is less vulnerable to 
dry spells.

Specifically in intercropping, mean simulated barley and pea tran
spiration were 165 mm and 73 mm, respectively. Also, ΔS was very 
similar across all years in both systems, but intercropping generally 
showed lower storage losses in dry years, leading to less deep percola
tion (Table S6).

3.3. Soil carbon dynamics in intercropping compared to barley 
monoculture

Simulated soil C dynamics in the short term (2022 - 2023) showed 
close agreement between observed and simulated values across both 
cropping systems. For intercropping, observed soil C increased slightly 
from 1.61 (± 0.10) kg m-2 in 2022 to 1.77 (± 0.11) kg m-2 in 2023, while 
simulated values followed a similar trend, increasing from 1.62 (± 0.10) 
to 1.73 (± 0.11) kg m-2 (Fig. 6). In the barley monoculture, observed soil 
C was 1.53 (± 0.09) kg m-2 in 2022 and increased to 1.67 (± 0.10) kg m-2 

in 2023, while simulated soil C showed a smaller increase from 1.59 (±
0.09) to 1.63 (± 0.10) kg m-2, indicating that the model effectively 
captured short-term dynamics of soil C under both systems. The differ
ence in simulated soil C between the two systems reached 0.10 (± 0.006) 
kg m-2 in 2050, corresponding to a 6 % higher C observed under inter
cropping compared to barley monoculture. The observed increase in soil 
C under intercropping highlights its potential benefits for enhancing soil 
C relative to barley monoculture in the short-term.

In the long-term (2024–2050), simulated soil C revealed contrasting 
trends between intercropping and barley monoculture systems. By the 
end of the simulation period in 2050, intercropping had accumulated 
substantially more soil C than barley monoculture (Fig. 6). In the 
intercropping, soil C increased steadily over the simulation period, ris
ing from an initial value of 1.77 (± 0.11) kg m-2 in 2023 to 1.91 (± 0.12) 
kg m-2 by 2050, with overlapping 95 % confidence intervals (1.66 - 1.88 
kg m-2 and 1.79 - 2.03 kg m-2). The absolute difference represents a net 
gain of 0.14 (± 0.009) kg m-2. In contrast, the barley monoculture sys
tem exhibited a relatively stable trend, with soil C slightly declining 
from 1.67 (± 0.10) to 1.63 (± 0.10) kg m-2, with overlapping 95 % 
confidence intervals (1.57 - 1.77 kg m-2 and 1.53 - 1.73 kg m-2) during 
the same period (Fig. 6). The difference in soil C between the two sys
tems reached 0.28 (± 0.017) kg m-2 in 2050 (without overlapping 95 % 
confidence intervals from 2040), corresponding to a 16 % higher C 
under intercropping compared to barley monoculture (Fig. 6). This 
difference emerged gradually over the simulation period, with the gap 
widening as the benefits of intercropping accumulated over successive 
years. These results clearly show that the intercropping system was more 
helpful at enhancing soil C sequestration relative to barley monoculture 
under future climate. This suggests that cropping system had a strong 

Table 1 
Calibrated soil hydraulic parameters of different soil layers.

Soil layer (cm) θr (%) θs (%) α (cm− 1) n (–) Ks (cm day− 1) l (–)

0–10 8.86 39.88 0.0888 1.64 8.40 0.50
10–20 8.86 39.88 0.0545 1.84 28.45 0.50
20–30 8.86 39.88 0.0405 1.61 40.49 0.50
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Fig. 2. a–d: Simulated and observed soil volumetric water content (VWC, %) for the barley monoculture in HYDRUS at 5, 10, 20, and 30 cm soil depths during the 
2022 and 2023 growing seasons, with calibration and evaluation periods. Coefficient of determination (R2) root mean square error (RMSE), and the Kling–Gupta 
Efficiency (KGE) performance criteria are shown.

Fig. 3. Observed (Durodola et al., 2025) and simulated proportional contributions of soil water sources (upper topsoil, 0–5 cm; and lower topsoil, 5–30 cm) to barley 
water uptake in barley monoculture (a) and intercropping (b) during water isotope sampling occasions.
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Fig. 4. Climatic and simulated water dynamics conditions for barley monoculture and intercropping. (a) Sum of annual (October–September) precipitation (P, mm 
yr− 1); (b) average annual (October–September) potential evapotranspiration (ET0, mm y− 1) and average annual (October–September) air temperature (◦C); (c) 
simulated seasonal (April–August) actual soil evaporation (Ea, mm season− 1); (d) simulated seasonal (April–August) actual transpiration (barley + pea) (Ta, mm 
season− 1); and (e) simulated seasonal (April–August) actual evapotranspiration (ETa, mm season− 1).

Fig. 5. Seasonal actual evapotranspiration (ETa) of intercropping and barley monoculture across different hydro-climatological conditions (based on Standardised 
Precipitation and Evapotranspiration Index, SPEI). Each boxplot displays the median (line within the box), the interquartile range from the 25th to 75th percentiles, 
and outlier values.
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influence on soil C dynamics over time, with intercropping exhibiting 
consistent upward trend while barley monoculture remained similar.

4. Discussion

This research provides novel insights into long-term water and C 
dynamics in temperate barley-pea intercropping and barley mono
culture systems under a worst-case (RCP 8.5) projected climate change 
scenario by coupling water (HYDRUS) and C (RothC) models. Overall, 
intercropping is projected to increase transpiration, but reduce evapo
ration, leading to similar evapotranspiration with barley monoculture 
during wet years, although with higher evapotranspiration during dry 
years. Also, intercropping is projected to increase soil C storage in the 
upper topsoil compared to barley monoculture by 2050.

4.1. Coupled water‑carbon modelling performance

Overall, the coupled water and C modelling in HYDRUS-RothC 
demonstrated a good performance in simulating short-term soil water 
and C dynamics, effectively capturing observed changes in both inter
cropping and barley monoculture systems. Over the short-term, the 
modelling closely agreed with observed measurements, reflecting 
spatial and temporal patterns in water and C dynamics across both 
systems. These findings suggest that a coupled approach of HYDRUS and 
RothC is capable of accurately representing soil water and C dynamics, 
respectively, providing valuable insights into water movement and C 
accumulation in agroecosystems (Chen et al., 2022b). It is worth noting 
that future observations of actual transpiration and evaporation would 
also help to further evaluate the modelling. HYDRUS’s over- and under- 
estimation at certain depths likely reflects uncertainties in root density 
parameterisation (Šimůnek et al., 2024), suggesting that refining root 
profiles in future studies could improve depth-specific model perfor
mance. In addition, an independent evaluation of the simulations of C 
accumulation is needed to demonstrate efficacy of the model at different 
sites.

For long-term simulations, the coupling of HYDRUS-simulated soil 
moisture into RothC also proved critical in capturing the dynamic in
teractions between water availability and soil C cycling. Soil VWC is a 
key driver of microbial activity, decomposition rates, and organic matter 
stabilisation (Wang et al., 2024b); thus, simulating its spatiotemporal 
variability allowed RothC to capture the effects of water stress or excess 
water on soil C sequestration under different cropping systems. This 
coupled approach offered a more process-based representation and un
derstanding of how soil water interacts with C sequestration under 
monoculture versus intercropping and different climate conditions 
(Chen et al., 2022b; Wang et al., 2024b). Notably, this coupling allowed 

for better sensitivity to climatic variability and provided enhanced 
insight into system-specific soil water and C dynamics over the long- 
term.

However, soil C in this study was assessed only in the upper 5 cm of 
the soil profile, which, while appropriate for capturing upper topsoil 
dynamics, may not fully represent the vertical distribution and stabili
sation potential of C at lower topsoil. Future studies could consider 
exploring the effects of intercropping on C in deeper soil depths, 
particularly given the importance of deeper C pools in long-term 
sequestration processes and ecosystem services (Yu et al., 2022). It is 
acknowledged that not including pea monoculture in this study pre
vented a balanced comparison of monocultures with the intercropping 
system, though barley monoculture is the dominant baseline to compare 
against in this environment. Future studies should aim to incorporate 
both cereal and legume monocultures to enable a more comprehensive 
assessment of intercropping performance. Furthermore, the interpola
tion of RothC relied on a relatively short duration (two years) of 
observed intercropping results which may limit the robustness of model 
parameterisation for this cropping system. Additional long-term field 
data from diverse intercropping systems would strengthen model per
formance, provide more insights into C sequestration in deeper soil 
layers and enhance reliability on future long-term projections.

4.2. Role of intercropping in water cycling under climate change

In this study, the simulated water use under intercropping revealed 
key hydrological differences when compared to barley monoculture. 
Across all years, intercropping showed increased plant transpiration, 
decreased soil evaporation, and similar evapotranspiration, although 
the latter was higher during drier years. Overall, soil water storage 
under the intercropping system was also similar to that under barley 
monoculture, as observed in several other intercropping studies (Fan 
et al., 2016; Liu et al., 2025; Yin et al., 2020). The observed shift from 
non-productive water loss (evaporation) to productive water use (tran
spiration) under intercropping can be attributable to better vegetative 
cover of the ground surface in intercropping due to the complementarity 
in plant architectures between the cereal and legume (Fan et al., 2016). 
This shift to productive water use in intercropping underscores its po
tential to improve water use patterns without depleting total soil water 
storage. Importantly, such partitioning of water fluxes enhances pro
ductive water use by channelling water toward physiological functions 
that support improved biomass production and higher yield in inter
cropping (Rahman et al., 2017; Stomph et al., 2020). This partitioning 
was particularly observed under drought conditions, where more 
adaptive use of water could help sustain yield stability (Yin et al., 2020).

The simulated increase in evapotranspiration for intercropping 

Fig. 6. Simulated and observed soil carbon stock (kg m− 2) in barley monoculture and intercropping in coupled HYDRUS-RothC using future climate projections. 
Note: error bars represent the average 95 % confidence interval observed in the trial reported in Durodola et al. (2026).
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under drought conditions is largely driven by higher plant transpiration 
and may be attributed to root water uptake plasticity. Root water uptake 
plasticity refers to the ability of plant roots to adjust the water acqui
sition patterns in response to variability in soil water availability and 
environmental conditions (Fromm, 2019). Intercropped plants could 
facilitate deeper water uptake through root water uptake plasticity, 
allowing water acquisition from deeper sources where water is available 
during drought (Durodola et al., 2025). Moreover, intercropping in
fluences soil water dynamics through complementary belowground 
water uptake by root systems, thereby exploiting soil water layers 
differently (Yin et al., 2020). This strategy implies less vulnerability of 
intercropping to drought and could reduce the reliance on irrigation 
under projected future climate, while offering economic and environ
mental benefits.

Intercropping was observed to reduce soil evaporation compared to 
barley monoculture which could be attributed to less gappy soil cover in 
intercropping (Rahman et al., 2017). This denser canopy cover was 
quantitatively captured in HYDRUS through the combination of the LAI 
of barley and pea in intercropping. Although intercropping may have 
exhibited a slightly higher (~4 %) total evapotranspiration than barley 
monoculture, it did not lead to over-exploitation of water; this is due to a 
more balanced seasonal soil water storage. Moreover, it should be noted 
that these simulated increases are small and likely to be within the ex
pected range of uncertainty associated with limitations in data and 
model structure, parameterisation and calibration. Overall, the seasonal 
distribution of soil water remained less variable under intercropping, 
with adaptive capture and use of available water throughout the 
growing period. This highlights the system’s ability to sustain soil water 
availability while maintaining productivity, contributing to long-term 
water sustainability (Liu et al., 2025).

It is acknowledged that this study is limited to a single climate 
emissions pathway. It is notable that the impacts of climate change tend 
to remain relatively consistent across low and high scenarios until mid- 
century (2040 - 2050), after which substantial divergence emerges 
(IPCC, 2023). Future research should therefore explore the impact of 
intercropping on water dynamics under a wider range of projected 
future climate scenarios (e.g., RCP 4.5 and RCP 6.0) and up to the late 
century. Integrating these long-term projections with system-specific 
intercropping designs could help further refine adaptation strategies 
for sustainable water management.

4.3. Role of intercropping in long-term soil C sequestration

Relatively steady soil C was simulated under barley monoculture 
over the study period (~25 years). Declines in soil C in monocultures 
may occur over longer timescales as suggested by Prudil et al. (2023), 
who projected C loss in continuous barley monoculture systems over the 
long-term (~80 years) under climate change in temperate environ
ments, attributable to the decline in organic matter inputs and reduced 
belowground biomass returns. These findings emphasise the concern 
that continuous monocropping, especially of non-leguminous species, 
could lead to a gradual depletion of soil C stocks over time, with im
plications for both soil fertility and long-term sustainability of cereal 
monoculture systems (Smith et al., 2007). On the other hand, the in
crease in soil C under intercropping observed in this study is similar to 
the findings of Li et al. (2024) and Wang et al. (2025a), who found 
improved soil C accumulation under intercropping in a global synthesis 
and a 7-year field experiment in China, respectively. While direct 
comparisons with intercropping studies in temperate environments are 
limited, similar increased C effects have been found in diversified 
farming systems such as cover cropping and agroforestry. For instance, 
Begum et al. (2022) and Smith et al. (2007) projected enhanced soil C in 
diversified systems relative to monocultures, highlighting the broader 
potential of biodiversity driven approaches to improve soil C.

The increased soil C under intercropping in the short-and long-term 
could be attributable to enhanced aboveground biomass production. 

Higher aboveground biomass is likely to have resulted in greater plant 
residue inputs to the soil, particularly from pea in the intercrop, a ni
trogen fixing legume, which could subsequently contribute to the in
crease in soil C levels (Li et al., 2024; Wang et al., 2025a). Plant residues 
enhance soil organic matter through plant material decomposition, thus 
increasing soil C stocks (Yu et al., 2022). In addition, intercropping 
promotes enhanced root biomass and deeper root systems, which in
crease root-derived C inputs and belowground biomass (Li et al., 2024; 
Stomph et al., 2020). Root exudation in intercrops has also been shown 
to stimulate microbial activity and contribute to the transformation and 
stabilisation of rhizosphere C while contributing to increased C inputs, 
nutrient cycling and plant growth (Wang et al., 2025b; Yu et al., 2022). 
Intercropping promotes diverse microbial communities that enhance 
nutrient availability and cycling (Wang et al., 2025b), contributing to 
better soil fertility which could reduce the need for agrochemical inputs.

While the current results underscore the potential of intercropping to 
enhance soil C in temperate environments, further research is necessary 
to evaluate its long-term crop productivity and overall viability. Spe
cifically, assessing yield (stability), resource use efficiency, economic 
productivity and suitability of seed for end uses (e.g. distilling), overall 
nutrient (e.g. nitrogen, phosphorus) cycling, and socio-economic bene
fits of different crop combinations will be essential to identify viable and 
sustainable intercropping designs for temperate environments.

4.4. Broader implications

This study revealed that over the long-term under a projected worst- 
case climate scenario, intercropping would likely have similar evapo
transpiration rates during wet years compared to barley monoculture, 
but higher evapotranspiration during drought years. However, during 
these drier years, a shift from unproductive water loss through evapo
ration toward beneficial transpiration was observed, directly contrib
uting to crop growth. Moreover, the intercropping system showed less 
interannual variability to climate change and higher adaptive water use 
during dry years (Fig. 5), indicating its potential as a climate-resilient 
strategy under projected climate change. Intercropping might be bene
ficial for the food and drink industries which require stable and pre
dictable yields, while also reducing the need for irrigation under 
extremely dry summers (Glendell et al., 2024).

Although this study focused on a worst-case climate scenario, it is 
expected that intercropping would still provide hydrological resilience 
and not cause overexploitation of water as shown during normal years. 
This is consistent with the underlying mechanisms driving these benefits 
in intercropping systems. Thus, the findings of this study support the 
potential of intercropping as a climate-resilient strategy across a range of 
future climate trajectories.

Intercropping is also projected to enhance long-term soil C. These 
gains could improve soil structure, water holding capacity, nutrient 
cycling, and microbial activity, supporting wider ecosystem functions 
(Wang et al., 2025b; Yu et al., 2022). Enhanced soil C sequestration also 
suggest the potential of intercropping for integration into C credit 
schemes and agri-environmental schemes, offering farmers financial 
incentives while contributing to net-zero targets (Raina et al., 2024). 
The projected C benefits also strengthen the case for policy support as 
part of national climate and soil health strategies.

Intercropping could be combined with other nature-based solutions 
such as minimum tillage, cover cropping, and crop diversification, to 
reduce reliance on chemical input, promote soil health and biodiversity 
while adapting to climate change (Hawes et al., 2018). Policy frame
works that promote intercropping through agri-environmental pay
ments, extension services, or C markets can, therefore, help to drive the 
transition toward more sustainable land management in temperate 
environments.
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5. Conclusions

This research provides insights into long-term water and C dynamics 
in temperate barley-pea intercropping and barley monoculture systems 
under a worst-case (RCP 8.5) projected climate change scenario. Water 
and C dynamics were projected for the short-term (2022 - 2023) and 
long-term (2024 - 2050) by coupling well known HYDRUS and RothC 
water and C models, respectively. Across all years, compared to barley 
monoculture, intercropping reduced soil evaporation, but increased 
plant transpiration. Evapotranspiration in intercropping was similar to 
barley monoculture, but increased because of relatively higher transpi
ration during dry years, indicating potential hydrological resilience and 
adaptive water use. Intercropping also showed lower inter-annual fluc
tuations in water use, indicating less vulnerability to climatic variability. 
Intercropping is also projected to increase soil C in the upper topsoil (0 - 
5 cm) by 16 % compared to barley monoculture (1.91 ± 0.12 vs 1.63 ±
0.10 kg m-2) by 2050. These novel findings reveal the potential of 
intercropping for long-term environmental sustainability and C 
sequestration in temperate environments and suggest that intercropping 
could potentially contribute to sustainable environmental management, 
climate change adaptation and mitigation policies.
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Šimůnek, J., Brunetti, G., Jacques, D., van Genuchten, M.T., Šejna, M., 2024. 
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