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Abstract

Soil health metrics with strong links to ecological function and agricultural productivity are needed to ensure that future
management of agricultural systems meets sustainability goals. While ecological metrics and crop yields are often considered
separately from one another, our work sought to assess the links between the two in an agricultural context where produc-
tivity is a key consideration. Here, we investigated the value of soil health tests in terms of their relevance to agricultural
management practices and crop yields at contrasting long term cropping systems experiments. One site was on a sandy loam
Leptic Podzol and the other on a sandy clay loam Endostagnic Luvisol. Furthermore, the experiments had different manage-
ment systems. One contained legume-supported rotations with different grass-clover ley durations and organic amendment
usage, while the other compared a range of nutrient input options through fertiliser and organic amendments on the same
rotation without ley periods. Metrics included field tests (earthworm counts and visual evaluation of soil structure scores)
with laboratory analysis of soil structure, chemistry and biology. This analysis included bulk density, macroporosity, pH,
available phosphorus, exchangeable potassium, soil organic matter and potentially mineralizable nitrogen. Using a novel
combination of long-term experiments, management systems and distinctive soil types, we demonstrated that as well as
providing nutrients, agricultural management which resulted in better soil organic matter, pH, potassium and bulk density
was correlated with higher crop yields. The importance of ley duration and potentially mineralizable nitrogen to yield in
legume-supported systems showed the impact of agricultural management on soil biology. In systems with applications of
synthetic fertiliser, earthworm counts and visual evaluation of soil structure scores were correlated with higher yields. We
concluded that agricultural management altered yields not just through direct supply of nutrients to crops, but also through
the changes in soil health measured by simple metrics.
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The declining health of agricultural soils has the potential
to threaten both global food supplies and the functioning of
the wider environment (Zwetsloot et al. 2021). Reductions
in carbon stocks, declines in biodiversity and poor water and
nutrient retention all have implications for primary produc-
tivity, climate change, off-site pollution and flooding (Gib-
bons et al. 2014; Muifioz-Rojas 2018). It is therefore vital that
agricultural management ensures long-term maintenance of
soil health to safeguard future sustainability. Soil health is
defined here as the capacity of a soil to function as an eco-
system to sustain plants and animals (including humans) in
the environment (Lehmann et al. 2020). Globally, there are
growing policy pressures to measure soil health to support
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improved land management and ensure compliance with rel-
evant legislation regarding contaminants and pollutants, with
results potentially linked to payments for ecosystem services
(Department for Environment Food and Rural Affairs 2021;
European Commission 2021). It is well recognised that eas-
ily usable soil health tests and interpretation frameworks
that aid decision-making by land managers would benefit the
health of agricultural soils (Stockdale et al. 2018).

Within agricultural systems a common goal of soil testing
is to optimize yield, ensure efficient management of inputs
and reduce nutrient losses. Use of an appropriate combi-
nation of soil health metrics can help support these goals,
since soil properties that underpin better nutrient retention
and root growth can result in more efficient nutrient use and
abiotic stress resistance (Ding et al. 2020). However, deter-
mining universally relevant soil health indicators can be
challenging due soil and climate heterogeneity (Middleton
et al. 2021; Rottler and Martyn 2021). Spatial and temporal
heterogeneity of soil properties means that identification of
suitable metrics for use in agriculture is challenging (Stock-
dale et al. 2019). It is also important to recognise that inher-
ent soil characteristics, such as texture, are unresponsive to
management change, but essential for interpreting results
in context (Stockdale et al. 2019). Spatial variability can
mean that a single field encompasses multiple contrasting
soil types, which poses further challenges to interpretation.

Soil health assessments commonly include metrics that
utilise a combination of physical, chemical and biological
properties (Biinemann et al. 2018). Commercially available
tests include broad spectrum nutrient analysis and indica-
tors of soil carbon content, with analysis largely confined to
laboratories (e.g. Crooks et al. 2019). Carbon is a critical soil
health indicator and is often measured as soil organic matter
(SOM) or soil organic carbon (SOC) through loss on igni-
tion (LOI) (Bhogal et al. 2011). More detailed testing can
include assays which fractionate carbon into different pools
of decomposability (von Liitzow et al. 2007). Detailed chem-
ical analysis can include high-resolution imaging of struc-
ture and elemental composition (Farhate et al. 2020). To
assess biological soil health, more detailed measures include
DNA metabarcoding or soil community analysis; however,
these have high associated costs (Panettieri et al. 2020).
Potentially mineralizable nitrogen (PMN) is a more cost-
effective indicator of soil biological health than sequenc-
ing approaches and is furthermore of agronomic relevance
(Augarten et al. 2023). Earthworm counts have also been
assessed in agricultural soils as a fast, cost-effective indica-
tor of biological health, which have the additional benefit
that they can be carried out by the practitioner. Due in part to
more complex sampling requirements, physical assessments
(bulk density, porosity) are not used as soil health metrics
as widely as chemical analysis (Biinemann et al. 2018). As
aresult, inexpensive assessments of soil physical properties
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specifically for agricultural land have been developed by
multiple groups (Ball et al. 2007; National Soil Resources
Institute 2001). An example of such a technique is the VESS
(Visual Evaluation of Soil Structure) score, which provides
an assessment of topsoil structure (Ball et al. 2007; Johannes
et al. 2017).

Previous literature has sought to investigate links between
management, soil health indicators and yields. Work car-
ried out on long-term agronomic field trials previously
found that results from three commercially available soil
health tests did not differ according to contrasting manage-
ment regimes on the field trials (Roper et al. 2017). The soil
health tests used had included pH, broad spectrum nutrients
and texture assessments alongside respiration, protein and
organic carbon fractionation (Roper et al. 2017). While the
authors were not able to assign any significant yield dif-
ferences between plots with better soil health scores, they
did show that there was a trend towards higher corn yields
in plots with higher scores in the Comprehensive Assess-
ment of Soil Health (CASH) in one of the three field trials
assessed (Roper 2017). Building upon these findings, the
selected indicators included in the CASH have been found
to be responsive to management changes and yield in long-
term cropping experiments with 3-year rotations (van Es
and Karlen 2019). The comparison of crop yields between
contrasting systems has been an issue highlighted by previ-
ous work (e.g. Stockdale et al. 2019; Roper et al. 2017).
While researchers utilising field experiments may have the
opportunity to compare between multiple replicated sys-
tems, this is not the case for farmers. Benchmarking yields
with relevant local areas is therefore an alternative means of
comparing performance between systems in contrasting geo-
graphical areas. Benchmarking soil health indicator results is
recommended in industry (e.g. Soil Biology and Soil Health
Partnership 2022), but few academic studies have utilised
yield benchmarking in combination with soil health tests.
Doing so gives us the opportunity to investigate the dynam-
ics underlying agricultural management and soil health in a
context applicable to commercial farms.

We aimed to link soil health metrics to agricultural pro-
ductivity through quantification of a range of soil health
indicators in contrasting cropping system experiments
together with crop yield and management data (Fig. 1).
Physical assessments were VESS score, bulk density and
macroporosity. Chemical assessments were soil pH, avail-
able phosphorus (P), and exchangeable potassium (K),
calcium (Ca), sodium (Na) and magnesium (Mg). Biologi-
cal assessments were SOM, PMN and earthworm counts.
Assessments were conducted on controlled long-term exper-
iments with management practices including leys in the crop
rotation and the application of organic fertilisers that may
concurrently provide nutrients and boost soil health. Our
aim was to investigate the value of soil health tests in terms
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Fig.1 A graphical summary highlighting a the two field sites utilised
in the study, b the use of field tests, collection of intact cores, and
bulk soil samples for analysis, ¢ the use of yield data and benchmarks

of their relevance to agricultural management practices and
crop yields. This was to be met through achieving the fol-
lowing objectives: (i) establishing whether better soil health
leads to higher yields; (ii) assessing how soil health indicator
results change under contrasting agricultural management
practices; (iii) analysing the relationship between agricul-
tural management and yields; (iv) utilising benchmarking
to compare yields between contrasting crops and sites. We
hypothesised that plots with better soil health indicator
results would have higher yields, and furthermore that both
soil health test results and agricultural management factors
would be correlated with yield. A benefit of this research is
the identification of soil health indicators that are useful and
relevant to environmental policy and farmers.

2 Materials and methods

The soil health metrics deployed combined in-field assess-
ment together with the collection of topsoil (0—15 cm) bulk
samples and intact cores for more detailed analysis. All field-
work was carried out in March 2021, prior to cultivations to
minimise impact of disturbance on the soil health metrics.

2.1 Sites

Controlled field experiments in the UK were used
(Fig. 2). The first site was the Tulloch organic experiment

Food
production

to calculate relative yield percentage and d the soil health indicators
which were predictive of relative yield percentage increases.

(subsequently referred to as Tulloch) in Aberdeenshire
(57°10'33"N, 002°15'33"W), managed by SRUC. This
experiment had low inputs, organic amendments and con-
sisted of a mixed and a stockless 6-course rotation (Fig. 2)
and is described in detail by Willoughby et al. (2022). The
site was arranged in two blocks, each block containing a
replicate of the mixed and the stockless rotation. Within
each rotation there were six plots, containing a single phase
(crop), and all crops were present every year. All crops were
spring sown. The grass and clover leys and undersown oats
post-harvest were grazed by 4 — 6 sheep in the mixed rota-
tions. Two cuts of silage were taken from the second-year
ley, and one cut was taken from the third-year ley. To com-
pensate for offtake in the mixed rotations, annual additions
of organic cattle manure were applied. Cattle manure was
added at 16 t ha™! to the second-year ley, 10 t ha™! to the
third-year ley, and 12 t ha™! to the swedes each year. In the
stockless rotations, the grass and red clover ley was cut and
mulched several times during the season prior to incorpora-
tion in the following spring. All crop residues in the stock-
less rotation, including straw, were chopped in the autumn,
and mixed by ploughing to a depth of 20 cm in early spring.

The second site was the New Farming Systems Manure
and Organic Replacement Experiment (subsequently referred
to as MORE) in Norfolk (52°32'50"N, 001°02'18"E), man-
aged by NIAB. There were 30 plots, arranged into three
blocks. All plots received typical synthetic fertiliser amend-
ments for conventional farms, in addition to organic waste
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Fig.2 A map showing the S
locations, layouts and cropping §

sequences of the experimen-

tal sites, where G1 is the first g
year of grass and white clover

(Lolium perenne Linnaeus/ ,
Phleum pratense L./ Trifolium “
repens L.), G2 is the second
year of grass and white clover,
G3 is the third year of grass and
white clover, SB is spring bar-
ley (Hordeum vulgare L.), SR is
swede (Brassica napus L.), SO
is spring oat (Avena sativa L.),
PO is potato (Solanum tubero-
sum L.), SW is spring wheat
(Triticum aestivum L.) and SF
is spring fava beans (Vicia faba
L.), derived from Willoughby
et al. (2022).

Tulloch

amendments. All plots were under the same rotation, and
the same crop was grown across the entire site each year
(Fig. 2), but with different organic amendment treatments,
namely green-waste compost (35 t ha™!), turkey manure (8 t
ha™h), paper crumble (50 t ha™!) and unamended (Table 1).
Management was further sub-divided into treatments with
augmented applications (every three years) and diminished
applications (once) of amendments. For diminished treat-
ments, amendments were applied in autumn in 2011. In
the augmented treatments, further applications were made
in 2014, 2017 and 2020. Each treatment had three repli-
cates. All crop residues were incorporated in the autumn by
ploughing the field to a depth of 20 cm. At both sites, sam-
ples were also collected from three areas selected at random
in the field margins. These samples acted as controls, as they
were not cropped and did not receive management inputs.

2.2 Field Sampling

Within each plot, the centre of the sampling area was
recorded using a GPS mobile application. All samples were
taken from within 5 m of this location. Composite samples
for chemical and biological analysis were collected from
each sampling area by combining and mixing five sam-
ples by hand mixed in a polythene bag. For each of the five
samples, vegetation was cleared from the soil surface and

Block 1

Block 2

G1 G2 G3 S8 SR Nej
G1 PO SW SF SB SO
G1 G2 G3 SB SR SO
G1 PO SW SF SB SO

Block 3
SB |SB |SB |SB [SB [SB [SB [SB | SB | SB SB [SB [SB | SB | SB

Block 2

sB|sB [sB|sB[sB|se[se[sB|se|sa]| |SB |SB |SB [SB |SB

Block 1

a Dutch auger with a 5-cm blade was used to obtain a bulk
sample from O to 15 cm depth. Two intact cores were also
collected from each plot to assess bulk density and macr-
oporosity. Cores of 8 cm diameter X 5 cm height were taken
from a 0-5 cm depth, using a driving dolly. All samples
were stored in a cold room prior to analysis. The mean of
the cores was used in the subsequent analysis.

2.3 Yield

Average yields obtained at Tulloch were 5.3 t ha™! for spring
barley, 5.4 t ha™! dry matter (DM) for silage, 4.2 t ha™! for
spring oats, 10.6 t ha™! (fresh weight) for potato, 2.1 t ha™!
for field beans, 43.7 t ha™! for swedes (fresh weight) and
3.4 t ha™! for spring wheat. At MORE, the average spring
barely yield was 5.75 t ha~!. To ensure that results were
comparable between sites and plots on which different crops
were cultivated, relative yield percentage was used as an
indicator of productivity. Relative yield percentage was
calculated by dividing the yield achieved in the field with
site-specific yield averages at each field trial location and
multiplying the result by 100. Benchmarks used the same
year as the achieved yield (2020) and were specific to each
of the field trials utilised. At Tulloch, yields from another
long-term field experiment incorporating the same crops in a
neighbouring field were utilised to provide benchmarks. The

Table 1 The mean chemical composition of the organic amendments applied to the MORE trial, based on means from analysis in 2011, 2014

and 2017, expressed in kilogrammes per fresh tonne.

Amendment DM N P,0;4 K,O MgO SO, Cu Zn Na,O Ca

Green waste compost 618 8.2 3.8 5.6 2.3 3.0 0.0 0.1 0.8 19.7
Turkey manure 455 25.1 16.0 13.7 3.7 6.2 29.0 127.8 1.9 40.9
Paper crumble 648 2.8 0.7 0.2 2.5 2.4 0.1 0.0 0.8 146.8
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experiment used for benchmarking is described in detail in
Lehtovirta et al. (2009) and Walker et al. (2015) with plots
managed to a pH of 6.0 used for comparison, as these most
closely matched the pH conditions at Tulloch (which has
a pH of 6.0). Benchmark yields were therefore 7.8 t ha™!
for spring barley, 6.6 t ha~! for spring oats, 7.6 t DM ha™!
for hay, 65.2 t ha™! (fresh weight) for potato, 9.2 t ha™! for
winter wheat and 7.7 t DM ha™! for swedes. All cereal yields
were 85% DM. The MORE trial is situated within a working
field. The average spring barley yield for this field was 5.75 t
DM ha~!, which was used as the benchmark for calculating
relative yield percentages at MORE.

2.4 Field tests

To obtain VESS scores, vegetation within 5 cm of the sur-
face was cleared. A spade was used to loosen and excavate
soil around three sides of a rectangle to minimise distur-
bance of the soil structure and surface upon excavation. To
a spade depth, a 20 X 20 cm block was excavated and turned
out onto a light-coloured plastic board for visual evaluation,
using a VESS assessment recording sheet to identify and
record horizonal layers, soil structure, macropores, roots and
residues (Ball et al. 2007; Johannes et al. 2017). Scores were
recorded for each layer and collated into a single block score
accounting for the depth of each layer, with a higher score
indicative of a poorer structure and a lower score indicat-
ing a better structure. Once the visual evaluation was com-
pleted, the block of excavated soil was sorted through by
hand, and any earthworms found were collected in a plastic
tub. Following the method used by Stroud (2019), a water
bottle was used to gently wash earthworms when required
to distinguish between adults and juveniles, and the number
of adult worms in the block was recorded. Once the VESS
score and earthworm count were completed, the worms and
soil were carefully returned to the excavated pit. Two VESS
blocks were recorded in each plot/control area.

2.5 Soil physical assessments
2.5.1 Water retention parameters and macroporosity

Intact cores were trimmed and cleaned prior to analysis.
Fine mesh was placed on the underside of each core and
secured with elastic bands. Prepared cores were placed
mesh-side down on a suction plate and saturated in deion-
ised water for 24 hours. Saturated samples were weighed
and returned to the suction plate, which was adjusted to —50
hPa for 48 hours to ascertain the field capacity. To ensure
soil water had equilibrated, two samples from each suction
plate were selected at random, weighed and replaced for 2
h, then reweighed to check for changes. Once the weight
had equilibrated, all cores were weighed. The difference in

volumetric water content at saturation and volumetric water
content at —50 hPa was taken as the macroporosity (pores
>50 um) of each core. This procedure was repeated at —200
hPa and finally at —500 hPa. The volumetric water content
of the cores at each water potential was calculated by divid-
ing the weight of water by its density (1.0) and subsequently
dividing this by the volume of the core.

2.5.2 Bulk density

After the water retention properties were assessed, cores
were placed on an aluminium tray in a preheated oven at
105°C for 48 hours. Cores were allowed to cool completely
in a desiccator before being weighed.

2.6 Soil chemical assessments

Bagged topsoil samples were used for the soil chemical tests.
They were first mixed in the lab to improve homogeneity.
Samples were then air dried, milled and sieved through a
2-mm mesh.

2.6.1 Available soil phosphorus (P), exchangeable calcium
(Ca), sodium (Na), potassium (K) and magnesium
(Mg)

To determine soil P, 10g of soil was extracted in Modified
Morgan’s solution, then analysed using a LaChat Quick-
Chem Automated Ion analyser (Sinclair et al. 2015). The
same solution was then analysed by ICP-OES to determine
soil Ca, Na, K and Mg content.

2.6.2 Soil organic matter (SOM)

SOM was determined by loss on ignition (LOI). Soil was
dried at 105°C for at least 24 hours to remove any residual
moisture and subsequently placed in a PYRO microwave
muffle system at 550°C for 2 hours; the loss on ignition was
determined gravimetrically. A conversion factor of 2.0 was
used to estimate soil carbon (C) content (Pribyl 2010).

2.6.3 Soil pH

pH was measured on a 1:2 suspension of soil in 0.01 M
CaCl,. To obtain the water equivalent pH value, 0.6 was
added to the calcium chloride pH value. To ensure that pH
measures were comparable between the two sites, we esti-
mated the optimum pH based on the location; this was 6.2
at Tulloch (Crooks et al. 2019) and 7 at MORE based on
the optimal range for arable rotations containing sugar beet
(Agriculture and Horticulture Development Board 2019).
The difference between the pH measured and the optimum
pH was used as a soil health indicator, which we termed the
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distance to optimal pH (e.g. if pH is 6.0 and optimal pH is
6.2, the distance to optimal pH is -0.2).

2.6.4 Potentially mineralizable nitrogen (PMN)

For PMN, 10 g of fresh bulk soil from each sample were
placed into two 50 cm? tubes: one incubated and one control.
25 cm? of distilled deionised water was added to the incu-
bated samples, and they were placed in an oven heated to
40°C for 7 days. The control samples were stored in a fridge
at < 5°C for this 7-day period. Once the seven days elapsed,
a 2 M KCI extraction was carried out on all the samples
and a FiaStar 5000 was used to photometrically measure the
ammonium N content of the extractant from each sample.
The difference between the incubated and control samples
was taken as the PMN (Waring and Bremner 1964).

2.7 Nutrient supply

The contribution of management decisions to the different
rotation systems in the form of nutrients was quantified in
terms of the kg ha™! of elemental N, P and K supplied to
each plot. For each plot, rates of seed, fertiliser and organic
amendments, deposition and fixation were used to calcu-
late the total nutrient supply. The specific calculations uti-
lised are described in detail in Willoughby et al (2022). The
sheep did not receive any supplementary feed and resupplied
grazed crop biomass to the plots in the form of manure;
thus, we did not consider them to contribute to changes in
the nutrient supply. Calculated N, P and K supply differed
between the sites as MORE was managed with additions of
synthetic fertilisers alongside organic amendment additions,
while Tulloch was an organic field trial. The mean N supply
at Tulloch was 254 kg ha™!, while at MORE it was 759 kg
ha~!. The mean P supply at Tulloch was 91 kg ha™! and 250
kg ha~! at MORE. At Tulloch, the mean K supply was 103
kg ha™!; this was 52 kg ha~! at MORE.

2.8 Statistical analysis

Statistical analysis was carried out in R 4.1.0 (R Core Team
2021). The packages ‘“FactoMineR” (L& et al. 2008), “fac-
toextra” (Kassambara and Mundt 2020), “lavaan” (Rosseel
2012), “Ime4” (Bates et al. 2015) and “ImerTest” (Kuznet-
sova et al. 2017) were used to carry out the analysis, while
“tidyverse” (Wickham et al. 2019) and “ggpubr” (Kassam-
bara 2020) were used to format the data and create graphs.
Principal component analysis (PCA) was used to reduce the
number of independent variables and identify issues of mul-
ticollinearity. Because indicator performance differed at each
site, data was split, and each site-specific dataset was mod-
elled separately. At Tulloch, where the rotations had differ-
ent ley periods, ley duration was included as a variable in the
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principal component analysis. The procedure used to carry
out PCA scaled variables prior to analysis. Components with
absolute eigenvalue >1 were extracted and analysed (Kaiser
1960), and the first 5 principal components were retained at
each site (Table 2). The composition and correlations within
the retained principal components were scrutinised through
use of variable correlation plots and cos2 values. Retained
principal component scores were used in subsequent mod-
elling (Table 2). Control plots did not have recorded yields
thus were not included in the PCA or modelling.

A backwards stepwise regression was used to identify
predictors of yield from the retained principal components.
In 2019, data from 1st cut silage yields, taken in mid-June,
were not available at Tulloch; thus, records of weather data
were used to establish previous years in which growing sea-
son length (defined as the longest period within a year that
meets the following requirements: begins at the start of a
period of five successive days where the daily-average tem-
perature is greater than 5.0°C, ends on the day before of a
period of 5 successive days when the daily average tempera-
ture is less than 5.0°C), wet (consecutive days with > 10
mm rainfall) and dry (consecutive days with 0 mm rainfall)
periods and accumulated day degrees above 0°C from the
Ist January to the 31st July (tsum) were similar to 2019.
The averages of the 1st cut silage yields from these similar
years were then used to replace the missing silage values in
2019 (Table 3). The weather data that informed this selection
procedure is outlined in detail in Table 3.

Table 2 Eigenvalues, variances and cumulative variances determined
by PCA analysis on Tulloch and MORE subsets, with PCs retained
for subsequent modelling highlighted.

Principal component PCl1 PC2 PC3 PC4 PC5
Tulloch
Eigenvalue 4.0 33 22 2.0 1.3
% Variance 234 194 127 116 7.8

Cumulative % variance ~ 23.4 428 55.5 67.1 74.9

Yield ~ 1 + PC1 4+ PC2 + PC3 +
PC4 + PC5 + (1lblock)

Starting model

BIC/AIC score 163.2/158.2
Retained model Yield ~ PC1 + PC4 + (1lblock)
BIC/AIC score 158.6/150.6

MORE
Eigenvalue 4.2 33 2.2 1.7 1.5
% Variance 26.0 20.5 13.6 10.9 9.3

Cumulative % variance ~ 26.0  46.5 60.1 71.0 793

Yield ~ 1 + PC1 + PC2 4+ PC3 +
PC4 + PC5 + (1lblock)

Starting model

BIC/AIC score 198.8/190.2
Retained model Yield ~ PC1 + PC5 + (1lblock)
BIC/AIC score 195.2/187.6
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Table 3 Selected years based on growing season, drought and wet
periods and calculated tsum values from st January to 31st July with
Ist cut silage yields from second (G2) and third (G3) year grass plots,

from years at Tulloch selected due to their similarity in weather con-
ditions to 2019 (t ha™"). *Accumulated mean daily temperatures (° C)
above zero.

Year Crop Mean yield Length of growing Max drought period (consecutive Max wet period (consecutive Max tsum* (calc
season (days) days with O mm rainfall) days with > 10 mm rainfall) from st Jan)
2000 G2 6.1 305 18 3 2997
2000 G3 4.7 305 18 3 2997
2002 G2 5.9 310 13 3 3179
2002 G3 5.8 310 13 3 3179
2003 G2 4.8 313 19 1 3261
2003 G3 5.0 313 19 1 3261
2004 G2 4.5 314 10 2 3204
2004 G3 54 314 10 2 3204
2013 G2 5.1 319 19 2 3004
2013 G3 4.5 319 19 2 3004
2019 G2 53 312 11 4 3253
2019 G3 5.1 312 11 4 3253

At each step, variables were dropped based on BIC
scores, and residual plots were checked. The model in which
further exclusions did not result in an improved BIC score
was the final model. The package “ggeffects” (Ludeke 2018)
was used to generate predictions of yield based on retained
principal component scores from the selected models.

3 Results and discussion
3.1 Soil health indicators linked to higher yields

We met our first objective through using principal compo-
nents to identify key soil indicators at both sites for yield
prediction. The model selection procedure identified PC1
and PC4 at Tulloch and PC1 and PCS5 at MORE as pre-
dictors of yield (Table 2). Scores of PC1 and PC4 at Tull-
och were predicted by the retained model to lead to higher
yields. Significant variable contributions (defined here as
those higher than 6%, the average variable contribution of
the retained PC scores used in model selection) and loadings
of PC1 and PC4 at Tulloch corresponded to bulk density,
SOM, ley duration, nutrient supply, K, PMN, P, distance
from optimum pH and water content (Fig. 3b, c). Results
from MORE showed that high PC1 scores were correlated
with lower yields, but higher PC5 scores were correlated to
yield increases. Because PC scores were used in the model-
ling, all variables are included in each of the retained com-
ponents; thus, it was necessary to consider the contributions
of each variable to each retained PC. Variable contributions
and loadings of PC5 at MORE showed that this component
was associated with earthworm counts, Na, VESS scores
and Mg (Fig. 4b). PC1 at MORE was associated with soil

chemical indicators, with Mg, K, Ca, SOM, pH, N supply
and Na being significant contributors (Fig. 4b).

Structural indicators (bulk density at Tulloch and VESS
score at MORE) were contributors to the retained princi-
pal components and thus linked to yields. Results for spe-
cific indicators varied between the two sites (Fig. 3, Fig. 4).
Results from PC1 at Tulloch showed that relative yield per-
centages were predicted to be higher in fields with lower
bulk densities (Fig. 3b). The higher yields in plots with
lower bulk densities showed that bulk density as an indica-
tor was reflective of the soil’s suitability for development
and growth of plant roots (Biinemann et al. 2018) and was
thus highly agronomically relevant. In PC4 at Tulloch, the
utility of VESS scoring as part of a soil health assessment
was demonstrated through negative correlations with bulk
density and macroporosity and a positive correlation with
water content at field capacity (Fig. 3a) as found in previous
work (Johannes et al. 2017). However, this was not con-
sistent at MORE for PC5, for which correlations between
VESS scores and other measures of soil physical properties
varied (Fig. 4a). Using field testing adds weight to the results
because few studies aimed at identifying minimum datasets
for soil health testing have utilised field tests (de Paul Obade
and Lal 2016; Rabot et al. 2018; Stone et al. 2016). The
relevance of structural indicator results to yield and overall
soil health means that they represent an opportunity to col-
lect farm data on a larger scale and at a smaller financial cost
than many of the other soil health metrics included in this
analysis (Johannes et al. 2017; Stroud 2019).

Active earthworm populations (as indicated by high
earthworm numbers) benefit many important soil environ-
mental processes such as biological community activity and
erosion resistance, so their positive correlation with yield
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Fig. 3 Biplot of loadings and a
scores from retained principal

components from Tulloch (a),
contribution of variables to the

retained principal components

at Tulloch (b is principal com- 50-
ponent 1, ¢ is principal compo-
nent 4), coloured according to
loadings (orange is a positive
loading and grey is negative).
The red line represents the
average variable contribution to
each principal component.
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at MORE highlights their potential to boost crop productiv-
ity (van Groenigen et al. 2014). Additions of earthworms to
contrasting agricultural systems have been shown to increase
PMN and overall soil microbial biomass in perennial crop-
ping systems (Subler et al. 1997); however, this trend was
not reflected in rotational systems where changes to PMN
and microbial biomass were highly spatially variable (Subler
et al. 1997). Increases in earthworm populations can increase
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soil mineral N concentrations (Zhang et al. 2010), which may
be due to the chemical composition of their casts (Kawaguchi
et al. 2011). The retained principal components at MORE,
earthworm counts, were generally associated with poorer
VESS scores and lower soil macroporosity (Fig. 4a). This is
inconsistent with results at Tulloch, where earthworms were
negatively correlated with bulk density (Fig. 3a), and with
previous literature which has found that earthworm increases
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Fig.4 Biplot of loadings and a
scores from retained principal
components from MORE (a),
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at MORE (b is principal com-
ponent 1, ¢ is principal compo-
nent 5), coloured according to
loadings (orange is a positive
loading and grey is negative).
The red line represents the
average variable contribution to
each principal component.
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are associated with improved soil physical structure (Bai
et al. 2018; Berdeni et al. 2021). The results at MORE are due
to the lower earthworm numbers overall at this site (Fig. 5b)
meaning that any beneficial impacts on soil structure were
not enacted (Zhang et al. 2010).

The metrics that did not make a significant contribution
to yield prediction in our analysis may still be useful pre-
dictors of yield in further studies. In this study, responses
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at the sites differed in that both SOM and PMN were influ-
ential in the retained principal components from the Tull-
och dataset (Fig. 3b, c), while only SOM was influential
in the retained PCs from the MORE dataset (Fig. 4b, c).
This can be attributed to the fertiliser applications on the
MORE plots, meaning that their nitrogen requirements
were met through inputs and there was little variability in
yield due to soil nitrogen supply to the crop.
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Fig.5 Plots of soil health metrics and relative yield percentage, coloured according to rotational management with green waste compost (GWC),
paper crumble (PC), turkey manure (TM), unamended (U) and control plots at MORE and mixed, stockless and control plots at Tulloch.

3.2 Soil health responses to agricultural
management

The importance of agricultural management, particularly
ley duration, to soil health improvement is highlighted in
the results at Tulloch. Previous literature has found that ley
inclusion can lead to reduced soil disturbance, enhanced root
biomass and penetration and increased earthworm numbers
compared with arable rotations without ley (Berdeni et al.
2021; Rollett et al. 2006; Zani et al. 2022). There were more
earthworms in rotations with multi-year ley periods and cat-
tle manure at Tulloch (Fig. 5b). Our results further support
the findings of previous studies by showing that yields were
higher and response of yields to soil health improvements
was more pronounced in plots which had longer leys than
those which had single-year leys (Martin et al. 2020). In
our study, soil biological performance was found to be a
higher contributor to relative yield percentage than nutrient
supply (Fig. 3b, c, Fig. 4b, c¢). Specifically, when farming
systems were intensified with no leys and higher inputs, soil
chemistry and nutrient status became key to maintenance of
crop yield and soil health (Fig. 4b, c). We therefore demon-
strated that agricultural management improved crop yields
both through cropping sequences, supply of chemical inputs
and the alteration of soil health properties.

The effect of ley inclusion and duration was not limited to
those indicators which were predictive of yield at Tulloch.
Principal component analysis showed that bulk density was
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higher, and SOM was lower in rotations with 1-year leys
compared to those with 3-year leys (Fig. 3a). This was due to
decreased disturbance from cultivations in the rotations with
longer leys, in addition to the development and permeation
of roots from the grass and clover mixture. The increases
in yield (as %) and soil health with longer duration leys are
in line with previous works which have shown the benefits
to subsequent yields with ley durations longer than a single
year (Zani et al. 2022). However, although MORE did not
include any ley periods, relative yield percentage perfor-
mance was higher at MORE than at Tulloch (Fig. 5). This is
reflective of the differences in nutrient management between
the systems, as plots at MORE received a higher input of N,
P and K than those at Tulloch, and additions of synthetic
fertilisers meant that nutrients were more highly available.
While supply of adequate nutrients is indisputably vital
to ensuring crop yield performance and resilience in the
long term (Cuvardic et al. 2004; Loide 2019), our results
showed that the influence of nutrient supply depended on
the management and site context. Inclusion of these vari-
ables allowed comparison of different cropping system
types. At both sites, the high influence of nutrient supply
in the retained PCs showed the contribution of agricultural
management to yields (Fig. 2 and Fig. 3). Increasing PC1
scores at MORE were predicted to lead to lower yields. PC1
at MORE was associated with Mg, K, Ca, SOM, pH, N sup-
ply and Na (Fig. 4b). The application of organic amend-
ments with varying nutrient compositions is likely to be a
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significant contributor to yield and soil chemistry results
from MORE: for example, paper crumble amended plots had
higher contents of Ca and Mg than the other amendments at
MORE (Fig. 5h, i). Mg content was higher in control plots
at Tulloch than at MORE, indicating higher baseline Mg at
Tulloch, and at Tulloch all plots which were managed had
higher Ca than controls (Fig. 5i). In PC1 from MORE, soil
Na was positively correlated with distance from optimal pH,
and in PCS5 soil Ca is negatively correlated with distance
from optimal pH (Fig. 4b, c). The differing composition of
the organic amendments applied is also a potential driver
for both soil chemistry and pH results particularly regarding
yield, as these differed across MORE (Table 1).

PMN was an important contributor to higher yields at
Tulloch (Fig. 3c). This close connection between yield
and biological health has previously been noted in organic
systems (Stockdale and Watson 2009). Results showed a
consistently negative association between SOM and bulk
density, indicating the influence of cropping sequence,
residue management and external additions on SOM
overall (Riley et al. 2022). This is expected given the
smaller particle density of SOM than soil minerals and
SOM impacts on soil aggregation (Dexter et al. 2008).
At Tulloch, earthworm counts were higher in plots which
received additions of animal-derived amendments, which
also had longer ley duration (Fig. 3a, Fig. 5b), (Steiner
et al. 2007; Bhogal et al. 2011).

3.3 Inter-site variance in soil health metrics

Our selected soil health indicators encompassed a range
of analytical methods and have previously been shown to
relate to chemical, physical and biological soil functions
(Svoray et al. 2015; Tully and McAskill 2020). The varia-
tion in soil health indicator correlations indicated the poten-
tial for error that can occur if relationships between vari-
ables do not account for site and soil heterogeneity. Control
plot results showed that the soil health metrics which varied
between sites were largely dominated by chemical indica-
tors, specifically Na, K and pH (Fig. 5j, k, 1). We also found
that control plots had lower bulk densities at Tulloch than
at MORE (Fig. 5f). Variations in the relationships between
soil health indicators and yields at Tulloch and MORE
reflect the inter-site, soil type and management variations
found across the literature (Payne 2006; Turmel et al. 2015).
Identifying indicators that were sensitive to management
change and predictors of yield at both sites was an impor-
tant step towards understanding and recommending soil
health indicators pertinent to both agricultural management
and environmental sustainability. SOM and PMN were well
represented in the principal components, and their impor-
tance to soil health overall has previously been endorsed
in the literature (Brock et al. 2013; de Paul Obade and Lal

2016; Karlen et al. 2013); thus, their inclusion is also war-
ranted to ensure a well-rounded assessment of overall soil
health. Bulk density and SOM were highly influential in
PC1 at both sites and PC4 at Tulloch (Fig. 3, Fig. 4). The
consistent importance of chemical indicators regardless of
site and soil type differences was a strong indication of their
function as soil health metrics (Karlen et al. 2013); thus,
their inclusion is also warranted to ensure a well-rounded
assessment of overall soil health. At both sites, bulk den-
sity was strongly negatively correlated with SOM; both of
which were highly influential in PC1 at both sites and PC4
at Tulloch (Fig. 3, Fig. 4). Control plots showed that the
SOM was higher at Tulloch than at MORE (Fig. 5a). The
consistent importance of chemical indicators regardless of
site and soil type differences was a strong indication of their
function as soil health metrics.

The analysis incorporated two sites, so we expected
that soil type and underlying geology would lead to vary-
ing results in addition to management differences (Rawlins
et al. 2012; Paterson et al. 2011). For example, the differ-
ence in PMN between the cultivated and control plots was
much larger at MORE than at Tulloch (Fig. 5d), while rota-
tional management did not lead to site-specific changes in
pH (Fig. 51). Results showed that soil P was more variable
at MORE plots than Tulloch, while soil K was typically
greater at MORE than at Tulloch, although some mixed plots
had similar levels to those at MORE (Fig. 5g, k). Although
between site heterogeneity is an important consideration, the
indicators which behaved similarly across both sites were
consistent across the contrasting local climates, soil types,
land use histories and management systems.

3.4 Benchmarking yield and soil properties
for cross-site comparisons

Comparison of yields between contrasting sites and man-
agement types can be a confounding issue in the broader
applicability of much agricultural research. The need for
context-specificity of yield comparisons between contrasting
systems is recognised, particularly between organic and con-
ventionally managed systems such as the field experiments
considered here (Seufert et al. 2012). Calculating yield
ratios between contrasting crops and systems is one possi-
ble solution (Rondanini et al. 2012); however, this does not
negate the need for context specificity if comparing different
sites where growing season, management expectations and
crop varieties may be expected to vary (Knapp and van der
Heijden 2018). We accounted for this through site-specific
benchmarking and subsequent calculation of relative yield
percentages so that the rotations within each trial are com-
pared against an appropriate indication of expected perfor-
mance. The higher relative yield percentages obtained from
the management systems in the MORE trial compared with
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the Tulloch trial are therefore a reflection of site-specific
management performance.

Other studies have accounted for inter-site variation either
by replicating management and analysis across contrasting
geographic regions (Krupek et al. 2022) or characterising
underlying features through mapping (Kooch et al. 2022). An
increasingly popular approach is the compilation of indicator
scores through weighted totals which account for “better” and
“poorer” results depending upon site specific context (Cao
et al. 2023). Our analysis has accounted for site specificity
through benchmarking yields and recording pH results against
the optimum pH at each field site, thus allowing for differ-
ences in inherent pH due to location, geology and soil type, in
addition to benchmarking of yields. This approach may also
be used for a range of soil health metrics where there is rea-
son to believe that site differences may be influencing results.
There are many advantages to utilising approaches which
set results into such a context, as they aid interpretability to
both researchers and the land managers for whom the results
are most relevant (Soil Biology and Soil Health Partnership
2022). Benchmarking also allows for ease of comparison
between widely different sites and management, potentially
creating opportunities to collate and interpret soil data inter-
nationally, thus enhancing the scope of future research (Maha-
rjan et al. 2020). We consider that in achieving our objective
to utilise benchmarking for cross-site comparisons, we are
building the evidence base for future research to carry out
such approaches in future farming system research.

4 Conclusions

Analysing a suite of soil health indicators at contrasting sites
enabled us to identify relationships between the indicators
themselves, as well as their relevance to yield. Alongside
management practices, we identified several soil health indi-
cators that were predictive of yields. Across both sites, those
identified were earthworm counts, PMN, SOM, K, Ca, pH,
bulk density and VESS scores with agricultural management
characteristics. The value of field tests as yield-predictive
indicators was an encouraging finding, and results confirm
the need to encompass physical and biological assessments
alongside the more widely utilised chemical tests. Addi-
tionally, we showed that in sites where leys were included,
increased ley duration from 1 year to 3 years was associated
with both higher yields and better soil health. Increases in
yield due to nutrient supply were more pronounced in sys-
tems which had lower inputs overall. Inclusion of nutrient
supply as a means of comparing management types allowed
the interaction between soil health and N, P and K manage-
ment to be accounted for, thereby improving yield predic-
tions. We conclude that both nutrient supply and soil health
testing were pertinent to yields, although caution should be
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taken when choosing relevant and responsive indicators,
which will vary depending upon site and management.
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