Plant Soil
https://doi.org/10.1007/s11104-026-08892-y

RESEARCH ARTICLE

®

Check for
updates

Influence of field beans (Vicia faba L.) on yield
and environmental footprint of following spring barley

(Hordeum vulgare L.) crops

Umut Kartal

+ Colm Duffy - Sophie Saget - Frances Sandison - Andrew Christie - Cathy Hawes -

Becky Howard - Roger Vickers - Dimitrios Savvas - David Styles - Pietro P. M. Iannetta

Received: 15 December 2025 / Accepted: 14 July 2026
© The Author(s) 2026

Abstract

Background and Aims The urgent need to reduce
greenhouse gas emissions has increased interest in
legume-based cropping systems. Among the vari-
ous crop-legume species available, the cool-season
species Vicia faba L. (cv. minor; field beans) has
attracted significant interest. Assessment of the envi-
ronmental impact reduction of field beans in a crop-
sequence (rotation) is understudied.

Methods Data from a long term (2009-2023) field
bean experimental platform (the Centre for Sustain-
able Cropping, CSC; James Hutton Institute, Scot-
land, UK) were analysed using attributional life
cycle assessment (aLCA). This focused on elabo-
rating the impacts of a spring field bean to spring
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barley (Hordeum vulgare L.) cropping sequence com-
pared with a spring barley to spring barley cropping
sequence.

Results Field beans decreased the environmental
impact of spring barley production in four of the five
two-year crop-sequence periods, with mean impact
reductions of approximately 25% across sequences.
Spring barley grain yields tended to increase fol-
lowing field beans under drought conditions (2022).
A combined index analysis indicated that humidity,
maximum temperature, and previous field bean yields
were the strongest determinants of spring barley
production.

Conclusions The integration of field beans to
cereal-dominated rotations may be of interest to
major industries who seek to improve value chain
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sustainability, whilst ensuring crop-sequence yields
are climate-impact resilient.

Highlights

e Field beans reduced synthetic nitrogen fertiliser
use by up to 20% (22 kg N ha™') for following
spring barley crop.

e Cropping spring field beans before spring barley
significantly reduced LCA-based environmental
impacts.

e An index was developed using climate data and
bean yields to estimate the yield of spring barley
crops following beans.

e Following field beans (vs spring barley), increased
average barley yields by 1.2 t ha™".

Keywords Vicia faba - Hordeum vulgare - Crop
rotation - Life cycle assessment - Environmental
impact

Introduction

The United Kingdom is the third largest cereal pro-
ducer in the EU, with 28% of its barley (Hordeum vul-
gare L.) area in Scotland (NFUS 2018). Spring barley
is the predominant cereal crop in Scotland, covering
an estimated 134,744 ha and accounting for over 58%
of Scottish arable farmland used for cereal production
(Scottish Government, 2019). The majority serves
as a feed source for sectors of major socioeconomic
importance — brewing/distilling and livestock produc-
tion (Newton et al. 2011). However, Scottish barley
production, like most cereal-dominated systems in
the industrialised global north, faces increasing pres-
sure to improve resource-use efficiency and reduce
environmental impacts, particularly those associated
with synthetic nitrogen (N) fertiliser manufacture and
use. These impacts include direct and indirect nitrous
oxide (N,0O) emissions from fertilised soils, ammonia
(NHs) volatilisation contributing to acidification and
eutrophication, fossil energy consumption in fertiliser
manufacture, and nitrate leaching to freshwater bodies
(Frischknecht et al. 2016). Additionally, co-products
from brewing and distilling are increasingly routed to
bioenergy production, reinforcing feed-protein import
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dependency and associated land-use pressures in
exporting regions (Duffy et al. 2023).

Re-introducing grain legumes (Fabaceae) into
cereal rotations offers a nature-based strategy to
address multiple impact categories simultaneously
(Altieri and Nicholls 2020). The mechanism oper-
ates through several linked pathways: (i) biological
nitrogen fixation (BNF) by the legume-rhizobium
symbiosis reduces or eliminates the need for syn-
thetic N fertiliser during the legume phase and pro-
vides residual N for the following cereal crop, thereby
reducing N,O emissions from both fertiliser manu-
facture and field application (Kopke and Nemecek
2010; Jensen et al. 2010; Graham and Vance 2003;
Rochester et al. 1998); (ii) reduced N inputs lower the
risk of nitrate leaching and ammonia volatilisation,
decreasing freshwater eutrophication and terrestrial
acidification potentials; (iii) lower fertiliser demand
reduces upstream fossil energy consumption; and
(iv) the break-crop effect can suppress cereal-specific
diseases and weeds, reducing pesticide requirements
(Angus et al. 2015; Gan et al. 2015; Weisberger
et al. 2019). These pathways are directly quantifiable
within an attributional life cycle assessment (aLCA)
framework.

Among the cool-season grain legumes, spring field
bean (Vicia faba L.) has attracted particular interest
due to its high BNF capacity, adaptation to temper-
ate climates, and suitability as a break crop in cereal-
dominated rotations (Karkanis et al. 2018; Stagnari
et al. 2017; Vasconcelos et al. 2020). Meta-analyses
indicate that including legumes in rotations can
enhance subsequent cereal yields by approximately
20% globally, with greater advantages in low-input
systems (Zhao et al. 2022), and reduce endogenous
N requirements by up to 50% (Costa et al. 2021; Bar-
bieri et al. 2017; Davis et al. 2012; Shah et al. 2021).
Legume-inclusive rotations have also been shown to
decrease global warming potential by 6-11% com-
pared to conventional cereal monocultures (Hayer
et al. 2010; Beillouin et al. 2021). Despite these ben-
efits, legumes occupy only about 1.5% of European
arable land (Iannetta et al. 2021), and field-scale evi-
dence quantifying the environmental benefits of spe-
cific legume—cereal sequences using LCA remains
limited (Balazs et al. 2021).

Accurately assessing the sustainability of leg-
ume-inclusive rotations requires considering crop
sequences, nutrient cycling effects, and multiple
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functional units to capture the multifunctional out-
puts of rotations (Costa et al. 2020). By conducting
an attributional life cycle assessment (aLCA) we aim
to quantify the environmental impacts of a spring
field bean into spring barley crop sequence in Scot-
land, and specifically to test two key hypotheses:
incorporating spring field beans before spring barley
would both (i) increase spring barley yields, and; (ii)
decrease the environmental impact of the spring bar-
ley grain produced. Through this study, we also aim at
contributing to the broader conversation on legume-
inclusion for sustainable agricultural practices, and
their potential to address pressing global challenges.

Methods

In this study, we utilised LCA methodology to com-
prehensively evaluate the environmental impacts
of incorporating field beans into spring barley crop
sequences.

Attributional LCA

LCA is a rigorous and systematic method utilised to
evaluate the environmental impacts associated with
all the stages of a product’s life cycle, from cradle
to grave. This methodology aids in identifying sig-
nificant contributors to environmental burdens across
different life cycle stages, reveals potential shifts in
impact from one category to another, and facilitates
comparisons among products that deliver equivalent
functional value (Curran 2015; Goedkoop et al. 2016,
2008; ISO 14040:2006; Finnveden et al. 2009). As
stipulated by ISO 14044:2006, an LCA must compre-
hensively cover four critical phases: goal and scope
definition, inventory analysis, impact assessment, and
results interpretation (ISO 2006).

Goal and scope

In this research, we performed a comparative aLCA
of spring barley produced in a two-crop sequence of
either [spring barley-to-spring barley] (SB-SB) or
[spring field bean-to-spring barley] (FB-SB). The
analysis covered five crop-sequence periods:
2017-2018, 2018-2019, 2019-2020, 2020-2021, and
2021-2022, where the first year denotes the preceding
crop and the second the spring barley harvest year.

For each year, one FB—SB observation was obtained
from the CSC (conventional half), and two to five
SB-SB observations from adjacent commercial fields
(Table 2); the mean SB—SB value per year was used
for paired comparisons (n=35 paired observations).
No crop-sequence periods were excluded. The analy-
sis was conducted using openLCA software, version
2.1.0.

The functional unit defined for this LCA was the
production of one kg of spring barley, harvested and
ready for distribution. This unit facilitates the direct
comparison of environmental impacts across differ-
ent agricultural methods by standardizing the out-
put measure. By focusing on this functional unit, the
study ensures that the comparisons of environmental
burdens are based on a consistent and equitable basis,
thereby allowing for accurate and relevant environ-
mental assessments.

System boundary

The LCA was “cradle to farm gate”, i.e. the stages
assessed ranged from raw material extraction to
spring barley harvest (Fig. 1).

Inventory analysis

The Centre for Sustainable Cropping (CSC) (Dundee,
Scotland UK) provided the foreground data for this
study, which included details on all applications of
fertiliser and pesticides and field operations. Back-
ground data about the environmental effects of these
inputs and activities were obtained from the Ecoin-
vent v3.9 database (Wernet et al. 2016), which offers
a wealth of information on material production and
process burdens at different life cycle stages.

The Centre for Sustainable Cropping (CSC) at
Balruddery Farm, Scotland, adopts a whole-systems
framework to test the long-term effects of integrated
or regenerative crop management for achieving multi-
ple co-benefits and optimising trade-offs, contributing
to economic and environmental sustainability (Hawes
et al 2019; Roberts et al. 2023). The CSC was estab-
lished in 2009 as a split field experiment comparing
an integrated cropping system against standard com-
mercial practice for each of six crops over multiple
crop rotations (Fig. 2). A full site description is given
in Freitag et al (2018) and Hawes et al (2018). Briefly,
the integrated system combines reduced tillage,
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Fig. 2 Centre for Sustainable Cropping split field experi- around the 6 fields with potato in Road field at the start of
mental design showing landscape features on ‘conventional’ each rotation, followed by winter wheat (Pylon), winter barley
(C) and ‘integrated’ (I) field-halves. Each crop is present in (Kennels), winter oilseed (Estate), field beans (Den South) and
one field each year and the rotation of crops moves clockwise spring barley (Middle East)
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organic matter amendments, cover and companion
cropping, weed, pest and disease threshold monitor-
ing, targeted crop protection applications and nutri-
ent budgeting to reduce reliance on chemical inter-
ventions by promoting soil health, plant fitness and
biodiversity. Overlaid on each of the two cropping
systems treatments are 18-36 m widex200 m long
strips sown with 3-6 different commercially avail-
able cultivars of each crop to test varietal responses
to the change in management practices. Replication is
year-on-year, but large field sizes allow commercially
realistic estimates of costs and benefits. Long-term
trends in systems indicators (soil properties, biodiver-
sity, crop yield and quality and financial margins) are
used to review how well the sustainability objectives
are met and guide further improvements in system
design.

The crop rotation at the CSC includes ‘potato,
winter wheat, winter barley, winter oilseed, field
beans, and spring barley’. These crops were selected
to maintain relevance to the regional socioeconomic
paradigm and so represent the most commonly
grown and commercially relevant crops for the region
(Angus), in which the CSC is based; and which form
the basis of majority of the crop research at the James
Hutton Institute (JHI). The complete cropping his-
tory for each field from 2011 to 2021 can be seen in
Table 1.

A full description of the CSC platform, its treat-
ments, and measures can be found at: https://csc.
hutton.ac.uk, (see also: Freitag et al. 2018; Hawes
et al. 2019, Hawes et al. 2018).

Since the CSC data lacked an internal control
treatment (i.e. no [spring barley to spring barley]
crop sequence) data from fields adjacent to the CSC
which incorporated spring barley-to-spring barley for
the same years was accounted. The position of these
fields relative to the CSC is illustrated in Figure 3.
This comparison represents a contrast between crop-
ping systems under real farming conditions, rather
than a randomised controlled experiment. Conse-
quently, differences between FB—SB and SB—SB may
partly reflect site-specific factors in addition to the
preceding-crop effect (see Section 4).

Commercial field data from CSC adjacent fields is
available from 2018 to 2022, presenting data to com-
pare for 5 years, and from across several fields (Binns,
Hutchens, Mains of Fowlis, Quarry, South America,
Cottages) for each crop-year (Table 2).

The CSC at Balruddery Farm has 360 permanent
GPS (global positioning system) locations across
the site for monitoring key arable systems indicators
throughout each growing season. This extensive mon-
itoring is important for understanding the environ-
mental and agronomic impacts of different cropping
systems.

Crop management

Conventional practices focus on maintaining tried and
tested methodologies that rely heavily on standard
agricultural inputs and techniques. The conventional
side of the CSC is representative of most common

Table 1 Crop rotations for

each CSC field 2011-2022. Year  Field Name

P, potato; SFB, spring field Road Middle East Den South Pylon Kennels Estate

bean; SB, spring barley;

SOSR, spring oilseed rape; 2011 P SB SFB WB WOSR Ww

WB, winter barley; WOSR, 2012 WW P SB WOSR WB SFB

winter oilseed rape; WW, 2013  WOSR  WW P WB SFB SB

winter wheat
2014 SB SFB ww WOSR WB P
2015 WOSR SB SFB WB P WW
2016 WB WOSR SB P ww SFB
2017 P SB SFB WwWw WB WOSR
2018 WwWw P SB WB WOSR SFB
2019 WB ww P WOSR SFB SB
2020 SOSR WB ww SFB SB P
2021 SFB WOSR WB SB P wWw
2022 SB SFB WOSR P ww WB
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Table 2 Available data
from commercially

Year Field Code (name)

cultivated spring barley SB-1 SB-2 SB-3 SB-4 SB-5 SB-6
(SB) fields (X) . . . .
Binns Hutchens Mains of Fowlis Quarry South America Cottages
2018 X
2019 X
2020 X X
Field names (Fig. 3) have 2021 X X X X
been converted to SB-1 to 2022 X X X X X
SB-6
f
M BaIrUddery 2022
Spring a
Cereal Trists
Sering Barley
ey 4
()
Spring Barley
Speing Barey PIP site Tiage Trial
Winter Whese Arable Scotiand
B0 i B
(BC ik i &n
Sprng Bariey Rt Rt s Cereal Trisls Spring Barley
an - BG) ; 8
)
Spring
Bariey
& Ceres @0y
Triasls

Fig. 3 CSC (bounded) and adjacent commercial field-production locations of ‘spring barley’ following spring barley on Balruddery

Farm (2022)

standard conventional practices for arable cropped
systems across Scotland.

N-fertiliser application rates were guided by rec-
ommended practices, such as the SRDP Technical
Note TN731 (Sinclair et al. 2022). This guide pro-
vides detailed recommendations for N-fertiliser appli-
cation based on various factors including crop type,
previous crop, soil type, and expected yield varia-
tions due to N adjustments. For instance, after field
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beans, which leave substantial residual N in the soil,
it is recommended that the N fertiliser application for
spring barley is reduced by 20 kg ha™! (a reduction
from 130 to 110 kg ha™") (Sinclair et al. 2022). Maluk
et al. (2022), working at the same CSC site using
15N natural abundance methods, confirmed that field
bean obtained most of its nitrogen through BNF, with
%Ndfa values consistently high across all seasons
(c. 80% in 2012-2013,>90% in 2014-2015). This
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confirms that the rhizobium-legume symbiosis was
functional throughout the experimental period, pro-
viding the mechanistic basis for the observed N-fer-
tiliser savings.

Life cycle inventory (LCI) modelling

All foreground data (fertiliser types and quantities,
pesticide active ingredients and application rates,
diesel consumption for field operations, and crop
yields) were recorded annually at the CSC and on
commercial comparator fields. Background life cycle
inventory data were sourced from the Ecoinvent
v3.9 database (Wernet et al. 2016) using the Cut-off
system model. Key background processes included
ammonium nitrate production for fertiliser inputs,
region-specific pesticide active ingredient produc-
tion, and diesel combustion in agricultural machinery.
Field-level N,O emissions (direct and indirect) were
modelled using the emission factors embedded in the
Ecoinvent processes, which follow IPCC methodol-
ogy. Ammonia (NHs) volatilisation and nitrate (NOs")
leaching were similarly included via Ecoinvent’s
built-in emission profiles. Crop residue-N contribu-
tions from field beans were quantified using the BNF
and residue-N data reported by Maluk et al. (2022) at
the CSC, who measured residual N of 50-110 kg N
ha! depending on season. Life cycle inventory mod-
elling was conducted in openLCA 2.1.0.

Life cycle impact assessment

Life Cycle Impact Assessment (LCIA) was con-
ducted using the EF 3.1 impact assessment method.
This impact assessment method has been developed
by the European Commission to be used in the con-
text of the Environmental Footprint (EF) initiative
(European Commission 2019). Results are pre-
sented for 6 priority impact categories pertaining to
agricultural systems, namely Acidification, Climate
Change (GWP100), Eutrophication(freshwater),
Ozone Depletion, Resource use (fossils), Water
Use. Acidification and Eutrophication (freshwa-
ter) are crucial as they reflect the environmental
consequences of fertilizer use, which can lead to
increased soil acidity and nutrient runoff into water
bodies, respectively (Frischknecht et al. 2016).
Similarly, Climate Change (GWP100) is essen-
tial for evaluating greenhouse gas emissions from

agricultural practices, while Ozone Depletion,
Resource Use (fossils), and Water Use are integral
for assessing the broader environmental impacts,
including depletion of the ozone layer, fossil
resource utilization, and water management in bar-
ley production (ISO 14040:2006; ISO 14044:2006).
Analyses were undertaken using openLCA 2.1.0,
MS Excel, and Python.

Combined index for correlation analysis of several
factors on spring barley yield

To understand the basis for observed barley yield
fluctuations, further analysis was undertaken. Ini-
tially, the Pearson correlation coefficients were cal-
culated. However, a more nuanced view emerged
when an innovative index combining humidity, maxi-
mum temperature and the yields of the previous field
bean crops was created using Python and Scikit-learn
(Pedregosa et al. 2011). To develop the composite
index, it was needed to standardise the scales of the
selected variables (humidity, previous year’s field
bean yield, and maximum temperature), using Scikit-
learn’s “MinMaxScaler”. This scaling technique
adjusts the data to a common scale without distort-
ing differences in the ranges of values, employing the
formula:

X X - Xmin)

scaled = W

max min)

This transformation ensures that each variable con-
tributes equally to the analysis by converting their
measurements to a 0 to 1 scale. Given the strong neg-
ative correlation of maximum temperature with yield,
an inverse transformation was applied:

X 1-X

temp = scaled

Output was squared to amplify its significant
adverse impact. The final step involved assign-
ing weights to each scaled and transformed variable
according to the absolute values of their correlation
coefficients with yield. This weighting process allows
for a weighted mean calculation of the variables,
ensuring that those with a stronger influence on yield
are more heavily represented in the index. By aggre-
gating these variables into a single metric using the
formula:

@ Springer
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Index = Z(w; * X')

where w; are the weights and X; are the trans-
formed, scaled values, the index offers a refined view
of the interplay between environmental conditions
and the effects of previous crops on yield outcomes.

Statistical analysis

Differences in yield, N-fertiliser use, pesticide use,
and LCA impact scores between the FB-SB and
SB-SB sequences were assessed using two-sided
paired t-tests (scipy.stats.ttest_rel; Python v3.10/
SciPy), treating the five crop-sequence years as paired
observations. Normality of paired differences was
checked using the Shapiro—Wilk test prior to testing;
the yield differences did not significantly depart from

normality (W=0.809, p=0.096). Effect sizes are
reported as Hedges’ g. An a of 0.05 was used; given
n=>5, results are interpreted alongside effect sizes and
year-to-year consistency. Soil chemistry field-year
means are reported descriptively; the small number
of independent field-years precludes formal inference.

Results
Attributional LCA

The LCIA included a comprehensive assessment of
environmental impacts across six main categories,
reflecting the varied potential environmental conse-
quences associated with the crop sequence systems
at Balruddery Farm. These categories are integral for

. Freshwater
o Climate ) Eutrophication
a) Acidification b) Change (GWP100) le-5
05
5
0.0020
0.4
4
0.0015
g go3 o3
+ ~ @
T o) o
'S 0.0010 = 2
£ Po2 )
0.0005 01 i I
0.0000 0.0 0
2018 2019 2020 2021  2022* 2018 2019 2020 2021  2022* 2018 2019 2020 2021  2022*
Ozone X
d) Depletion Fossil
le-8 e) Resource Use f) Water Use
3.0
35 0.16
3.0 25 0.14
0.12
525 2.0 T
— 2010
8 2.0 s a
5 L5 S 0.08
o> 15 z
< i 0.06
L 0.04
05
05 0.02
0.0 0.0 0.00
2018 2019 2020 2021  2022* 2018 2019 2020 2021 2022+ 2018 2019 2020 2021  2022*

I After spring barley (SB-SB)

Hl After faba beans (FB-SB)

Error bars: 1 SD. SB-SB: n=1-5 fields per year; FB-SB: n =1 field per year.
* 2022: anomalous year (drought conditions; lowest recorded FB-SB barley yield in the study period).

Fig. 4 Environmental burdens associated with 1 kg of bar-
ley grain across the acidification, climate change, freshwater
eutrophication, ozone depletion, fossil resource use and water
scarcity impact categories, for ‘spring barley-spring barley’
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and ‘spring field beans-spring barley’ crop sequences. Error
bars represent the standard deviation of annual means across
the available fields for each crop sequence (n=1 for FB-SB;
n=2-5 for SB-SB per year)
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evaluating the sustainability of agricultural practices
(Fig. 4).

Process contributions to the total environmental
impact

Spring field beans preceding spring barley reduced
the environmental impact of the subsequent spring
barley crop across all six impact categories in four
of five study years. Mean cradle-to-gate GWP100 for
FB-SB was 0.33+0.04 kg CO, eq kg! grain, 0.10 kg
lower than SB—SB (paired t-test p=0.195; g=0.60;
95% CI=[-1.52, 0.32]). Acidification showed the
only significant paired difference (A =0.0006 mol H*
eq; p=0.035; g~ 1).

Analysis of the process contributions (Fig. 5) to
the overall environmental impact of spring barley
production in 2021 highlights that synthetic N-fer-
tiliser use appears as the dominant factor across the
impact categories, contributing to over 60%.

The climate change impact shows higher values for
continuous barley cultivation compared to the crop
sequence with field beans (Magarey 1999). In 2018,
the impact for barley following barley was 0.417 kg
CO, eq, which was 39.5% higher than the 0.299 kg
CO, eq recorded when barley followed field beans.
By 2022, this impact had increased to 0.485 kg CO,
eq for continuous barley, showing a 16.3% rise from
2018, while the impact for barley after field beans
had grown to 0.336 kg CO, eq, a smaller increase of
12.4% over the same period.

L . . c) Eutrophication, freshwater
a Acidification b} Climate change (GWP100) 1e-5
0.0016
0.35
0.0014 -
.30
0.0012
0.25
o 0.0010 o
@ @
+ & 020
Eo 0.0008 4 o
20.1s
£ n.0006 =
0.0004 - G0
0.0002 4 0.05
0.0000 0.00 .|
3 % ol 7] Ha » e > ]
& & §F & & & &
d) Ozone depletion . o .
1e=8 Resource use, fossils f) Water use (user deprivation potential}
30
2.0
254
@20 = 3
= 2
o g
e = o
w
G113 10 i
o
= =
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0.5
a5
0.0 0.0
> v > > @ 2 ] 2
$ ¢ ¥ & g E A A AP

. Total
= Fertiliser

Fig. 5 Contributions of the main two processes determin-
ing environmental impact of cropping, specifically: Pesticide
application (“Protection”), and N-fertiliser application (*“Ferti-
lisation”). The contribution percentages are expressed relative
to spring barley (SB) yield in 2021 across 5 different fields:

@ Protection

4 commercial, 1 experimental (at the CSC; conventional field
half). Contributions are consistent across all years, apart from
2022. Where crop sequences are: [SB-SB] in commercial
fields, or [FB— SB]
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Resource use in terms of fossil fuels also shows
a trend favouring the field bean inclusive crop
sequence. In 2018, resource use for continuous barley
was 2.6 MJ, which was 44.4% higher than the 1.8 MJ
recorded when barley followed field beans. By 2022,
the resource use for continuous barley had increased
to 3.0 MJ, a rise of 15.4% from 2018. Meanwhile,
resource use for barley after field beans was 2.1 MJ,
marking a 16.7% increase over the same period.

Lastly, water use (user deprivation potential)
shows an increasing trend over the years, particu-
larly for continuous barley cropping. In 2018, water
use was 0.143 m?® for barley following barley, show-
ing a 41.6% higher consumption than the 0.101 m?
recorded when barley followed field beans. By 2022,
water use for continuous barley had risen to 0.168 m>,
marking an increase of 17.5% from 2018, while for
barley after field beans, it had grown to 0.118 m>, an
increase of 16.8%.

The anomaly observed in 2022, where FB-SB
yields fell below those of SB-SB, is discussed in
Sect. 4.2.

N-fertiliser use, crop residue-N, pesticide use, and
crop yield data.

Mean mineral-N input was 93+9 kg ha’! (FB) vs
104+7 kg ha' (SB); A=-10.6 kg; p=0.076;
g=1.08. Average barley yield advantage after
beans was+1.2 t ha! but non-significant in the

five-year paired test (p=0.401). A large effect size
was observed for pesticide use (g=2.37; p =0.007).

Pesticide applications to spring barley follow-
ing field beans were lower (ca. 2x) compared to the
spring barley-spring barley crop sequence.

The grain yields of spring barley crops after field
beans were higher in all years (apart from 2022)
compared to those following spring barley (Table 3;
Fig. 6), by an average of 1.2 t ha !, In 2022, a yield-
trend reversal was observed where SB-SB yields
exceeded those of FB-SB (Fig. 4 & Fig. 6).

In 2022, as the yields for spring barley follow-
ing field beans declined, the inputs used in cultiva-
tion—maintained at similar or slightly reduced lev-
els—were spread over fewer kilograms of harvested
product. This results in a higher per kilogram envi-
ronmental impact in all categories, increasing average
impact of spring barley after field beans by almost
two times (Fig. 4). Essentially, lower yields mean that
each kilogram of barley grain carries a larger share
of the total environmental burden incurred during the
growing season.

Weather influence

Data gathered from the Met. office for Eastern
Scotland

The weather data show significant climatic variation
over the study period, with 2022 characterised by

Table 3 Life cycle

. Year Sequence N-fertiliser Pesticide appli- SB Yield (t ha™) Preceding
mventory summary f(?r . (kg N ha™) cations (n) FB yield (t
spring barley production in ha )
FB-SB (CSC, conventional)
and SB-SB (Commerciaku 2018 FB-SB 110 1.84 6.45 9.47
comparator) sequences. 2019 FB-SB 86 1.32 7.4 4.00
values are per hectare of
spring barley crop 2020 FB-SB 90 1.42 5.79 6.61
2021 FB-SB 90 1.7 7.08 4.73
2022 FB-SB 90 0.84 3.13 2.72
Mean+SD  FB-SB 93+10 1.42+04 5.97+1.68 5.51+2.63
2018 SB-SB 110 5.25 4.60 —
SBLSB val 2019 SB-SB 105 2.55 6.58 —
> vaues are means 2020 SB-SB 90 3.11 4.90 —
across 1-5 commercial
fields per year (see Table 2). 2021 SB-SB 110 3.13 5.76 -
Pesticide applications 2022 SB-SB 104 3.32 4.99 —
include herbicides, Mean+SD  SB-SB 104+8 347+1.0 5.37+0.80 —

fungicides, and desiccants
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legumes have been calculated following data provisions of
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markedly higher temperatures and lower precipitation
compared to other years (Fig. 7).

Soil-N dynamics due to field beans

The yield and N dynamics associated with field beans
are reported below. The CSC field beans have dem-
onstrated varying yields from 2017 to 2021 (Fig. 6),
being greatest in 2017, reducing in 2018, and increas-
ing again in 2019 and 2020, before its lowest in 2021.
These fluctuations in yield may impact available soil-
N for the following crop and examining the impact of
field beans on N-fertiliser use in subsequent barley
crops reveals no direct correlation between the esti-
mated residual N left by field beans and the actual
fertiliser application rates applied in the following
years. Despite varying amounts of N being available
after field bean harvests, the data shows that farmers
did not adjust the quantity of fertiliser applied to the
subsequent barley crops accordingly.

To provide additional context on the soil condi-
tions associated with the FB—SB rotation, soil organic
carbon (SOC), total soil nitrogen (N%), C:N ratio, and
pH (H,0) were extracted from the CSC long-term
soil monitoring dataset. Mean values across the five
field-years were: NO>-N 5.0 + 3.1 mg kg !, NH+N
2.2 + 0.4 mg kg !, and pH 6.07 + 0.14 (n = 5 field-
years); SOC 2.84 + 0.16%, total N 0.24 + 0.04%,
and C:N 12.4 + 2.4 (n = 3 field-years with available
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elemental data: 2018-2020). The CSC-wide Conven-
tional mean across the study period (2018-2022, all
fields) was: NOs-N 4.1 + 2.8 mg kg!, SOC 2.65 +
0.93%, C:N 11.6 + 2.2, and pH 6.05 + 0.25. These
values indicate that the FB—SB spring barley fields sit
within the normal range of CSC soil conditions. The
small number of independent field-years (n = 3-5)
and the absence of paired soil measurements from
commercial SB-SB fields preclude formal statistical
inference or direct cross-system comparison.

Discussion
Yield and impact benefits

This study tested two predictions: (H1) that incorpo-
rating spring field beans before spring barley would
increase spring barley grain yields, and (H2) that the
FB-SB sequence would reduce the environmental
impact per unit of barley grain produced. H1 was sup-
ported in four of the five crop-sequence years, with a
mean yield advantage of +1.2 t ha™!' following field
beans although the paired t-test did not reach statis-
tical significance (p = 0.401) given the small sam-
ple size (n = 5). In 2022, the yield advantage was
reversed under drought conditions (see Section 4.2),
suggesting that the predicted yield benefit of Hl may
be conditional on adequate moisture availability and
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sufficient preceding legume performance (Bowles
et al. 2020). H2 was supported across all six impact
categories in four of five years: mean GWP;00 was
reduced by 0.10 kg CO, eq kg! grain in FB-SB rela-
tive to SB-SB (g = 0.60; p = 0.195), and acidifica-
tion showed a statistically significant reduction (p =
0.035; g ~ 1). The exception was again 2022, when
lower FB-SB yields inflated per-kg impacts. These
results concur with the broader meta-analytic evi-
dence that legume pre-crops enhance cereal yields
and reduce environmental burdens (Zhao et al. 2022;
Martinez-Velasco et al. 2018) but suggest that the
benefits are conditional on adequate legume perfor-
mance and favourable weather in the cereal year.

Weather-driven variability: The 2022 drought case

The 2022 outcome, in which FB—SB yields fell below
SB-SB, should not be interpreted as a failure of the
legume pre-crop effect per se, but rather as evidence
that the predicted yield benefit (H1) is conditional
on the interaction between legume performance and
subsequent growing-season weather. In 2021, field
bean yields were at their lowest (Fig. 6), implying
reduced residue-N provision; the 2022 growing sea-
son was then characterised by markedly higher tem-
peratures and lower precipitation (Fig. 7). Under
these conditions, the N-credit from the legume phase
may have been insufficient to offset the yield penalty
imposed by drought. This context-dependent framing
aligns with the combined index analysis (Table 4),
which identifies humidity and prior bean yield as the
dominant predictors of barley yield, and highlights
the conditions under which the rotation benefit is
expressed or attenuated.

Such measures, with potential to help ensure the
productivity and crop-rotation-potential efficiency of
field beans, include: best agronomic practices con-
cerning soil management and pre pulse crop prepa-
ration; implementation of integrated soil and water
management practices; use of resilient climate-
change-shock tolerant agronomic approaches e.g.,
intercropping (Brooker et al. 2024); the incorporation
of catch-crops (to capture residual-N post field bean
harvest); and/or resilient cultivars (to water-deficit,
heat-, and/or flooding stresses) (Stagnari et al. 2017,
Appiah et al. 2023). Cover cropping can improve soil
moisture retention, also mulching these can reduce
soil evaporation. Additionally, drip irrigation systems

can optimise water use efficiency, and soil organic
matter enhancement through the application of com-
post or organic amendments may also be beneficial;
as can cultivation in ‘mixed systems’ (i.e., including
farm animals), where animal manure is applied ahead
of field bean cultivation. In addition to field beans,
other pulse crops such as peas may also be considered
as more suitable for inclusion in spring barley pro-
duction systems; since studies have shown that pea
varieties can maintain higher yields compared to field
beans under drought conditions (Tanaka et al. 2010).

Nitrogen dynamics and fertiliser optimisation

It is also possible that spring barley N-fertiliser appli-
cations need to be more accurately aligned with the
previous legume crops yield (and soil N status at bar-
ley sowing). For example, current guidelines for the
UK (RB209; AHDB, 2017), are based on general
outcomes of legume performance. However, these
guidelines do not account for the variability in leg-
ume productivity and subsequent residue (N) contri-
bution to the soil which can fluctuate significantly due
to environmental factors, pest pressures, soil quali-
ties, and other unforeseen circumstances. A ‘static
approach’ to synthetic N-fertiliser application, where
adjustments are not made in response to the natural
N contributions from field beans, have implications
for the yield and yield qualities (target markets and
commercial value) of the following crop (spring bar-
ley). By not reducing N-fertiliser use in response to
higher residual N levels, there is a missed opportunity
to optimise resource use and potentially enhance the

Table 4 Correlation coefficients between environmental/agro-
nomic variables, previous field bean yield, and spring barley
yield, including combined index values

Attribute Yield
Fertiliser 0.06
Pesticide 0.76
Max Temperature —-0.96
Min Temperature -0.82
Mean Temperature -0.94
Precipitation 0.50
Wind Speed —-0.69
Humidity 0.96
Previous Bean Yield 0.39
Combined Index 0.97
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environmental sustainability of the cropping system.
Conversely, not increasing fertiliser use in years when
residual N is low could risk under-nourishing the
following crop, leading to reduced yields, increased
environmental impacts of production; and can
threaten feed-security.

In this study, the performance of field beans in
2021 was diminished in terms of yield and in-field
residue provision, possibly below a minimum thresh-
old (due probably to reduced levels of precipitation in
2021). This scenario, where it occurs in future, pre-
sents a challenge since fertiliser-N use of the crop
following could be adjusted in-line with field bean
grain yield. Our study suggests that adhering strictly
to the guideline of reducing fertiliser-N by 20 kg
(in the UK) in 2022 may have led to the diminished
yield and higher environmental impacts of spring bar-
ley that year. So, while field beans can significantly
benefit the following non-legume crop, benefits may
not be fully realised if agronomic practices, such as
synthetic N-fertiliser use is not appropriately aligned
with earlier provisions. This may be due to a lack
of information, conservative agricultural practices,
or socioeconomic constraints that prevent farmers
from adjusting their N-fertiliser strategies dynami-
cally based on legume pre-crop performance, and soil
available- N levels.

The weak correlation between mineral N-ferti-
liser input and barley yield in our dataset warrants
further discussion. Despite the FB-SB sequence
receiving consistently lower N inputs (mean 93 +9
vs 104+7 kg N ha!), yields were generally higher,
suggesting that residual N from BNF and other break-
crop effects (e.g. disease suppression, improved soil
structure) contribute to yield independently of applied
fertiliser rates. This decoupling of applied N from
yield response underscores the need for adaptive N
management that accounts for prior legume perfor-
mance and soil N status, rather than relying on fixed
reduction guidelines (AHDB, 2017; Sinclair et al.
2022).

To understand the complex interaction of spe-
cific crop species, crop-sequence and weather effects
more clearly the combined index (Table 3) provided
a more holistic means by which factors determining
spring barley yield may be elucidated. We found that
humidity was significant, since this directly affects
plant physiological processes such as photosynthesis
and transpiration. High yields in field beans typically
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indicate high vegetative-biomass, BNF, and yield;
with subsequent soil enrichment to benefit the fol-
lowing crop. Conversely, lower field bean yields may
suggest diminished plant biomass, and compromised
BNF which would negatively impact the subsequent
crops.

The combined index’s high correlation (predic-
tive value) with yields—at least for the CSC—sug-
gests that effective agricultural management should
consider both environmental conditions affecting the
field beans, and availability of the field beans legacy
(residue) for the following crop. The synergistic effect
of humidity and previous field bean crop performance
highlights the interconnectedness of previous and
current crop sequence conditions, where the benefits
of the leguminous may be maximised under favour-
able weather conditions the following season; and/
or in response to precision agriculture approaches
involving crop and environmental monitoring, and
adoption of remedial measures as necessary.

The findings reported here reinforce the impor-
tance of considering multiple variables in agricultural
planning and supports the use of an integrated and
dynamic approach to crop management. By acknowl-
edging the compounding effects of weather and crop
rotational history, farmers (or agronomists) can bet-
ter predict yield outcomes and make more informed
decisions to ensure the productivity and sustainability
in farming systems.

This study has also shown that the performance
and environmental benefits of a pulse-to-cereal
crop sequence may be dependent on the success of
the pulse crop. It was highlighted that the benefits
of field beans, such as enhanced soil N levels and
reduced need for synthetic N fertilisers for the fol-
lowing non-legume crop, are significant when the
legume crop performs well, and the weather in the
following year is also optimal. Also, field bean-
based sequences showcased a reduction in pesticide
usage, and highlights the potential of field beans as
part of a IPM strategy; despite the biotic stresses
influenced by annual variations in pest pressures
and weather conditions. However, in years where
field bean yields were low, and the weather condi-
tions the following year were not humid (had a low
annual rainfall); the subsequent barley crop did not
appear to benefit from the field bean pre-crop. This
has highlighted the necessity to re-evaluate strate-
gies for climate-resilient barley cropping; including
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synthetic N-fertiliser application rates to avoid yield
penalties, and environmental impact increases.

The environmental benefits observed in this
study are underpinned by soil nitrogen dynam-
ics driven by legume BNF. Maluk et al. (2022),
working at the same CSC site, demonstrated that
field bean derived c. 80-90% of its nitrogen from
atmospheric fixation (%Ndfa), with total N fixation
exceeding 300 kg N ha! in the highest-yielding
season and residual N of 50-110 kg N ha!. This
confirms that the rhizobium—legume symbiosis was
fully functional at the CSC, providing the mechanis-
tic basis for the reduced N-fertiliser inputs and asso-
ciated reductions in N,O emissions, acidification,
and eutrophication observed in the aLCA. While the
present study did not directly measure soil N min-
eralisation rates, microbial community composition,
or arbuscular mycorrhizal fungal (AMF) associa-
tions—which may further contribute to the break-
crop effect (Kopke and Nemecek 2010)—the Maluk
et al. data confirm the primary BNF mechanism (Li
et al. 2009). The soil chemistry data available from
the CSC long-term monitoring dataset provide fur-
ther context. FB—SB fields showed a numerically
wider C:N ratio (15.0 vs 11.0) and higher SOC
(2.73 vs 2.27%) compared to the CSC spring bar-
ley long-term baseline, consistent with bean resi-
dues and root turnover incorporating carbon-rich
organic material into the soil organic matter pool
(Virk et al. 2022). A wider C:N ratio may indicate
that legume-derived organic nitrogen is held in
slow-cycling fractions less susceptible to leaching
than mineral NOs~, potentially providing sustained
N release to subsequent crops and partially explain-
ing the observed decoupling between applied ferti-
liser-N and barley yield. However, the small number
of independent field-years and the confounding of
field identity with rotation sequence mean these dif-
ferences should be interpreted as indicative rather
than confirmed. Direct soil N mineralisation rates,
microbial community composition, and arbuscular
mycorrhizal fungal (AMF) associations were not
measured in this study; characterising these pro-
cesses would strengthen future assessments of the
below-ground mechanisms mediating the rotation
benefit.

Precision agronomy for climate-resilient rotations

Consequently, it may be argued that to improve the
sustainability and productivity of agricultural sys-
tems, N-fertiliser use guidance should accommo-
date adoption of a ‘precision agriculture’ approach.
This can be achieved by developing adaptive man-
agement plans that allow for modifications in
N-fertiliser application based on previous crop per-
formance, and current environmental conditions:
including contingency strategies for limited leg-
ume performance (low residue returns and/or grain
yields).

Further investigation is also required to bet-
ter understand the full range of factors influencing
legume performance and their BNF capabilities
(Jithesh et al. 2024). To avoid the risk of N defi-
ciency, it may be necessary to identify a ‘field bean
residue or yield thresholds’, below which spring
barley fertiliser-N should not be reduced; or above
which fertiliser-N may be avoided. Based on our
findings and the correlation between field bean
yield and residual N, a conservative threshold (for
the CSC) might be set at around 3 t ha~! of field
bean yield for the CSC based system studied here.
Below this yield, the standard practice of reduc-
ing N by 20 kg ha~! may jeopardise the subsequent
spring barley yield (in dry years). That is, this lower
threshold would differ depending on differing pedo-
climatic nature of different localities, and specific
weather-years.

Implementing real-time soil (N) and weather
monitoring technologies may also help farmers
adjust N application rates based on actual system
states, as opposed to predefined estimates. In this
context, long-term studies such as the CSC, with
continuous data collection can help serve as sentinel
to helping realise precision agriculture approaches
which are tailored for legume (field bean based)
systems locally. Also, the approach may help inform
more nuanced guidelines (e.g., RB209 (>AHDB,
2017)), for local and prevailing weather and soil
conditions.

By continued research and optimisation of inte-
grated cropping systems, the agricultural sector can
strive to achieve greater food security, environmen-
tal sustainability, and resilience in the face of global
challenges (Godfray et al. 2010).
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Scaling legume—cereal sequences for national GHG
cuts

Considering these insights in parallel with the 2023
spring barley production data: Scotland produced
approximately 1.6 million tonnes of spring bar-
ley (Scottish Government, 2023), we can evalu-
ate the theoretical GHG benefit of adopting spring
field beans as a preceding crop for spring barley on
a national scale. By adopting the average per hectare
yield of 6.3 tonnes for spring barley after spring bar-
ley and, following our study, modelling an increase
in spring barley after field bean yield by 1.2 tonnes
per hectare (7.5 tonnes in total), a tentative extrapo-
lation can be made. The total GHG emissions for
spring barley production after field beans were calcu-
lated to be 456kt CO,-eq. In contrast, the emissions
for spring barley following another barley crop were
562 kt CO,-eq. This represents a significant (ca. 20
%) reduction in GHG emissions when field beans are
included in the crop sequence.

Thus, scaling up the use of field beans as a pre-
cursor across all spring barley production in Scotland
could potentially reduce national GHG emissions by
106 kt CO,-eq annually. In 2022, the emissions from
arable land in Scotland were approximately 1.6 mil-
lion tonnes of CO, equivalent (Mt CO,-eq) (>Scot-
tish Government, 2024). A reduction of 106 kilo-
tonnes of.

CO, equivalent (kt CO,-eq) by scaling up the use
of field beans as a precursor in spring barley produc-
tion would represent about 6.6% of the total emis-
sions from arable land. This highlights the significant
potential for reducing the carbon footprint of arable
farming through sustainable crop management prac-
tices that include the inclusion of field beans (Branca
et al. 2021).

Study limitations

Several limitations should be acknowledged. First,
the use of adjacent commercial fields as the SB-SB
comparator, rather than an internal randomised con-
trol, means that observed differences may partly
reflect site-specific management and soil differences
rather than purely preceding-crop effects; readers
should interpret the comparison as representative of
real farming contrasts rather than a controlled experi-
ment. Second, the small sample size (n=5 years)
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limits statistical power; however, the consistently
large effect sizes suggest meaningful agronomic and
environmental effects that warrant further investiga-
tion with larger datasets. Third, the combined index
was derived from and evaluated on the same dataset,
limiting its predictive validity; independent validation
with data from additional sites and years is needed
before the index can be used for management guid-
ance. Fourth, soil health indicators such as N min-
eralisation rates, microbial community composition,
and AMF colonisation were not directly measured in
this study, and no 15N natural-abundance analysis
was conducted to determine the proportion of nitro-
gen derived from the atmosphere (Ndfa%) in the field
bean crops studied here. The BNF estimates reported
(80-90% Ndfa, residual N of 50-110 kg N ha!) are
drawn from Maluk et al. (2022), who conducted
15N analysis at the same CSC platform but in ear-
lier seasons; direct confirmation for the study years
2018-2022 would strengthen the mechanistic argu-
ment. The CSC soil chemistry data presented in
Sect. 3.3 provide descriptive evidence of elevated
C:N ratios in FB-SB fields consistent with leg-
ume residue incorporation, but the small number of
independent field-years precludes formal inference.
Finally, the LCA relied on Ecoinvent background data
that may not perfectly represent Scottish-specific pro-
duction conditions for all input processes.

Conclusion

This study evaluates the influence of environmental
and agricultural factors on the yields of spring barley
following spring field bean cultivation. By conducting
an aL.CA the potential of a spring field bean pre-crop
to maintain and/or increase the yields of the following
spring barley crop under conditions of reduced inputs
(synthetic N fertilisers, pesticide, and fossil fuel use)
while lowering environmental impacts was proven in
4 of the 5 crop-sequence years studied. The findings
also highlighted that such potential benefits cannot
be assured in all years; and depend upon favourable
weather conditions, and availability of bean-residue
mineralisation (for the subsequent crop) too. Never-
theless, combining data on pre-crop field bean yields
and cultivation-year environmental conditions for
spring barley allowed a predictive index to be devel-
oped to guide decision makers on yield-safeguarding
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practices. The findings underscore the significance of
integrated crop management and environmental stew-
ardship as informed by environmental and crop moni-
toring to inform precision agronomy that optimises
crop production and environmental sustainability.

The environmental benefits of integrating legumes
like field beans into crop sequences are reaffirmed in
this study: as the spring field bean inclusion before
spring barley reduced environmental impacts across
all 6 impact categories. However, to fully leverage
these all crops in the rotation must be managed using
informed best-practices that incorporate capacities to
ensure best soil conditions and pre-empt the impacts
of sub-optimal weather. Within this strategy, there
is also a significant opportunity to improve the sus-
tainability of crop production systems through more
precise fertiliser applications. This approach not
only reduces the environmental impact associated
with excess fertiliser use but also helps in maintain-
ing economic efficiency. Considering multiple envi-
ronmental variables together, as demonstrated by the
combined index, can provide a more accurate predic-
tion of crop outcomes and facilitate more informed
decision-making.
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