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Long-term regenerative practices 
enhance in-field biodiversity and 
soil health for sustainable crop 
yields
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Agricultural intensification has resulted in arable systems dominated by monocultures 
that are reliant on agrochemical inputs and frequent tillage to maintain high crop 
yields. This has caused significant decline in farmland biodiversity and soil health, 
further increasing the need for chemical inputs to regulate system processes. 
Regenerative practices aim to reverse this trend and capitalise on biodiversity-driven 
ecosystem functions that determine the long-term sustainability of agricultural 
production. However, despite a general acceptance of the potential benefits of 
this approach, there is currently very little supporting evidence from long-term, 
field scale experimental data. A whole-systems and nature-based approach for 
designing and implementing a regenerative cropping system at the Hutton’s Centre 
for Sustainable Cropping long-term platform has demonstrated the practical 
application of theoretical, outcomes- and biodiversity-based frameworks in a 
commercially realistic setting. Best practice management options were combined in 
a cropping system that, rather than conserving soil and biodiversity at the expense 
of crop production, aimed to maintain yields with less reliance on agrochemical 
inputs by simultaneously promoting soil health, crop fitness and biodiversity. Soil 
physical properties and biological processes were enhanced, plant diversity and 
the abundance of beneficial plant and invertebrate species were increased, and 
crop yield was maintained at levels comparable to the national average. A barrier 
to uptake of low input, regenerative practices is the perception of risk. Data-driven 
evidence for the positive and negative impacts of regenerative approaches on 
crop production and the environment is needed for farmers to make informed 
management decisions. Particularly important is an understanding of the balance 
between short-term costs and longer-term benefits as the system gradually stabilises 
and starts to deliver increased resilience to future environmental perturbation. 
This highlights the need for long-term, whole-system and field-scale studies to 
provide commercially realistic predictions of risks, costs and benefits for growers 
wishing to adopt regenerative cropping practices.
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1 Introduction

Arable fields make up approximately 20% of the UK land surface 
area (Scottish Government, 2024). Diversification of this largely 
mono-cropped habitat represents a massive opportunity for 
biodiversity restoration and regeneration of agroecosystem functions 
and services (Hawes et  al., 2021). Agricultural intensification has 
resulted in arable systems dominated by monocultures that are reliant 
on agrochemical inputs and frequent tillage for crop production, 
causing significant decline in farmland biodiversity and soil 
degradation, further increasing the need for inputs to regulate system 
processes (Tilman, 1999; Sanaullaha et  al., 2020). Biodiversity 
maintains ecological functions that determine economic output and 
the sustainability of agricultural production. In annually disturbed 
arable systems, this biodiversity depends heavily on the strategic 
integration of non-crop plants and semi-natural vegetation. Their 
diversity supports a wide range of regulating ecosystem services. 
Flowering plants provide resources to support pollinator populations 
and therefore pollination of native plants and insect-pollinated crops 
(Nicholls and Altieri, 2013). These plants also provide nectar for adult 
forms of larval parasitoids, improving the control of crop pest 
populations (Crowder and Jabbour, 2014). Enhanced weed cover 
increases carbon inputs to soil, supporting earthworms and microbial 
communities (Gaba et al., 2020), and increasing nutrient availability 
and uptake (Aislabie and Deslippe, 2013). Finally, diverse weed 
communities can suppress the dominance of competitive weeds, 
creating a more even and stable community structure and a positive 
feedback loop to further reduce the need for blanket weed control 
(Storkey and Neve, 2018).

Regenerative cropping practices capitalise on these regulating 
ecosystem services that result from the complex network of ecological 
interactions within diversified agroecosystems. This supports crop 
production in the long-term whilst relying less on agrochemical inputs 
(Maeder et  al., 2002; George et  al., 2022). However, although the 
potential benefits of this approach are now widely recognised (Bless 
et al., 2023; British Ecological Society, 2025), scientific underpinning 
for these largely theoretical principles is scarce (Berthon et al., 2024). 
Recent developments in regenerative agriculture have tended to 
be farmer-led rather than driven by research, and based on the need 
for practical, on-farm solutions to restore natural processes, deliver 
the multiple benefits demanded by policy, and reduce costs. Very little 
quantitative data is available in support of these efforts and few studies 
take the whole-systems, integrative, field-scale and long-term 
approach necessary to understand the effects of management on 
environmental and economic outcomes.

This paper describes a long-term and ongoing agroecological 
experiment, the Centre for Sustainable Cropping (CSC) at 
Balruddery Farm, Scotland (Hawes et  al., 2019). The CSC was 
established in 2009 based on a framework for regenerative crop 
system design, aiming to achieve multiple environmental and 
ecological benefits. The long-term, field-scale and whole-system 
impacts on diversity-driven ecosystem functions is assessed by 
monitoring systems indicators. Regenerative systems take a holistic, 
system-scale approach designed to capitalise on the complex and 
interconnected nature of the in-field ecological networks and the 
ecosystem services they provide (Hawes et al., 2021). At the CSC, 
the regenerative cropping system aims to achieve multiple benefits 
based on selection of management options that influence the 

in-field agroecological network (Figure  1): Organic matter 
amendments (1) and organic inputs from cover crops and weedy 
stubbles (2) are combined to increase soil carbon content (13). 
More soil organic matter, together with reduced tillage (3), improves 
soil structure (14), minimising erosion and run-off losses. Better 
soil structure and organic inputs provides resources and habitat for 
below-ground food webs (15, 16). These microbes, microarthropods 
and invertebrates enhance soil biological activity [particularly 
decomposition and nutrient cycling processes (17)]. This results in 
increases in nutrient availability (21) which, alongside nutrient 
inputs from legumes and sustainable nutrient management (20), 
and better soil physical conditions for root growth (18), improves 
resource uptake by crops (19). Above-ground biodiversity is 
harnessed to minimise reliance on crop protection inputs. IPM 
strategies (7, 8, 9), reduce non-target effects on beneficial insects 
(24) which are supported by diverse cover crop mixes and in-field 
weed communities (25). Natural enemies help regulate populations 
of crop pests (23), and pollinators (27) improve crop yield and 
quality of insect-pollinated crops. Taken together, these interactions 
minimise reliance on fertiliser and crop protection inputs to 
maintain crop yields (28) and create positive feedback loops for 
further enhancement of biodiversity, soil health and ecosystem 
function. This paper describes trends in indicators of these soil, 
biodiversity and production components of arable cropping 
systems, comparing the long-term impact of a regenerative 
approach relative to standard commercial practice over two 6-year 
crop rotations.

2 Methods

2.1 Site description and experimental 
design

The CSC site and experimental design have previously been 
described in Hawes et al. (2018). Briefly, the CSC long-term platform is 
a 42-hectare block of six arable fields, established in 2009 at Balruddery 
Farm near Dundee, Scotland (56.48 latitude, 3.13 longitude) (Figure 2). 
The farm is in a temperate maritime arable environment, with an average 
annual rainfall of 800 mm, an annual accumulated temperature of 1,100–
1,375 day-degrees C (above 5.6 °C) and a mean annual potential water 
deficit of 50–75 mm. The area is moderately exposed (2.6–4.4 m s−1 wind 
speed) and has moderate winters of 50–110 day degrees C of accumulated 
frost. The soils are imperfectly draining Balrownie Series with an average 
pH of 5.7. Topsoil depths range from 25 cm to 40 cm, textures from 
sandy loam to sandy silt loam and stone contents of 10–20% volume.

The CSC experiment is a split-field comparison of regenerative 
cropping against standard agronomic practice over multiple 6-year 
rotations of potatoes, winter wheat, winter barley, winter oilseed rape, 
spring sown faba beans and spring barley. Each field was divided into 
two, with conventional and regenerative treatments randomly 
allocated to each half and then planted with one of the six crops of the 
rotation in 2010 (Figure 3).

Replication of the 12 half-field plots (2 treatments × 6 crops) is 
year-on-year, providing 6 replicates of each crop/treatment combination 
per rotation. This necessitates more complex statistical analysis to 
handle potential confounding effect of year and field. However, it allows 
for large plot sizes (approximately 200 × 100 m blocks) which, unlike 
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FIGURE 1

Framework for designing integrated cropping systems for multiple benefits (A–C) based on selection of management options (1–12) that influence the 
in-field agroecological network: soil biology and structure (red nodes, 13–17); crop nutrition and yield (blue nodes, 18–22, 28), and; biodiversity (green 
nodes, 23–27).

FIGURE 2

Location and aerial view of the centre for sustainable cropping long-term platform at Balruddery Farm, Dundee, Scotland.
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small, plot-scale experiments, enables the use of commercial farm 
machinery for sowing, management and harvest. Data generated on 
soil, biodiversity, crop and economics are therefore representative of 
field scale commercial situations, thus allowing realistic estimates of 
costs and benefits that are relevant to real-world commercial situations.

2.2 Treatments

The conventional cropping system is ploughed annually 
following standard cultivation practices for the region and each 
of the crops in the rotation. Cereal straw is baled and removed. 
Fertiliser inputs are based on Scottish Nitrate Vulnerable Zone 
recommendations (for N) and an estimate of offtake (for P and 
K). Crop protection treatments (fungicides, insecticides and 
herbicides) are prescriptive and prophylactic, following label 
recommendations and standard commercial agronomy (Hawes 
et al., 2018). Specific products, active ingredients and input rates 
vary year on year depending on the crop requirements, field 
conditions and weather, but agronomic decisions are made with 
the goal to optimise crop yield and profit margin as in standard 
commercial, intensive cropping practice.

The regenerative system aims to enhance soil health and 
biodiversity while maintaining commercially viable crop yields. 
The goal for soil management is to improve physical structure to 
minimise erosion and runoff losses, provide better conditions for 
root growth, and sustain diverse communities of soil organisms 
to support carbon turnover, nutrient cycling and more efficient 
resource uptake via fungal and microbial associations. To achieve 

these multiple targets, the regenerative system at the CSC 
combines six management strategies into a single cropping system:

	•	 Reduced tillage: disturbance by ploughing occurs only 1 year in 
six for potato planting and harvest. Winter wheat is sown into the 
disturbed soil following potatoes, winter oilseed is minimum 
tilled to ensure good soil-seed contact, barley and bean are direct 
drilled. This minimises soil disturbance in 5 years of the six and 
provides the opportunity in the potato year to deal with any weed 
control or compaction issues that may have arisen in the 
no-till years.

	•	 Organic matter amendments: green waste municipal compost 
from Dundee City Council applied at 35 t ha−1 yr.−1 for the first 
rotation to create a treatment difference between the regenerative 
and conventional systems, then reduced to a more commercially 
realistic 10 t ha−1  yr.−1 in the second rotation. Due to supply 
issues, applications are now at 5 t ha−1  yr.−1 and soil carbon 
content is being monitored to check that turnover can 
be maintained at this lower input rate. Additional organic matter 
inputs are derived internally - from crop residues where cereal 
straw is retained instead of baled and removed, winter cover 
crops, and weedy stubbles left over winter if harvest was too late 
for sowing a cover.

	•	 Cover crops: to retain soil and nutrients over winter and provide 
additional organic matter inputs. Rye and mixed legume cover 
crops are sown after winter oilseed rape (before beans), oats are 
sown after beans (before spring barley), and rye is sown after 
spring barley (before potato). Field beans are generally harvested 
too late in this region for cover crop establishment. Instead, 

FIGURE 3

Field layout at the centre for sustainable cropping long-term experiment. Integrated (regenerative, Int) and conventional (Con) crop management 
systems are randomly allocated to each field half. Crops planted in each field are labelled for year 1 of each crop rotation and move in a clockwise 
direction (arrows) round the six fields each year. Black dots indicate position of 350 GPS sample locations (50 in Road field, 60 in each of the other five 
fields), spaced approximately 40 m apart along each tramline with 18 m between rows. Sown margins, buffers and water course are marked.
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methods for undersowing the growing bean crop with clover to 
provide continuous post-harvest cover over winter are 
being investigated.

	•	 Companion cropping: Berseem clover is undersown as a 
temporary companion crop for winter oilseed establishment. 
White clover is sown with spring barley to increase nitrogen 
supply from Biological Nitrogen Fixation. A diverse, legume-
based species mix is sown after potato planting to reduce aphid 
colonisation and enhance natural enemy control in potato crops.

	•	 Sustainable nutrient management: soil nitrogen supply (SNS) is 
measured as the concentration of soil mineral nitrogen in soil 
samples collected in March each year from each field. Mineral N 
concentration is converted to kg ha−1 to at 20 cm depth, 
accounting for bulk density, and used to calculate reduction in 
fertiliser rate. This optimises efficiency of fertiliser use, 
minimising the risk of surplus and therefore reducing losses 
through leaching and run-off.

	•	 IPM strategies: Threshold crop protection inputs and disease 
forecasting (blight models using the Hutton Criteria) are used to 
reduce fungicide use. Mineral nutrition is applied to winter 
cereals to increase plant fitness and resilience to pests and disease, 
further reducing reliance on chemistry. Targeted herbicide 
applications aim to maintain weed densities at around 10% cover, 
below competition thresholds but sufficient to support 
beneficial insects.

As with the conventional treatment, this regenerative system is 
flexible rather than fixed, based on indicator monitoring and an 
iterative process of performance review against management targets. 
This enables improvements in sustainability outcomes over time 
through modification of existing interventions and incorporation of 
new best practice options within the overall regenerative strategy. Full 
details of all agronomic interventions can be  made available 
on request.

2.3 Indicator monitoring

Long-term trends in indicators of soil, biodiversity and crop 
production are monitored to assess whole-systems impact of the 
regenerative system relative to conventional practice. Sampling was 
carried out annually between 2011 and 2024 following standardised 
assessment protocols at GPS-located sample points across the 12 
treatment x crop combinations shown in Figure 3. Due to resource 
constraints, not all indicators were measured in all years at all sample 
locations. A list of the indicators reported here is given in Table 1, 
cross-referenced to the nodes in the agroecological network in 
Figure 1, along with their frequency and intensity of sampling.

Soil carbon (%C) and aggregate stability (%WSA) were measured 
as indicators of soil structure, both predicted to increase in the 
regenerative cropping systems relative to standard practice. Soil 
carbon was measured across the six fields in March before spring 
crops were sown from 2012 to 2022 (10 years data). Approximately 
1.5 kg of bulk soil was sampled to a depth of 15 cm at each of 350 
permanent GPS sample locations every year. Samples were sieved to 
10 mm and stones exceeding 10 mm in diameter were removed. A 
sub-sample of sieved soil was then put through a 2 mm sieve, dried at 
70 °C for 24 h, milled using a Retsch mill and 5 mg weighed for 

analysis using an Exeter Analytical CE440 Elemental Analyser (EAI, 
Coventry, UK) which determines the carbon, hydrogen, and nitrogen 
content in organic and inorganic compounds by combustion.

Aggregate stability was measured as the proportion of 2-8 mm 
diameter soil aggregates that remain intact when immersed in water 
(Le Bissonais, 2016). Eight bulk soil samples were collected from each 
treatment across the six CSC fields in March 2025. Soil from each of 
the 96 sample locations was air dried and a 5 g sub-sample was passed 
through an 8 mm sieve. The 8 mm sieved soil subsequently retained 
on a 2 mm sieve was used to test for water stable aggregates (%WSA). 
In a wet sieving apparatus (Eijelkamp Soil and Water, Netherlands), 
2 mm-mesh sieves filled with the air-died soil are mechanically 
moved up and downward (up-down strokes = 1.3 cm) in a can filled 
with distilled water for 3 min ± 5 s (34 times/min). Unstable 
aggregates disintegrate and pass through the 2 mm sieve into the 
water-filled can under the sieve. The cans with soil from unstable 
aggregates were then removed and replaced by new water-filled cans. 
All stable aggregates retained on the sieve mesh were then fully 
disintegrated and soil from the stable aggregates was collected into the 
second set of water cans. Note that gravel, stones, plant residuals and 
roots remain on the sieve and only the soil from the aggregates passed 
into the water cans. After drying the two sets of cans with the soil 
from unstable and stable aggregates, %WSA is calculated as the 
proportion of stable aggregates in the sample (weight of the stable 
aggregates divided by the sum of both the stable and unstable 
aggregate fractions).

Earthworms were sampled from 9 locations in each treatment 
across all 6 fields in spring (April, after spring crops were sown) and 
autumn (October/November, after autumn crops were sown) each 
year from 2017 to 2024 (108 samples each year for 7 years). Sampling 
was carried out when soil was damp but not waterlogged or frozen. A 
20 × 20 × 20 cm (8,000 cm3) soil pit was dug out at each location, 
placed on a white tray and hand sorted for earthworms. Juveniles were 
counted and returned to the pit. Adult earthworms were separated 
into three ecological functional groups following Stroud (2019): 
epigeic (surface active red coloured, small <8 mm long, found in leaf 
litter), anecic (topsoil dwellers, small-medium sized, pink, grey, green 
or mottled yellow), or endogeic deep vertical burrows, large >8 mm 
with red or black head. Numbers in each group were recorded, 
specimens photographed for future reference and then returned to 
the pit.

Soil microarthropods were collected from two pooled soil cores, 
using cylinders of 10 cm depth by 5 cm diameter (sample volume 
392 cm3), taken at 10 GPS sample locations in each half of fields L 
(winter wheat) and K (winter barley), one- and two-years following 
potato cultivation, respectively. All 50 soil samples were collected 
within a week of each other at the end of March 2025. Soil was stored 
in a cool box after sampling and placed in Tullgren funnels (Capinera, 
2008) within 4 h of collection. Soil microarthropod extraction 
followed similar procedures to Crossley and Blair (1991) but used 25 
Watt bulb Tullgren funnel banks. Extraction into collecting jars of 70% 
ethanol occurred over 6 days and counts of Acari and Collembola 
were conducted under a stereo microscope.

Decomposition rates were estimated using the teabag method 
(Keuskamp et al., 2013) where 3 replicate green tea (Lipton EAN no.: 
8722700 055525) and Rooibos tea (Lipton EAN no.: 8722700 188,438) 
teabags were dried at 70 °C for 48 h, weighed, labelled and buried 
10 cm deep in 2 rows of 3 tea bags at 9 GPS sample locations in each 
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of the 2 treatments across the 6 crops in the rotation. Sampling was 
carried out during the cropping seasons 2017, 2018, 2019, 2021 and 
2024, 6 to 13 years from conversion to regenerative cropping. Tea bags 
were installed in April after spring crops were sown and retrieved 
approximately 90 days later after crop harvest. Loose soil and roots 
were gently removed, and the tea bags were then dried at 70 °C for 
48 h before re-weighing. Initial weight, final weight and exact number 
of days of burial were used to calculate rate of litter decomposition for 
each tea bag following the formula described in Keuskamp et  al. 
(2013). Higher values represent faster decomposition rates by 
microbes. This procedure measures decomposition by microbial 
activity since the tea is contained within a mesh too small to allow 
access by microarthropods or earthworms.

Taxonomic and functional diversity of species in the seedbank are 
an indicator of the long-term filtering effects of management on 
biodiversity. At the CSC, the arable weed seedbank was monitored by 
seedling emergence from soil samples taken across all 350 GPS sample 
locations in March over a 13-year period (2011–2024). Soil samples 
were sieved to 10 mm and approximately 1.2 L of the sieved sample 
placed in a 15 × 21 cm seed tray to a depth of 4 cm. Seed trays were 
arranged randomly in an unheated glasshouse on benches fitted with 
capillary matting, kept moist via an overhead automatic misting 
system. The volume and depth of soil and the general conditions for 
emergence, were similar to those in historical studies (Roberts, 1958) 
and more recent assessments carried out at the Hutton (Heard et al., 
2003; Hawes et al., 2010). As seedlings emerged, they were identified 
to species, recorded and removed. The first flush of seedlings was 
considered complete after about 4 weeks, when there was no further 
emergence for a period of 14 days. The soil was then re-sieved, placed 

back in the seed trays and the procedure repeated for a second flush 
of emergence to ensure that the majority of viable seeds in each sample 
were recorded. The total number of weed seedlings per species per 
sample was converted to number per m2 field surface to a depth of 
0.15 m using the conversion factor 31.75 based on tray surface area.

The arable weed flora, germinating from annually disturbed soil 
seedbanks, provide resources for above- and below-ground foodwebs, 
supporting arable biodiversity within cropped fields. Weed densities 
were assessed in June each year from 2011 to 2024. The number of 
individual plants per species were recorded in 18 × 0.5m2 quadrats per 
half field (providing 216 data points per year for 13 years).

Pollinating insects were sampled using nine sets of three 20 cm 
diameter coloured pan traps (blue, white and yellow) within the 
cropped area of each field half (integrated and conventional 
management) across 6 crops in June 2017, 2018, 2020, 2021, 2023, and 
2024. Pan traps were positioned at the height of the crop canopy and 
filled with 100 mL per trap of dilute Teepol® detergent. Traps were set 
at 10 a.m. on a sunny day, not less than15 °C with a wind speed under 
5 on the Beaufort scale. Traps were collected at 4 p.m. on the day of 
sampling and the insects sampled from the three traps at each location 
were combined into a single sample and stored in 70% ethanol until 
processing. Numbers of specimens in all pollinator groups 
(bumblebees, solitary bees, honey bees and hoverflies) were counted 
and recorded.

Carabids were sampled by pitfall trapping in April every year from 
2011 to 2017 and again in 2024. In each field half, nine pitfall traps 
were installed 10 m apart in a line perpendicular to the field margin 
into the cropped area, starting 20 m from the field edge. This provides 
a sample number of 108 for the cropped area each year across all 6 

TABLE 1  Systems indicators monitored at the CSC long-term platform, grouped by system component (number refers to node in Figure 1) and showing 
sampling intensity and frequency.

System component 
[and node in network, 
Figure 1]

Indicator Sample type (units) Sample no. yr−1 Sampling period (no.
yrs)

Soil biophysical properties [13, 14] %C Bulk soil (%) 350 (6 fields x 2 tmts) March 2012–2022 (10 yr)

Aggregate stability (%WSA) 96 (6 fields x 2 tmts) 01/03/2025 (1 yr)

Soil biodiversity [16] and 

biological function [17]

Earthworms Hand sort (no./sample) 108 (6 fields x 2 tmts) Autumn 2017–2024 (7 yr)

Mites Tulgren funnel extraction 

(no./sample)

40 (2 fields x 2 tmts) March 2025 (1 yr)

Collembola

Litter decomposition Teabag burial (rate) 108 (6 fields x 2 tmts) Mar-Oct 2017–2024 (7 yr)

Plant nutrient availability [21] %N Bulk soil (%, PPM) 350 (6 fields x 2 tmts) March 2012–2022 (10 yr)

Mineral N 350 (6 fields x 2 tmts) March 2012–2022 (10 yr)

Plant biodiversity [25] Seedbank – monocot Glasshouse emergence (no./

sample, x31.75 for density/

m2)

350 (6 fields x 2 tmts) March 2011–2024 (13 yr)

Seedbank – dicots

Seedbank – species

Weeds – monocots Quadrat counts (no./sample, 

x4 for density m−2)

216 (6 fields x 2 tmts) June 2011–2024 (13 yr)

Weeds – dicots

Weeds – species

Beneficial insects [24, 27] Carabids Pitfall traps (no./trap) 108 (6 fields x 2 tmts) April 2011–2017, 2024 (7 yr)

Pollinators Pan traps (no./location) 108 (6 fields x 2 tmts) June ‘17–18, ‘20–21, ‘23–24 (6 yr)

Carbon footprint CO2e CFT calculator 12 (6 fields x 2 tmts) 2011–2022 (10 yr)

Crop productivity [28] Yield (t ha−1) relativised Off tractor 156 (6 fields x 2 tmts) 2011–2023 (12 yr)
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fields. Pitfall traps comprised white plastic cups 8 cm deep and 7 cm 
diameter containing 80 mL antifreeze and inserted into the ground 
such that the rim of the cup was level with the ground surface. A rain 
cover was positioned over the top of each trap raised 5 cm above the 
ground surface on wire legs to reduce the risk of overflowing in heavy 
rain. Traps were left to run for 14 days before collection. All 
arthropods sampled were then transferred to tubes of 70% ethanol for 
storage, carabids were identified to species and counted.

Finally, agronomic indicators included crop yield and carbon 
footprint. Crop yields were recorded as weight of grain from the 
combine and potato offtake by tonne box for each 18 m wide tramline 
(five in each half of Road field, and six in each half of the remaining 
five fields). Data were converted to tonnes ha−1 yr.−1 based on sown 
area. Agronomic impacts on carbon footprint were estimated using 
the Cool Farm Tool (coolfarm.org version 2.29.0). This online 
calculator estimates CO2 equivalents (CO2e in kg ha−1 yr.−1) for all 
inputs, fuel use and agronomic operations to assess relative differences 
between crops and treatments in on-farm (direct) greenhouse gas 
emissions and soil carbon sequestration. Input data comprised basic 
field information (cultivated area, soil type), soil organic matter, 
fertiliser type (NPK, compost etc), fertiliser and compost application 
rates, crop protection inputs (fungicide, insecticide and herbicide 
type, application rates and % active ingredient), and field operations 
energy use (machine type (drill, plough, sprayer, combine etc) and 
number of operations). Based on these data, the carbon footprint was 
calculated for every crop, year and treatment providing 144 
comparisons over two crop rotations.

2.4 Data handling and statistical analysis

All datasets were double-punched, checked, validated and entered 
into an SQL relational database for archiving. Data were analysed 
using Genstat 23rd edition and data used in this analysis will be made 
available via Zenodo.

To account for year-on-year replication in trial design, a 
Generalised Linear Mixed Model (GLMM) was used to test for 
treatment and crop or field effects under the composite 
null hypotheses:

	 1.	 Total crop yield, soil % carbon, weed seedbank monocot and 
dicot seed densities and seedbank species richness within a 
field are not significantly affected by the cumulative effects of 
regenerative cropping relative to standard commercial practices 
over two crop rotations.

	 2.	 Total soil % nitrogen and plant available nitrogen, earthworms, 
litter decomposition rates, emerged weeds, carabids, pollinator 
abundance and carbon footprint are not significantly affected 
by regenerative management practices relative to standard 
commercial cropping in any of the six crops in the rotation.

For (1), the effect of management treatment on each indicator 
can vary with field and the cumulative effects of previous cropping 
and management history are more important than current crop 
type in determining the treatment response. For these indicator 
variables, Treatment and Field were therefore declared as fixed 
effects, and Year and Crop included as random effects to account 
for any confounding effect of year and crop on the interaction. 

The application of this model is indicated by (F) in Table 2. For 
(2), the current crop type and its management is more important 
than the field itself in determining immediate responses of each 
indicator to treatment. In these cases, Treatment and Crop were 
declared as fixed effects, and Year and Field as random effects. 
This model is applied to the indicators marked (C) in Table 2. 
Aggregate stability and the abundance of mites and collembola 
were only measured in a single year. In these cases, the 
confounding effect of crop and field cannot be  distinguished 
(indicated with * in Table  2). This remains a limitation for 
interpretation of results for these three indicators until further 
years’ data can be included in the analysis.

One-sample Kolmogorov–Smirnov (K-S) tests were applied 
to each indicator dataset to determine degree of conformity to a 
normal distribution. For all indicators K-S p-values were <0.05 
suggesting significant difference from a normal distribution. 
Apart from yield, no data transformations were performed. 
Instead, a Poisson distribution with log-link function was applied 
in each GLMM analysis to avoid assumptions of normality. To 
account for inherent differences in tonnes ha−1 offtake of tubers, 
grain and oilseed, yield comparisons were made by converting t 
ha−1 for each harvested strip in each year to the proportion of the 
maximum yield recorded for that crop across all years and both 
treatments. This relativised data was used to compare the effect 
of cropping system on overall crop productivity. Actual yields for 
each crop over time are shown separately.

Back-transformed mean values for each indicator by treatment, 
along with standard errors of the treatment difference, degrees of 
freedom, the F-statistics and probabilities for fixed effects and their 
interactions are given in Table 2.

To test for associations between weed density and pollinator 
activity, and between weed density and crop yield, Generalised Linear 
Regression models were applied with a Poisson distribution and 
log-link function. The fitted models were Dicots + Treatment + dicots.
treatment with crop and year as random effects and pollinators or 
relativised yield as the response variables.

Finally, the whole-systems response to cropping system, 
incorporating all indicators together, was assessed using 
Canonical Variance Analysis (Genstat 23rd edition) with 
Treatment combined with crop rotational stage as the grouping 
factor. Rotational stage was defined on the basis of results from 
the GLMM where significant interaction between treatment and 
crop type indicated different responses with time since potato 
cultivation for many of the indicators measured. Rotation stage 1 
was therefore classified as the potato crop and following winter 
wheat crop (sown into ploughed field soil). Rotation stage 2 were 
the remaining cereal, oilseed and bean crops (direct drilled 
3 years or more after potato cultivation). This gave 4 groups 
(conventional vs. regenerative each divided into two rotational 
stages, early and late).

3 Results and discussion

The effects of 15 years of regenerative cropping on indicators of 
within-field biodiversity, soil health, carbon footprint and crop 
production are presented in Table 2 and discussed below in relation 
to the agroecological functions represented in Figure 1.

https://doi.org/10.3389/fsufs.2025.1651686
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
http://coolfarm.org


Hawes et al.� 10.3389/fsufs.2025.1651686

Frontiers in Sustainable Food Systems 08 frontiersin.org

3.1 Soil structure

Soil structure is determined largely by soil type, level of 
disturbance and organic matter content. Reduced tillage and organic 
matter inputs in the regenerative treatment resulted in soils with 
higher carbon content, averaging 3.4% in the regenerative treatments 
compared to 2.4% under standard practice across all six fields. 
Significant differences were also detected between fields with K, L and 
M fields having less %C than N, O and P fields (Figure 3), possibly due 
to topography resulting in more erosion risk in the former compared 
to the latter. No significant interaction between treatment and field 
was detected over the ten-year period.

Increased soil carbon and reduced disturbance by tillage resulting 
in significantly greater aggregate stability (%WSA) in the regenerative 
soils (63.4%) compared to conventional (35.7%). Although this 

indicator was only sampled in 1 year, %WSA was significantly lower 
in the potato field and following winter wheat crop than in crops with 
a longer period since the last potato cultivation (Figure 4A). Intensive 
soil disturbance for potato planting and harvest had a negative impact 
on soil structural quality, bringing the %WSA down to just 6–7% in 
the first 2 years following conventional potato cultivation. This effect 
was less in the regenerative soils (16 %WSA in the first year recovering 
to 42% in the second year and >90% thereafter), indicating the 
potential for regenerative practices to mitigate some of the negative 
effects of potato planting and harvest on soil structure. Further 
monitoring is required to separate field from crop effects, but this 
interpretation is supported by Bartlová et al. (2015) who demonstrated 
positive associations between reduced tillage and %WSA, humic 
content and crop yields. They proposed a 5-point classification scale 
of structural quality from very low to very high based on 

TABLE 2  Back-transformed means, standard errors of treatment effects, treatment degrees of freedom and F-statistics for fixed effects from 
Generalised Linear Mixed Models of each indicator variable from Table 1.

Indicator 
(units)

Mean 
Conv

Mean 
Regen

S.e. 
(diff)

Tmt 
d.d.f

F-stat 
Tmt

Tmt 
F.pr

F-stat 
Crop 
(C)/ 

field (F)

Crop/ 
Field 
F.pr

F-stat 
interaction

Interac 
F.pr

%C (total) 2.432 3.379 0.019 57.2 277.96 <0.001 41.26 (F) <0.001 2.31 0.06

Aggregsate 

stability (%WSA)
35.7 63.4 7.22 84.8 362.1* <0.001 401.1* <0.001 35.1* <0.001

Earthworms 

(total/sample)
9.14 14.31 0.06 41.3 98.89 <0.001 23 (C) <0.001 3.39 0.012

Mites (total/

sample)
69.9 125.28 9.64 42 362.4* <0.001 489.8* <0.001 216.2* <0.001

Collembola 

(total/sample)
48.8 212.8 33.96 46 2850* <0.001 1449* <0.001 422.9* <0.001

Litter 

decomposition 

(rate)

0.017 0.025 0.001 22 34.26 <0.001 1.63 (C) 0.21 0.58 0.72

%N (total) 0.21 0.29 0.02 50.4 297.33 <0.001 3.57 (C) 0.01 1.58 0.18

Mineral N (PPM) 5.13 6.57 0.05 33.4 28.14 <0.001 3.79 (C) 0.013 1 0.43

Seedbank - 

monocots
15.1 33.4 0.13 83.3 65.79 <0.001 1.04 (F) 0.4 4.75 <0.001

Seedbank - dicots 19.06 49.2 0.13 88.9 81.73 <0.001 8.79 (F) <0.001 2.3 0.051

Seedbank - 

species
14.81 17.51 0.019 69.9 71.76 <0.001 24.63 (F) <0.001 3.2 0.011

Weeds – 

monocots
3.26 8.72 0.194 96.6 33.27 <0.001 3.75 (C) 0.005 8.94 <0.001

Weeds – dicots 7.44 15.96 0.103 89.4 82.94 <0.001 13.44 (C) <0.001 3.91 0.003

Weeds – species 3.1 4.6 0.053 78.1 37.4 <0.001 6.39 (C) <0.001 4.32 0.002

Carabids (total/

trap)
6.78 6.37 0.1 42 0.86 0.36 2.48 (C) 0.053 4.74 0.002

Pollinators (total/

sample)
2.35 4.73 0.13 45.4 29.79 <0.001 3.46 (C) 0.019 0.87 0.51

CO2e 

(kg ha−1 yr.−1)
1,276 −2,201 238.6 65 211.8 <0.001 4.8 (C) 0.001 2.74 0.026

Yield relativised 

(proportion)
0.72 0.64 0.1 108.7 8.39 0.005 0.18 (F) 0.97 0.22 0.95

* indicators sampled in a single year so crop = field and are declared as a single fixed effect in the GLM.

https://doi.org/10.3389/fsufs.2025.1651686
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Hawes et al.� 10.3389/fsufs.2025.1651686

Frontiers in Sustainable Food Systems 09 frontiersin.org

%WSA. Averaged across all fields, CSC conventional soils fall into the 
“medium” category (34.1–50 %WSA) and the regenerative soils had a 
%WSA falling within the “very high” category (>66 %WSA) after 
3 years of no-till. This suggests that regenerative practices 
incorporating more organic matter and minimising soil disturbance 
result in better structural quality.

Structural quality is important for water infiltration and water 
holding capacity, lessening risk of both waterlogging and drought, 
minimising erosion losses and improving the soil conditions for root 
growth (temperature, moisture and strength) (Franzluebbers, 2002). 
Informal observations at the CSC indicate that water logging over 
winter in the regenerative treatments may be  less than in 
conventionally managed soil. However, direct measurement of root 
growth parameters in relation to these variables are needed to test this 
hypothesis and determine whether improvements in the regenerative 
system are agronomically significant in terms of improving crop 
resilience to extreme weather events.

3.2 Soil biodiversity and biological 
processes

Soil structural quality not only improves conditions for plant 
growth but also provides a better environment for soil microbes and 
arthropods: organic matter fuels below-ground foodwebs and 
increased soil pore size diversity creates environmental conditions for 
a diversity of soil organisms responsible for a range of soil functions 
(Hartmann and Six, 2023). Beneficial soil organisms include 
arthropod detritivores which break down dead plant and animal 
matter, microbial decomposers which are important in nutrient 
cycling processes, and symbiotic fungi and bacteria which improve 
plant nutrient availability and uptake. Microbial foodweb diversity 
also helps regulate pathogen populations by competition with neutral 
antagonists, potentially enhancing the pest suppressive properties of 
the soil (Bonanomi et al., 2018). In cultivated soils, these functions are 
reduced compared to natural, undisturbed ecosystems (Creamer et al., 
2015). However, the impact of agricultural intensification on soil biota 
can be minimised in less intensively managed systems, depending on 
specific management options in relation to species’ functional traits 
[life history, body size, burrowing depth, habitat and food preferences 
(Postma-Blaauw et al., 2010)].

Earthworms contribute to soil functions such as structural 
maintenance, nutrient cycling, organic matter formation, 
decomposition and water infiltration (Frazão et al., 2017) and can 
increase crop yields up to 25% (van Groenigen et  al., 2014). 
Non-inversion tillage can increase earthworm abundance to levels 
comparable to those found in undisturbed field margins (van 
Groenigen et  al., 2014). Less intensive management options 
particularly reduced tillage and retention of crop residue are therefore 
needed to enhance earthworm populations and earthworm-related 
functions within arable fields (Stroud et al., 2017).

At the CSC, total number of earthworms averaged 9.1 per sample 
(225 m−2) in conventional and 14.3 (358 m−2) in regenerative soils 
across crops, years and seasons, but with differences between 
treatment response and overall abundance according to crop sequence. 
The most abundant category of earthworms were juveniles sampled in 
autumn which made up 60% of all earthworms sampled. This group 
showed the largest difference between treatments and crops through 

the rotation (Figure 4B). Fields cultivated for potato and those in the 
following winter wheat crops had the lowest number of earthworms 
and no significant difference between cropping systems. Two years 
after potato, in the winter barley crops, earthworm numbers were still 
significantly lower than in beans and spring barley at the end of the 
crop rotation but showing recovery in the regenerative system and a 
significant difference between treatments. By the fourth year after 
potato cultivation, the number of earthworms appeared to have 
recovered from disturbance during potato planting and harvest, and 
numbers sampled were higher in the regenerative system and 
remained higher than the conventional crops for the rest of the 
crop rotation.

3.2.1 Microarthropods
Two main groups of microarthropods, Acari and Collembola are 

highly abundant in soils (Petersen and Luxton, 1982) and perform a 
wide range of functions within the soil foodweb; as predators, 
microbivores, herbivores and detritivores (Crossley et  al., 1992), 
contributing to ecosystem services such as nutrient cycling and pest 
control (Neher and Barbercheck, 2019; Bonfanti et al., 2025). They 
occupy preexisting pore spaces in the soil and surface litter (Rusek, 
1998) and so are positively affected by improved soil structure where 
pore size diversity is greater and ground cover present. Ploughing, 
fertiliser and insecticide use negatively impact microarthropod 
abundance (Cortet et al., 2002; Cao et al., 2011) which are therefore 
predicted to be lower in the conventional treatments.

The mite community was dominated by Prostigmata which 
made up 76% of the total number sampled, followed by Mesostigmata 
at 11% with the remaining groups occurring at frequencies less than 
5% of the total. Collembola comprised primarily Entomobryidae 
(80% of the total number of Collembola) and Poduromorpha (17% 
of the total). Low numbers of Acari and Collembola sampled in the 
winter wheat following potato cultivation suggests that both groups 
are negatively affected by soil disturbance in the previous year and 
the absence of a treatment difference indicates that long-term 
regenerative practices do not mitigate this negative impact 
(Figures 4C,D). However, in the regenerative treatments, collembola 
and mite populations were significantly greater (8x and 4x 
respectively) 2 years after potatoes than the field 1 year after potato 
harvest, and densities were comparable to reference samples taken 
in the regenerative treatment 4 years following potato. This contrasts 
with a difference of just 1.5x in the conventional field halves between 
years one and two after potato cultivation. Although treatment 
effects are statistically significant, more years’ data are required to 
confirm temporal trends through the rotation and control for any 
confounding effect of field. However, these microarthropods 
appeared to show a positive response to reduced tillage and more 
rapid population recovery than earthworms which took 4 years to 
return to pre-cultivation numbers.

3.2.2 Litter decomposition
A key agroecosystem function needed to maintain yields in low 

input cropping systems is the decomposition and mineralisation of 
nutrients from dead organic matter (Beare et al., 1992). Earthworms 
and microarthropod detritivores break down dead organic matter, 
providing material for microbial decomposers. The increased numbers 
of earthworms and microarthropods in regenerative soils at the CSC 
is therefore likely to be  associated with faster rates of litter 
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decomposition driven by higher levels of soil microbial activity. 
Assessment of the CSC soil microbiome and quantification of specific 
microbial responses to field management requires dedicated resources 
and is being addressed separately. Here, estimates of microbial-driven 

litter decomposition rates are used as a simple indicator of soil 
biological function.

Decomposition rates were significantly faster in the regenerative 
system compared to conventional soils (Table 2). However, unlike 
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FIGURE 4

Differences in indicators of soil structure and biodiversity between treatments over the crop rotation: aggregate stability (A), abundance of earthworms 
(B), Collembola (C) and mites (D), and densities of monocot (E), dicot (F) weeds and (G) carbon footprint. Conventional treatment (dark shaded bars); 
Integrated treatment (light shaded bars). Crop rotation: yr. 1 potato, yr. 2 winter wheat (WW), yr. 3 winter barley (WB), yr. 4 winter oilseed (WOSR), yr. 5 
faba beans and yr. 6 spring barley (SB). Data are back transformed mean values per sample (with standard errors). * = significant treatment differences. 
Letters denote significant differences between crops (p < 0.005).
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earthworm and microarthropod numbers, there was no significant 
difference between crop types, nor any interaction between crop and 
treatment. Greater concentrations of soil organic matter and increased 
detritivore populations in the regenerative treatments therefore 
appears to be associated with increased rates of decomposition by 
microbes. However, unlike the microarthropods and earthworms, soil 
disturbance during potato planting and harvest had no negative effect. 
Microbial-driven rates of litter decomposition was therefore a good 
indicator of soil organic matter content but was not impacted by 
intensity of disturbance.

Greater microbial activity in the regenerative treatments across all 
crops is expected to increase the rate of nitrification and conversion 
of ammonia to plant available nitrate, thus contributing to maintaining 
crop productivity with less reliance on mineral fertiliser. Mineral N 
(NO3 mg N kg−1 + NH4 mg N kg−1) from soil samples taken across all 
fields in March each year from 2012 to 2022 and analysed by Yara 
Analytical commercial laboratory services, averaged 5.13 mg N kg−1 
in conventional soils and 6.57 mg N kg−1 in regenerative systems. 
Total soil %N was measured from the Elemental Analyser alongside 
%C (section 2.3). Both mineral N and total %N were significantly 
greater in the regenerative soils compared to conventional, following 
the same trend across treatments through the rotation as soil carbon 
and maintaining a constant C: N ratio. Soil Nitrogen Supply (SNS) was 
therefore improved in regenerative treatment and these values were 
used to calculate field and crop specific mineral fertiliser requirements 
at the start of each growing season. This enabled a reduction in 
mineral nitrogen inputs to the crops in the regenerative treatments of 
40–60% of the standard fertiliser rates applied to the conventional 
crops. Similar results were found in a meta-analysis of long-term 
studies where crop diversification, cover crops and organic matter 
inputs were able to substitute nitrogen supply and increase yields in 
systems with low fertiliser inputs (Maclaren et al., 2022).

3.3 Above-ground biodiversity

3.3.1 Arable weeds
Within cultivated fields, weeds are the primary source of plant 

diversity and crucial to the functioning of arable systems. They 
provide floral, seed and vegetative resources for above and below 
ground foodwebs and associated ecosystem services (Marshall 
et al., 2003; Smith et al., 2020). Weed seeds can persist in the soil for 
decades, providing a degree of resilience to disturbance and a 
reservoir for regenerating biodiversity following agricultural 
intensification (Brenchley and Warington, 1933; Rotchés-Ribalta 
et  al., 2020). Although weeds are an important component of 
biodiversity, delivering a range of ecosystem services, they also 
represent a significant burden to crop yield. Traditional 
management aims at eradication, but this tends to select for highly 
competitive and resistant species which are difficult to control, 
resulting in a disproportionate impact on beneficial species, 
declining biodiversity and loss of ecosystem function (von Redwitz 
et al., 2025).

Arable cropping makes up approximately 20% of the total UK 
land area and, being largely mono-cropped with little or no 
understorey flora, represents a massive and currently underutilised 
opportunity for reversing biodiversity loss and enhancing system 
functions at a national scale. Tolerance of some weed cover within 

fields is therefore essential for biodiversity conservation and the 
maintenance of within-field processes (Franke et  al., 2009). The 
challenge is to define the optimal density and composition of the weed 
flora that supports a healthy agroecosystem but without detrimental 
impact on crop yield or product quality.

In annually disturbed cropped systems, the in-field flora is 
dependent on annual regeneration from the soil seedbank. It is 
therefore important to apply management filters to the above-ground 
vegetation that result in seedbank communities comprising primarily 
of beneficial species with low numbers of pernicious weeds (Ryan 
et al., 2010). In theory, this can be achieved by varying the timing of 
disturbance (cultivation and herbicide) in relation to periods of 
flowering and seed set by the beneficial and competitive weed species 
present. In practice, this is difficult to achieve without better 
knowledge of the impact of community-level functional trait 
composition on weed-crop competition thresholds. At the CSC, the 
integrated crop system currently uses a semi-targeted approach, 
omitting pre-emergence herbicides to allow a low understorey of 
weeds, and using post-emergence sprays only where the emerged 
weed density exceeds around 10% ground cover mid-season. This 
generally occurs in fields where the seedbank populations of 
competitive weeds are particularly high, or after several years of direct 
drilling where weed densities exceed threshold levels at the soil surface 
before cultivation for potato provides an opportunity for burial.

Seedbank species richness and the densities of monocot and dicot 
weeds were greater in regenerative crops compared to conventional 
practice across all six fields of the CSC (Table 2). Field effects were also 
observed with fewer broadleaved weed seeds in K field and fewer grass 
weeds in both K and L fields. These fields may be subject to greater 
risk of erosion and losses of soil and associated seedbank over time 
(Lewis et al., 2013). Some significant interactions between crop and 
treatment were observed with smaller treatment differences in fields 
with low seedbank densities, even though the direction of effect was 
consistent across fields.

Seedbank species appeared to form distinct community 
compositions, with different sets of species dominating in each field: 
Brassica napus volunteers and Senecio vulgaris (field K), Veronica 
arvensis and Myosotis arvensis (L field), Matricaria spp. and Viola 
arvensis (M field), Gnaphalium uliginosum and Veronica persica (N 
field), Capsella bursa-pastoris and Veronica arvensis (O field), 
Matricaria species (P field). Differences in the functional response and 
effect traits of these species (time to flowering, shade tolerance, 
germination requirements, resource provision for pollinators etc.) in 
relation to timing and intensity of disturbance will form the focus of 
further analysis of these datasets on the relation between management 
filters, species composition and functional diversity.

Overall, mean weed densities across all fields and crops were 
greater in the regenerative cropping systems compared to conventional 
practice (Table  2). Weed densities in the conventional treatments 
remained fairly constant through the crop rotation (Figures 4E,F). In 
the regenerative treatments, a gradual build-up of weeds was observed 
from low numbers in the potato crop through to highest densities in 
beans and spring barley after 4 years of no-till cropping.

These observations suggest that occasional tillage (ploughing 
1 year in six) is an effective rotational strategy for maintaining a 
balance between managing weeds below competition threshold (see 
section 3.4 for yield effects) while tolerating some weed understorey 
for biodiversity gain. Further research is needed to identify reliable 
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and cost-effective cultural methods for targeted management of 
specific beneficial weed functional groups. For example, varying the 
type, intensity and timing of disturbance events could selectively 
target competitive species while supporting functionally diverse weed 
assemblages. Communities made up of a diversity of beneficial species 
may also have an antagonistic effect on dominant, competitive weeds 
(Adeux et  al., 2019) and, with application of appropriate weed 
management filters, can further reduce the impact of difficult to 
control species to achieve a long-term balance between biodiversity 
and crop productivity.

3.3.2 Pollinators and natural enemies
The abundance and diversity of pollinators and nectar feeding 

adults of parasitoid and diptera larvae natural enemies are dependent 
on the provision of floral resources in and around arable fields. 
Intensive cropping practices have negative consequences for natural 
enemy population dynamics and plant-pollinator networks (Powney 
et al., 2019). This results in poorer natural control of crop pests and 
lower pollination rates (Biesmeijer et al., 2006). Pollinator diversity is 
also crucial for the survival of native plants, particularly rare and 
declining species. Rare plants share pollinators with more common 
plant species, the latter providing insects with continuity and extended 
seasonal resource abundance of nectar and pollen through the year 
(Gibson et al., 2006), emphasising the need for a diverse and balanced 
arable plant community (Simba et al., 2018).

Low-intensity management systems that increase within-field and 
field margin resource for pollinators are therefore likely to promote 
pollinator diversity (Nicholls and Altieri, 2013). Provision of floral 
resources as part of Agri-Environment Schemes have been largely 
successful in terms of promoting pollinator abundance within semi-
natural habitats (Carvell et al., 2007), depending on landscape context 
(Krimmer et al., 2019). However, dispersal of beneficial insects from 
field margins into the cropped area depends on provision of in-field 
plant resources, without which pollinator and natural enemy activity 
decline rapidly with distance into the crop (Woodcock et al., 2016). At 
the CSC, diversified field margins together with increased in-field 
weed diversity are predicted to enhance the activity of beneficial 
insects in the regenerative cropping systems relative to conventional 
practice where plant diversity in the cropped area and surrounding 
field margin is low.

Most of the pollinators sampled were honeybees (58%), followed 
by bumblebees (38%) with solitary bees occurring less frequently (6% 
of the total). Overall, pollinator activity was higher in the regenerative 
cropping systems than in conventionally managed crops (Table 2). A 
significant crop effect was also detected due to high numbers of 
pollinators visiting the flowering oilseed rape crops, but no interaction 
between treatment and crop was detected. Apart from in flowering 
crops of oilseed, positive associations were observed between dicot 
weed densities and pollinator number across treatments, years and 
crop/rotation stage (p < 0.001, deviance ratio = 55.6, d.f. = 78, 
Figure 5). This suggests that the greater abundance of flowering weeds 
in the regenerative treatments is associated with an increase in the 
activity of pollinators within the cropped fields.

3.3.3 Ground beetles
Arable fields and their immediate surroundings can support 

a diversity of invertebrates (particularly predatory ground 
beetles, rove beetles and spiders) active in leaf litter and on the 

ground surface. Many of these species play important ecological 
roles as food for mammals and birds, generalist predators of pests 
(slugs and aphids) and consumers of arable weed seeds (Holland, 
2002). These invertebrate groups are sensitive to local habitat 
conditions, availability of their preferred food and the intensity 
of management, especially crop protection inputs. Much is 
known about their ecology, and they are easy to sample across 
many different habitats. The abundance of these invertebrate 
groups therefore has potential as an indicator of farmland habitat 
quality (Makwela et al., 2023).

Unlike other indicators, carabid abundance and species 
richness showed no significant effect of treatment. Numbers were 
lowest in the potato and following winter wheat but highly 
variable through the rest of the rotation, so the crop effect was 
not statistically significant. However, there was a significant 
interaction between crop and treatment due to lower numbers 
trapped in regenerative spring barley and higher numbers in 
regenerative winter barley relative to the conventional crop 
comparison. Pitfall trapping is a measure of activity as well as 
population density and therefore the numbers trapped are 
influenced by a range of factors not controlled as part of the CSC 
experimental platform (Lang, 2000). Where ground cover 
vegetation is dense (e.g., in weedy fields such as the spring 
barley), carabid movement may be obstructed and lower ground 
temperatures result in lower activity levels. Both factors reduce 
the likelihood of being trapped even in areas where population 
densities may have been positively impacted by low input 
management. In areas with little ground cover (e.g., winter 
barley), likelihood of trapping may be higher and a positive effect 
of management therefore more detectable. Further work is 
required to separate activity from density and generate more 
reliable estimates of the effect of cropping system on 
carabid communities.

Overall, results from 14 years of monitoring at the CSC suggest 
that the regenerative cropping system has a positive effect on most soil 
health and biodiversity indicators. Whether these benefits are 
sufficient to provide the regulating ecosystem services required to 
maintain crop production with less fertiliser and crop protection 
inputs was assessed by comparing the impact on yields (Figure 6).

3.4 Crop production

Annual average yield for potato crops from 2011 to 2023 was 
43.9 tonnes ha−1 in the regenerative cropping system and 44.3 
tonnes ha−1 under conventional management. This difference was 
not statistically significant when tested using a linear mixed 
model on data from the first six-year rotation (Hawes et  al., 
2018). Potato yields were comparable to the national average for 
Scotland (40–55 t ha−1) indicating good overall performance in 
both management systems and no apparent yield penalty in the 
regenerative treatment.

Winter wheat yields were significantly lower in the 
regenerative cropping system in the first rotation, showing a 
consistent 1 t ha−1 yr.−1 yield penalty with an average of 7.1 t ha−1 
compared to 8.3 t ha−1 under standard commercial practice 
(Hawes et al., 2018). In the second rotation, mineral fertiliser 
requirement was calculated from soil nitrogen supply rather than 
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applied at a standard reduced rate. This helped reduce the yield 
gap between treatments from 2017 onwards to an average of 
7.4 t ha−1 (regenerative) and 7.7 t ha−1 (conventional). The 
ten-year winter wheat national average is 8.6 t ha−1, comparable 
to the conventional cropping system over all years.

Winter barley yields averaged 8.3 t ha−1 in conventional treatments 
compared to 7.2 t ha−1 in regenerative systems, but despite the 
difference in the first rotation being non-significant (Hawes et al., 
2018), variability was high and conventional crops appeared to 
perform better in 2014, 2019, 2021 and 2022 compared to those in 
regenerative systems. In the second rotation, from 2017, this could 
be due to a build-up of winter wheat volunteers with direct drilling, 
resulting in competitive effects in some years. Further investigation is 
required to determine possible causes. Both systems produced yields 
comparable to the national average of 7.5 t ha−1.

Yields of oilseed were not statistically different between treatments 
in the first rotation (Hawes et al., 2018) and, over the whole period, 
averaged 3.7 and 3.2 t ha−1 in the conventional and regenerative 
treatments, respectively. However, lower yields were recorded in some 
years for regenerative crops due to poorer establishment when direct 
drilled through the crop residue from the previous cereal crop and, in 
some fields, disproportionate pest damage where pigeons favoured the 
no-till side of the field. Issues with establishment were resolved in later 
years using non-inversion till rather than direct drilling into stubble, 
providing better seed-soil contact.

Regenerative management had no significant impact on bean 
yields in the first crop rotation, averaging 5.5 t ha−1 compared to 
5.8 t ha−1 for conventional crops (Hawes et al., 2018). However, 
the move from non-inversion tillage to direct drilling in the 
second rotation may have contributed to a decline in the bean 
yield in three of the 6 years to just 3.3 t ha−1 relative to standard 

crop management. The combination of direct drilling, dry soil 
conditions during establishment and weedy conditions in some 
fields can detrimentally affect final yield.

Spring barley yields were 6.1 t ha−1 in the regenerative system 
compared to 6.5 t ha−1 in the conventional and a national average 
of 6.7 t ha−1. This difference was not statistically significant for the 
first rotation (Hawes et al., 2018). Lower yields in regenerative 
cropping in some years were most likely caused by competition 
with the clover companion crop (in 2014), and with weeds (in 
2019) where under-sown clover limits the weed control options 
available. Soil compaction could also be an issue in the second 
rotation where direct drilling replaced non-inversion tillage. 
Spring barley is the last crop in the rotation before potato and 
therefore the longest in no-till. Some varietal effects were detected: 
cv. Sassy has a better rooting structure than other varieties tested 
and performed better in the regenerative system than the 
conventional, particularly in dry seasons.

To enable direct comparison across all indicators, mean yields per 
crop, treatment and year were converted to a relative value across all crops 
(Table 2). On average, yields in regenerative systems were 64% of the 
maximum compared to 72% in conventional systems (p < 0.01). No 
differences in relative yields were detected between fields and there was 
no treatment.field interaction. Weed competition can have a significant 
negative effect on crop yield, and reduced tillage systems are at risk of 
generating a weed burden over time. The CSC regenerative treatments 
had significantly greater weed densities than the conventional crops, but 
a Generalised Linear Regression model showed no negative correlation 
between weed density and relativised crop yield (p = 0.94, deviance ratio 
0.14, d.f.126). This, together with the positive association between weed 
densities and pollinator numbers, suggests that occasional tillage and the 
targeted weed management approach used in the regenerative system at 
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the CSC may be sufficient to minimise the trade-off between biodiversity 
and crop yield.

The small yield penalties observed for regenerative crops were likely 
to be  due to a range of extraneous factors including, in some years, 
extreme weather (drought conditions in spring, water logging in winter), 
pest damage (pigeon grazing) and establishment issues (direct drilled 
OSR and beans). These uncontrolled variables represent risk factors faced 
by commercial growers in the real-world and highlight the importance of 
experimental testing at commercially realistic spatial and temporal scales 
to provide quantitative data on the actual risks, costs and benefits of 
alternative cropping strategies for growers. Based on these results, 
improvements to system design should focus on: crop residue 
management (to improve OSR seedling establishment), ameliorating 
compaction issues after 4 or 5 years with no tillage (cereals), further 
reducing reliance on mineral fertilisers (e.g., by increased use of legume 
companion crops), better integration of IPM strategies, and screening for 
crop varieties that perform better in no-till and reduced input systems.

3.5 Carbon footprint and whole-systems 
impact

The regenerative system had a lower carbon footprint than the 
conventional system (Table 2) due to increased soil carbon storage, 
reduced mineral fertiliser and crop protection inputs and, apart 
from potato crops, less tillage disturbance. With the exception of 
potato, all the regenerative crops produced a negative carbon 
footprint through carbon sequestration. This carbon footprint 
improved through the rotation with lowest values in the spring 
sown faba beans and spring barley crops after 4 years no-till 
(Figure 4G). Conventionally cropped beans had a lower carbon 
footprint than other conventional crops. The highest CO2e across 
all crops was recorded for conventionally managed potato. The 
regenerative system therefore had less environmental impact than 
the conventional and an overall positive effect on greenhouse gas 
emission reductions.
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Canonical Variates Analysis of all indicators together show a 
separation between conventional and regenerative systems and 
between crops through the rotation (Figure  7). The first axis 
(explaining 65% of the variation in the indicator data) separates 
the late-stage regenerative crops (min-till oilseed and direct 
drilled beans and spring barley) from all conventional ploughed 
crops and from early-stage regenerative crops (fields ploughed 
for potato and the following winter cereals planted into disturbed 
soil). The second axis (explaining a further 31% variation) 
separates the early-stage regenerative crops from all annually 
ploughed conventional crops. A clear distinction was therefore 
demonstrated between conventionally managed potato and 
winter cereal crops with low values for most indicators, and the 
regenerative spring sown beans and barley that had the longest 
time since potato cultivation and highest values for most 
indicators. Intermediate between these two extremes were the 
conventional spring crops (at the upper end of the conventionally 
managed range), and the regenerative potato and winter crops (at 
the lower end of the regenerative range). This suggests that, over 
multiple rotations, the combination of practices that comprise the 
CSC regenerative system can have a positive impact on soil health 
and biodiversity relative to standard commercial practice despite 
periodic disturbance for potato cropping.

4 Conclusion

The primary goal of arable cropping is to grow high quality 
produce for food, feed, fuel or fibre. The challenge for regenerative 
agriculture systems is to do this without damaging the environment 
in which the crop is grown and therefore the prospects of 
continuing to crop the same land in perpetuity. Trends in indicators 
from the CSC long-term experiment suggest that, over 15 years of 
regenerative cropping, the original goals have largely been met. 
Organic matter inputs, cover cropping and occasional tillage over 
two crop rotations were associated with an increase soil carbon 
content and improved structural quality. Better soil structure and 
greater organic matter content promotes populations of 
earthworms and microarthropods, stimulating soil microbial 
activity and decomposition of organic matter to give greater 
concentrations of plant available nutrients for crop growth. 
Combined with these soil properties, targeted weed, pest and 
disease management resulted in higher scores for in-field weed 
biodiversity and greater activity levels of beneficial pollinating 
insects. In general, crop yields in the lower input, regenerative 
systems were largely maintained, demonstrating that management 
for environmental benefit is not necessarily in conflict with crop 
production and strategic combinations of best practice options can 

FIGURE 7

Canonical Variates scores showing 95% confidence limits for all indicator variables, grouped by treatment and time from potato cultivation: 
conventional, years 1–3 (black); conventional, years 4–6 (red); regenerative, years 1–3 years (green); regenerative, years 4–6 years (blue).
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improve crop production efficiency, maintaining yields with less 
impact (Maeder et al., 2002).

Management to minimise or prevent environmental damage can 
incur a yield penalty [e.g., in organic systems where yields are 
generally around 80% that of conventional (de Ponti et  al., 2012; 
Maeder et al., 2002)]. Organic systems are often designed around 
replacing chemical control with biological alternatives. The result is 
often a less polluting but less efficient version of conventional practice 
(Leifeld, 2012; Connor, 2008). Unlike these organic systems, 
regenerative and integrated approaches combine technology and 
agroecological practices to enhance soil health and biodiversity to 
support in-field processes. This has the potential to increase resilience 
and efficiency, thereby overcoming the apparent trade-off between 
environment and yield in low input systems (Röös et al., 2018; British 
Ecological Society, 2025). By adopting a long-term, whole-systems 
approach which encompasses key ecological and agronomic elements 
of the arable ecosystem (Figure 1), the CSC has developed, applied and 
demonstrated a framework for optimising these trade-offs to achieve 
multiple benefits for arable cropping.

Long-term studies are necessary to provide data on risks, costs and 
benefits at a temporal scale that is relevant to farmers and provide insight 
into opportunities to promote positive feedback loops and internal system 
regulation for increased production efficiency (George et  al., 2022; 
Maclaren et al., 2022). For example, soil organic matter inputs improve 
soil structure which reduces loss by erosion and therefore maintains soil 
carbon content. Diverse weed understorey, maintained through targeted 
rather than blanket/eradication weed control strategies, can suppress 
dominance by competitive types. This further reduces the need for weed 
control and extends the life of existing crop protection chemistry. 
Minimising crop protection inputs reduces non-target effects, increasing 
non-pest herbivore densities which support natural enemy populations 
to regulate crop pest populations and mitigate over-reliance on crop 
protection chemicals.

However, these feedback loops take time to develop. In the 
initial stages of transition, the direct impact of management 
intervention on the system component may occur reasonably 
quickly (within a season or two, depending on the indicator in 
question). The second stage of the transition relies on a recovery 
from the initial perturbation caused by the introduction of a new 
management strategy to eventually reach a new stable state. This 
new stable state then generates the positive feedback loops to 
maintain and regulate the system process with less need for 
external intervention. Understanding these processes in the 
transition towards more sustainable production is essential for 
long-term success (Lavandero et al., 2025). Temporal trends in 
systems indicators from the CSC will be used to develop tools for 
farmers based on the agroecological network illustrated in 
Figure 1. This will enable farmers and land managers to explore 
impacts on system resilience and stability under future climate 
and cropping scenarios, facilitating informed judgements on how 
different management options may affect in-field ecology, how 
ecological processes impact sustainability outcomes, how to 
minimise trade-offs and monitor impact.
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