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EXECUTIVE SUMMARY  

Modern agricultural crop production is a complex process that  requires mechanical processes such as 
tillage, mowing and harvesting as well as the use of chemicals including fertilisers and plant protection 
products (PPPs) to improve growing conditions and manage pest, disease and weed populations. 
These practices have the potential to impact Non-Target Terrestrial Organisms (NTTOs), either 
positively or negatively.  

There are well-established regulatory processes for assessing the impacts of PPPs on NTTOs whereas 
many other agricultural practices may also have direct and indirect effects on NTTOs but these 
practices are not subject to regulatory scrutiny. Therefore, the effects of PPP use on NTTOs need to 
be considered relative  to the overall impacts of wider agricultural practices.  Restrictions on farmers’ 
access to PPPs are expected to lead to adaptive changes in agricultural practices, as discussed in the 
recent CropLife Europe impact assessment report (Dimmock et al., 2026). Predicting the impacts of 
changes in agronomic practice on NTTOs, brought about changes in PPP use, requires an 
understanding of the impact of basic agronomic practices on NTTOs. Therefore, the purpose of this 
report is to evaluate the  impacts of key agricultural management practices on NTTOs.  

The first part of this analysis looks at the practices that are typically used to manage two common 
European crops: wheat (representing annual, arable, combinable crop production) and apples 
(representing perennial, orchard crop production). To understand the variation in agronomic systems 
across Europe, wheat production is examined in France, Poland and the United Kingdom and apple 
orchards are assessed in Italy and Poland.  

The second part of this report provides a literature review of the impact of five key crop management 
practices (tillage, fertilisation, mowing, harvesting and crop rotation) on NTTOs. Specifically, the 
differing impacts of these practices on selected above and below ground NTTO groups including 
earthworms (Oligochaetes), springtails (Collembola), spiders (Araneae), ground beetles (Carabidae), 
rove beetles (Staphylinidae), butterfly and moth larvae (Lepidoptera) and soil mites (Acari) are 
investigated. 
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Crop management practices 

The first part of this review looks at practices that are implemented across winter wheat and apple 
production in Europe.  The graphic in 

 

Figure 1 summarises the management calendar for a European crop of winter wheat showing the 
timings and application windows for cultural controls, PPP applications and fertilisation, alongside the 
growth and development of the crop.  Although the specific timings will be unique to the crop and the 
season, this graphic shows the typical annual calendar for a wheat crop.   

Wheat production requires a combination of cultural and chemical interventions that continually 
modify the habitat for NTTOs. These interventions influence shelter, food and other resources 
throughout the crop’s lifecycle.  Isolating the impact of a single activity is inherently difficult, as 
activities are performed in sequence as part of an ongoing process rather than as isolated tasks.  
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Figure 1. Visual representation of winter wheat production cycle in Europe.  Seasons are shown across the top with months marked using dashed lines.  
Crop growth stages are shown using the graphic in the middle from sowing through to harvest.  Timing of fertilisation activities is shown in the pink bar, 
with the most common timings of nitrogen (N), phosphate (P) and Potassium (K) applications shown by the initial. Timing of plant protection products 
(PPP) is shown in the grey bar, with different colour bars inside representing the windows in which herbicides (green), fungicides (yellow), plant growth 
regulators (PGRs) (blue) and Insecticides (orange) may be applied with the most common timings marked with the spray icon of the same colour.  The 
cultural practices are shown in the orange bar at the bottom. 



 

CropLife Europe_Crop management impacts on NTTOs_1030549 iv 

 

 

Figure 2. Visual representation of apple production cycle in Europe.  Seasons are shown across the top with months marked using dashed lines. Growth 
phases are graphically shown as dormant, flowering, in-leaf and fruit ripening. Timing of fertilisation activities is shown in the pink bar. Timings of plant 
protection products (PPP), are shown with different colour bars inside representing the windows in which herbicides (green), fungicides (yellow), plant 
growth regulators (PGRs) (blue) and Insecticides (orange) may be applied with the most common timings marked with the spray icon of the same colour. 
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In apple production, the timeline is considerably longer, with the pre-planting, establishment and early 
growth stages taking 3-4 years, followed by a productive phase (Figure 2) lasting 10-15 years.  A key 
challenge for apple growers is that any change in practice that increases pest, disease or weed 
pressure can create long-term management issues that require sustained intervention over multiple 
years and increase the risk of pest or pathogen populations accumulating within the crop. The types 
of management that are available within orchard production are constrained by the perennial nature 
of the crop.   

The establishment of the crop is a critical period as getting the right site, drainage and weed control 
in place before the crop is planted is essential for ensuring a successful apple orchard.  Prior to 
planting, cover crops are established to build fertility and initial basal fertilisers are applied, including 
organic manures where available.  The land is then cultivated prior to the planting of the trees.  At 
planting, tree guards are added, initial pruning is conducted, weed-free spaces are maintained around 
the young trees and initial fertilisation and pest and disease control are applied to protect the young 
trees.   

In the first few years, the young trees are monitored regularly for pest or disease infections and 
treated with insecticides and protectant fungicides when specific thresholds are met.  Weeds are 
managed using cultural controls between the rows (e.g. mowing) and chemical control within the row.  
Irrigation is used in some but not all locations, especially in areas where rainfall is low or unreliable.   

Orchard cleanliness, by pruning and cleaning bark of any signs of bacterial or fungal disease, is 
essential to manage both pests and diseases. Integrated pest management (IPM) practices are widely 
used to monitor pest and disease development, including biological control agents and mating 
disruptors (i.e. pheromones) as well as trapping to monitor pest numbers. When economic damage 
thresholds are exceeded, rapid treatment is needed with fast-acting and highly efficacious treatments. 
Therefore, commercial apple production remains heavily dependent on plant protection products 
(PPPs) for both successful establishment and ongoing reliable harvests.  

Throughout both the establishment and commercial production phases, fungicides are regularly used 
to manage a range of diseases including apple scab and Nectria which are economically damaging to 
apple production.  Apple scab, in particular, requires regular treatment throughout the season of both 
protectant and eradicant fungicides to maintain the health of the trees, protecting the yield and 
quality of the crop.  Insecticides are used for the control of a range of pest species including codling 
moth, aphids and mites.  Fertilisers, including nitrogen, phosphate and potash as well as micro-
nutrients are applied throughout the life of the orchard, as required.   

As the orchard shifts into full commercial production additional activities are required such as 
managing pollinator hives during flowering to maximise pollination, thinning of fruit by hand or 
chemically to achieve the target crop load (number of apples per branch is optimised to ensure size 
requirements are met and even ripening later in the season).  In areas that are prone to frost,  wind 
machines, fogging systems and sprinklers can be used to reduce the risk of damage to the early growth 
and flowers. Use of heating systems such as candles and gas/diesel burners is limited by by pollution 
regulations and expense of fuel (NIAB, 2026).  Nutrition and irrigation are manipulated to deliver high 
quality, regular fruits. 

Thus, apple production is a complex process, blending IPM practices with the use of chemical control 
options to ensure that European apple producers are able to produce high quality fruit that is 
competitive on the global market.   

Having assessed the production practices that are used in both an example annual arable crop -wheat 
- and an example perennial crop - apple - it is clear that there are complex interactions between 
cultural and chemical practices that are used by farmers to ensure cost effective food production.  
When looking at the impact of agriculture on NTTOs it is therefore important to understand how 
different elements of the production system can influence these organisms, both positively or 
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negatively.  However, isolating these impacts is often challenging as farming is a cyclical and integrated 
process in which individual activities rarely occur in isolation. Nevertheless, by examining the evidence 
on how components of agricultural production affect NTTOs, it is possible to begin to understand how 
changes in one area of practice  may have cascading effects on other aspects of the system, potentially 
resulting in broader and more significant impacts on NTTOs than the initial change alone might suggest 

   

Agroecological review 

In the second part of this report, the impact of five agricultural practices on a range of NTTO species,  
most likely to be impacted by that practice, was investigated via a review of the published literature.   

This literature review examined the effects of agricultural practices tillage, fertilisation, mowing, 
harvesting and crop rotation on arthropod and other non-target terrestrial organism communities 
(e.g. earthworms), with a focus on European farming systems and supplementary global research. The 
analysis synthesises findings across multiple taxa, including earthworms, collembolans, spiders, 
carabids, staphylinids, soil mites and lepidopteran larvae, highlighting both immediate and long-term 
ecological impacts.  

The review found that there were several evidence gaps where specific research had not been 
completed on the impact of a particular practice on a group or groups of arthropods or other non-
target organisms. These evidence gaps identify where there is further focused research needed to 
understand how typical crop management practices influence arthropod populations in terms of 
diversity, abundance and recovery after disturbance.  

Figure 0-3 summarises the findings of the literature review showing the number of papers found for 
each practice and group of NTTOs and whether the findings were largely positive, negative or neutral 
in terms of impact on the NTTO. It shows that agricultural practices had varying outcomes on 
invertebrates, with fertilisation (especially with organic materials) generally having a positive impact, 
whilst tillage and mowing were generally negative, whilst there was almost no direct evidence for the 
impact of harvesting on NTTOs. Key conclusions from the review are summarised below. 
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Figure 3. Number of studies showing positive, negative or no change to species abundance, 
biomass for each of three different agricultural practices on a range of NTTO groups. Lepidoptera 

was assessed for cultivation and mowing but excluded from diagram. 

Tillage  

The impact of tillage practices, ranging from high intensity, plough-based to low intensity minimum 
tillage, was widely assessed in the literature, often in paired assessments looking at the shift from 
more intensive to less intensive practices. High-intensity soil disturbance (e.g., ploughing) was found 
to consistently reduce NTTO abundance and biomass, particularly earthworms and collembolans, 
compared to lower intensity tillage. Reduced or no-till systems promote biodiversity and improve soil 
structure, compared to intensive tillage systems, though species-specific responses occur. Of the 
studies reviewed, populations recovered after 4 to 10 years following a reduction in tillage intensity, 
with timing and weather influencing outcomes. 

Fertilisation 

Organic fertilisers generally enhance soil fauna by increasing organic matter and food resources for 
many of these species. Manufactured fertilisers show mixed effects: moderate nitrogen inputs may 
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boost biomass of soil organisms, but high concentrations often cause population declines due to soil 
acidification and toxicity. Functional group responses vary, with epigeic species being most affected 
by fertiliser application. 

Mowing 

Mowing negatively impacts vegetation-dwelling arthropods through direct mortality and habitat loss. 
The location of the NTTO in the canopy of the mown area impacts on its vulnerability. Those organisms 
that inhabit the canopy of the vegetation and use that for shelter and feeding, such as spiders and 
lepidopteran larvae see high levels of immediate impact. For organisms that reside in the lower part 
of the canopy or on the soil surface, such as carabids and staphylinids, declines are more moderate. 
Recovery depends on mowing frequency, timing, and provision of refuge areas. Temporal 
diversification of mowing (different cutting dates within each area) or spatial diversification (patchy 
non-uniform harvest) reduced population damage. If they have not been killed/injured by the mowing, 
refuge areas allow more mobile species to move out of the affected area for a period of time and then 
recolonise once the habitat has recovered sufficiently to meet their needs. Delayed mowing and 
leaving cut material on-site mitigate impacts by allowing a greater proportion of species to complete 
their life-cycles and leaving shelter and potentially food material respectively. 

Harvesting 

Research on the effects of crop harvesting on NTTOs was limited. Harvesting method is influenced by 
the crop being harvested and ranges in intensity from hand harvesting of some fruit, through to 
significant soil disturbance during root crop harvest. Due to a lack of direct evidence, some read across 
was done from the other sections.   

Arable crops are harvested using a combine harvester which uses a bar/scythe blade, with followed 
by a threshing and winnowing stage. For the initial cutting of the crop, inferences can be drawn from 
the mowing evidence, with the expectation that mortality would occur at the time of harvest for 
NTTOs in direct contact with the combine.  

For the root crops, which involves large amounts of soil disturbance that occurs as a result of cutting 
and lifting the soil in order to extract the crop, studies were not available. However, some of these 
processes can be assumed to be analogous to intensive tillage practices and can, therefore, be 
considered likely to have a negative impact on NTTOs.  

For orchard crops such as apples where harvest is conducted mechanically, e.g. through tree shakers, 
there was no specific evidence found in literature, and no other analogous assessments completed. 
However, as the shaker is sufficiently strong to remove apples from the tree, it is likely to dislodge a 
large proportion of NTTOs in the canopy. Flying NTAs may be able to escape, but other NTTOs are 
likely to end up on the conveyor or ground with the apples or other fruit and be subject to the next 
harvesting steps, which risk crush or other physical injuries. However, in contrast to harvesting of 
annual crops, there is no extreme removal of habitat, so although the fruit is no-longer present the 
tree structure and canopy remains for recolonisation.  

Available evidence suggest a decline in spider and beetle (carabid and staphylinid) abundance due to 
mechanical disturbance and habitat removal associated with annual crop harvesting, with some 
species migrating to adjacent habitats. Harvest timing influences pest suppression in lepidopteran 
larvae, offering potential for integrated pest management. 

Crop rotation 

Across studies, NTTO responses to crop rotation are driven more by the rotation phase (i.e., the 
identity of the current crop and the preceding management operations) than by overall rotation 
length or crop-species richness. Cereal-dominated phases often support higher densities of soil 



 

CropLife Europe_Crop management impacts on NTTOs_1030549 ix 

mesofauna, typically reflecting lower soil disturbance, whereas break-crop phases can cause short-
term reductions where they coincide with more intensive cultivation or cover-crop incorporation. 
Increasing rotational diversity (e.g., additional crops and cover crops) can increase the frequency of 
disturbance, producing neutral-to-negative responses in soil mesofauna, but more neutral-to-positive 
responses in soil macrofauna and some epigeal predators where residue inputs and overwintering 
habitat are enhanced. 

Effects are typically phase-specific and seen within single seasons or rotation cycles, rather than 
showing a consistent trend with increasing rotation length. Recovery is less well characterised: epigeal 
taxa often recolonise rapidly (commonly within one growing season) due to high mobility and 
proximity to field margins, whereas soil mesofauna tend to recover more slowly due to limited active 
dispersal and reliance on egg banks or passive transport. Across the literature, climatic and pedo-
climatic variables (particularly temperature, rainfall, and soil moisture) frequently explain a large 
proportion of variation in abundance and biomass and can override management effects. 

Key evidence gaps include limited species-level taxonomic resolution, sparse biomass reporting 
beyond earthworms, and a lack of long-term datasets from Mediterranean and southern European 
systems. Quantitative evidence for several focal groups remains scarce, particularly for lepidopteran 
larvae and staphylinids. 

Conclusion  

This review examines how key agricultural crop management practices affect nontarget terrestrial 
organisms (NTTOs), drawing on more than 170 studies on tillage, fertilisation, mowing and harvesting. 
The evidence shows that mainstream European agricultural practices substantially influence NTTO 
populations through physical disturbance, fertiliser use and habitat alteration. While plant protection 
products are heavily regulated for ecological safety, many other routine farming activities impose 
significant, yet often overlooked, impacts on NTTO communities. 

Crop establishment and soil disturbing activities - especially intensive tillage - consistently cause the 
greatest harm, particularly to less mobile species such as earthworms. Reduced and no-till systems 
experience significantly lower negative impacts. Perennial and annual crops differ in tillage intensity 
and frequency, affecting the recovery time available for NTTO populations, with longer periods 
without soil disturbance likely to occur in perennial cropping systems. 

Mowing - commonly used in perennial systems and non-cropped areas—typically has acute negative 
impacts on surface dwelling insects due to direct mortality and loss of habitat structure, with more 
aggressive cutting methods causing more harm. 

Chemical inputs produce more mixed outcomes. Organic fertilisers generally benefit soil dwelling 
NTTOs by supplying organic matter and food resources, while manufactured nitrogen fertilisers show 
positive effects at low rates but negative effects at higher applications.  

The review identifies harvesting as a major knowledge gap. Despite being the only non-optional 
practice in agriculture, very few studies quantify its’ ecological effects. Using inference from other 
practices, mechanical and intensive harvest methods (e.g., for root crops) are expected to be among 
the most damaging due to combined mowing, lifting and soil disturbance. Hand or low intensity 
harvesting methods appear to pose the least risk to NTTOs. 

Crop rotation effects are less consistently linked to rotation length than to the rotation phase and its’ 
associated operations. Cereal phases commonly support higher soil mesofauna densities where 
disturbance is reduced, whereas break-crop phases can generate short-term suppressions where 
cultivation intensity increases (e.g., through tillage or cover-crop incorporation). More diverse 
rotations and cover crops can increase the frequency of disturbance, resulting in neutral-to-negative 
responses in mesofauna but more neutral-to-positive responses among macrofauna and some epigeal 
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predators where residue inputs, resource legacies and overwintering habitat are enhanced; recovery 
is typically faster for mobile epigeal taxa than for soil-dwelling mesofauna. Across studies, climatic and 
pedo-climatic factors (temperature, rainfall and soil moisture) frequently explain a substantial 
proportion of variance and can override management effects. 

A key insight is that NTTO responses vary greatly across and within species groups, driven by 
behavioural traits such as mobility, dispersal ability, habitat use and phenology. As a result, NTTOs 
cannot be assessed as a uniform group; some species are highly resilient to disturbance, while others 
are extremely vulnerable. 

The review also highlights several limitations in current research, including inconsistent monitoring of 
population recovery, limited differentiation between direct and indirect impacts, and insufficient 
consideration of land use history and system context. Importantly, agricultural practices rarely occur 
in isolation. Interactions between tillage, fertilisation, mowing and harvest often modify or offset 
individual effects, meaning whole system impacts must be considered when developing policy or 
management guidelines. 

Overall, the findings emphasise the need for an integrated, systems-based understanding of 
agricultural impacts on NTTOs. Regulatory interventions, such as increased protection goals for NTTOs, 
must account for the broader farming context to ensure they are proportionate, effective and aligned 
with wider environmental and food production objectives. 
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Glossary of Terms 

Term Definition 

Anecic Anecic earthworms dig deep, permanent burrowers, digging depths greater 
than 1m in the soil  (M. Bertrand et al., 2015) 

Bar Mower These mowers have a pair of horizontal cutting blades that move side to side 
and cuts like scissors. This is similar, but on a smaller scale, to the mechanism 
that a combine harvester uses to cut arable crops.   

COBORU Polish Research Centre for Cultivar Testing 

Conservation 
agriculture 
/tillage 

This is assumed to be a farming system that no-longer uses any deep tillage 
and is aiming to achieve crop establishment with minimal soil disturbance. 

Conventional 
tillage 

This is assumed to be a farming system that is regularly using ploughing or deep 
tillage and causing large amounts of soil disturbance on an annual basis.  

Conditioner This piece of equipment is often used alongside a mower to ‘condition’ the 
forage. This process uses a combination of steel flails, to beat the crop opening 
up the stems, and rollers to crush the stems, with impellers which throw the 
crop against deflectors. This process aims to damage the stems of the grasses 
in order to promote quicker drying.   

Tillage Tilling the soil by ploughing, digging, draining and or smoothing, done in the 
course of seeding, transplanting, loosing soil, controlling weeds or 
incorporating crop residues (Park, 2007).  

Deep tillage Mixing of the soil using disc or harrows to a depth of 20-35cm. Residues and 
seeds are mixed across the whole profile of the tillage depth. 

Drum mower these mowers have a pair of counter rotating drums that spin towards each 
other with free swinging blades. They are typically used to cut hay, as they 
make a single cut to long grass leaving the stems largely intact and leave it in a 
swath or windrow that allows the hay to dry and then be collected via a baler.  

Disc mower 
these mowers have a series of horizontally rotating discs with blades 

attached. They are also used for cutting long grass for forage, giving a good 

clean cut. They also form swaths or windrows that allow the grass to dry 

before being collected and baled.  

Ecosystem 
Service 

Services that are produced by living or non-living components of ecosystems, 
through the conditions and processes in ecosystems that contribute to human 
well-being 

Epigeic Epigeic earthworms, which do not form burrows, remain in the litter layer and 
in the first few layers of soil. They have little effect on the soils structure (M. 
Bertrand et al., 2015) 

Endogeic 
earthworms 

Endogenic earthworms are topsoil burrowers. Their burrowing diameter is 
smaller than anecic and they do not burrow deeply (M. Bertrand et al., 2015) 

Mulchers These mowers have horizontal blades that are angled so that the grass is cut 
and then rotated within the deck and chopped into fine pieces before being 
dropped or sprayed out the side to decompose in situ. They are typically used 
for managing lawns and closer cut grass where removal is not required.   
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Term Definition 

Fertiliser A substance that provides essential nutrients to a plant.  

Flail mowers 
These mowers have a vertically rotating drum that has multiple free swinging 

small blades (flails) attached. These mowers cut and shred the vegetation. 

They are particularly useful for rough, overgrown vegetation, including 

woody vegetation such as brambles and small saplings. They chop the 

vegetation up fine and drop it back to the surface where it is left to 

decompose in situ.   

In-field In field = cropped area and its managed boundaries e.g. crop-free zone, buffer 
strip 

ISOBUS A universal communication standard in agriculture that allows tractors, 
implements (like sprayers, seeders, balers), and software to "talk" to each 
other, replacing multiple proprietary systems with one standardised language 

Non-target 
arthropod 

Non-target arthropods (NTAs) are vital for ecosystem services like pest control 
and pollination, yet they remain highly vulnerable to agrochemical exposure, 
which often directly or indirectly impacts their populations. 

No-till No mixing of the soil prior to drilling of the following crop. All crop residues 
and weed seeds are left on the surface of the soil. 

Off-field  The area outside the managed "in-field" area. Includes adjacent habitats such 
as neighbouring fields with other crops, semi-natural features (hedgerows, 
field margins, drainage ditches, fallows), and natural habitats (woodlands, 
grasslands, wetlands).  

Ploughing Full inversion of the soil where the original surface is inverted so that all 
residues and weeds are buried at a depth of 20-40 cm below the surface. 
(AHDB, 2026a) 

Reaper This is the cutting of the stems of the crop, usually using horizontal blades, 
similar to those discussed under bar mowers in the section above 

Reduced tillage Typically carried out with discs or harrows resulting in a mixing of surface 5-
10cm of the soil. This leaves a fair amount of crop residue, weed seed etc on 
the surface of the soil. 

Rotary mowers have one or more fixed horizontal blades that cut grass into fine pieces. They 
are typically used for cutting lawns and longer grass, they can be used with or 
without a grass collector to remove cuttings.   

Specific 
Protection Goal 

A Specific Protection Goal (SPG) defines the precise, measurable 
environmental safety boundaries for a product such as a PPP, by specifying 
what must be protected (e.g., population vs. individual), where, for how long, 
and to what magnitude. 

Threshing This is the process of physically removing the grain or seed from the stems and 
husks of the crop (straw and chaff) through a mechanical process. 

Tillage The tillage of land, particularly through ploughing, preparing the soil for sowing 
and raising crops (Park, 2007). 

Winnowing This is the process of separating the light chaff from the heavier seed. This is 
often done using a combination a fans and vibrating sieves where the heavy 
grain falls through the sieve and the lighter chaff is blown off the surface.   
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Abbreviations 

Abbreviation In full 

ACC Acetyl CoA Carboxylase 

ALS Acetolactate Synthase  

AN Ammonium nitrate 

AS Ammonium sulphate 

BYDV Barley Yellow Dwarf Virus 

CA Conservation agriculture 

CAN Calcium ammonium nitrate 

CAP Common Agricultural Policy 

CSM Conceptual Site Model 

CT Conventional tillage 

ES Ecosystem Service 

FYM Farmyard manure 

GPS Global Positioning System 

GS Growth Stage 

IDM Integrated disease management 

IPM Integrated pest management 

IWM Integrated weed management 

NPK Nitrogen, Phosphate, Potassium (Potash) 

NT No-tillageNo-till 

NTA Non-Target Arthropod 

NTTO Non-Target Terrestrial Organisms 

NTTP Non-Target Terrestrial Plants 

OWBM Orange Wheat Blossom Midge 

PGR Plant Growth Regulator 

PPP Plant Protection Product 

RT Reduced tillage 

SDHI Succinate dehydrogenase inhibitor 

SPG Specific Protection Goal 

VRA Variable rate application 

WBF Wheat Bulb Fly 

 

Common and scientific names used in report 

Common name Scientific Name EPPO code Weed, Pest, 
Disease, other 

Aphids Various  Sucking insect 
Aphid (rosy apple) Dysaphis plantaginea DYSAPL Sucking insect 
Apple Leafrollers Tortricidae (Epiphyas 

postvittana) 
TORTPO  

Apple scab Venturia inaequalis VENTIN Fungal disease 
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Common name Scientific Name EPPO code Weed, Pest, 
Disease, other 

Bromes Bromus spp.   
Brown rot Monilinia fructicola MONIFC Fungal disease of 

apple (and other 
fruits) 

Brown rust Puccinia triticina PUCCRT Fungal disease 
Blackgrass Alopecurus myosuroides   
Canker Neonectria galligena / 

Neonectaria ditissima 
NECTGA Fungal disease 

Cereal leaf beetles  Oulema melanopus LEMAME Pest 
Chickweed Stellaria media STEME Weed 
Cleavers  Galium aparine GALAP Weed 
Common Windgrass / 
Loose silky bent 

Apera spica-venti APESV Weed 

Cornflower Centaurea 1CENG  
Codling moth Cydia pomonella CARPPO Lepidopteran pest 
Common Chervil Anthriscus cerefolium ANRCE Weed 
Fireblight Erwinia amylovora ERWIAM Bacterial disease 
Frit fly Oscinella frit OSCIFR Insect pest 
Fruit tree red spider mite Panonychus ulmi METTUL Mite 
Fusarium (head blight) Fusarium graminearium GIBBZE Fungal pathogen 
Grey mould Botrytis cineria BOTRCI Fungal disease 
Hessian fly  Mayetiola destructor MAYEDE Pest 
Italian Rye Grass Lolium multiflorum LOLMU Other 
Johnson grass Sorghum halepense SORHA Weed 
Lucerne leaf roller Merophyas divulsana MERPDI Lepidopteran pest 

Orange wheat blossom 
midge 

Sitodiplosis mosellana SITDMO Insect pest 

Oriental fruit moth Grapholita molesta / Cydia 
molesta  

LASPMO Lepidopteran pest – 
non-native 

Pink Stem Borer Sesamia inferens SESAIN Lepidopteran pest 
Poppy (Common) Papaver rhoeas PAPRH Other 
Powdery mildew (apple) Podosphaera leucotricha PODOLE Fungal disease 
Powdery mildew (wheat) Blumeria graminis f. sp. 

tritici 
ERYSGT Fungal disease 

Red spider mites Tetranychus urticae, 
Panonychus ulmi 

TETRUR, 
METTUL 

Mites affecting a 
range of species  

Saddle Gall Midge Haplodiplosis marginata  MIDGE 

Septoria (tritici blotch) Zymoseptoria tritici SEPTTR Fingal disease 
Stink bugs (Brown 
Marorated) 

Halyomorpha halys HALYHA Insect – invasive 
non-native species 

Tortrix Tortrix – various 1TORTG Lepidopteran pest 
Two spotted spider mite Tetranychus urticae TETRUR Mite 
Wheat bulb fly  Delia coarctata  Fly 

Wild oats  Avena fatua AVEFA Other 
Wireworm Agriotes lineatus AGRILI Insect pest 
Woodland Ground Beetle Poecilus scitulus POCLG Other 

Yellow Rust Puccinia striiformis f. sp. 
tritici 

PUCCSI Fungal disease 
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1 INTRODUCTION 

The risk to Non-Target Terrestrial Organisms (NTTOs) from chemical plant protection products (PPPs) 
is well researched and the risks are evaluated during the registration process. However, chemical PPPs 
are only one tool among a range of agricultural activities that take place on-farm with the objective to 
optimise food production. Crops are managed through a diverse and tightly inter-related set of 
practices. Individual management actions cannot be considered in isolation because each practice 
both enables and constrains others. As a result, it is extremely difficult to regulate or modify a single 
agricultural practice independently of the rest. Omitting or altering one component, such as PPPs, 
requires careful consideration of how it interacts with the whole system. Crop management should 
therefore be understood as an integrated set of inter-dependent decisions rather than a collection of 
standalone actions.  

This interdependence becomes particularly important when evaluating ecological impacts after the 
implementation of individual crop management practices. Those activities have all the potential to 
affect NTTOs and their interactions with the NTTOs can be complex. The design of crop management 
systems is also complex and the removal of one tool can affect the frequency, intensity, rate or timing 
of use of another.   

In recent years there has been increasing pressure on the use plant protection products (PPPs), with 
increasing regulatory scrutiny impacting approval of active substances PPPs are a key tool in modern 
crop management ensuring reliable crop performance.  However, if these tools are removed, growers 
will substitute them with alternative actions or practices to support reliable crop yields.   For example, 
if PPPs are not available, the growers will take other action to protect the crops such as the use of 
plastic netting to exclude pests, plastic mulches to reduce fungal pathogens, or a reversion from direct 
drilling to conventional tillage for weed control. Consequently, the potential risks posed by PPPs must 
be considered in the context of the impacts arising from wider agricultural activities. 

Therefore, in order to support best agricultural practice and appropriate PPP regulation that supports 
food production, understanding of typical crop management practices and their associated effects on 
NTTOs, is imperative.   

This analysis provides the evidence base and context for understanding the wider impacts of 
agricultural crop production practices on NTTOs. The analysis is separated into two parts. 

The first part documents the practices that are typically used to manage two representative European 
crops: wheat (representing annual, arable, combinable crop production) and apples (representing 
perennial, orchard crop production). For each crop, production practices were investigated across 
three geographies from Northern Europe to the Mediterranean to understand the variation in crop 
production practices across Europe.  

The second part evaluates the impact of four key agricultural production practices (tillage, fertiliser 
use, mowing and harvesting) on NTTOs, considering the various ways these practices can be 
implemented and the differing impacts of those practices on selected NTTO groups including; 
Earthworms (Oligochaetes), Spring tails (Collembola), Spiders (Araneae), Ground beetles (Carabidae), 
Rove beetles (Staphylinidae), Butterfly and moth larvae (Lepidoptera) and Soil mites (Acari). The 
review identifies the available literature and evidence gaps, associated with direct impacts of the 
practice on abundance, diversity and biomass of the NTTO populations, as well as indirect impacts 
such as a result of habitat change, or recovery times.  
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2 CROP MANAGEMENT PRACTICES 

2.1 Approach 

This section describes a typical crop production calendar for two European crops, wheat and apples. 
Wheat represents large scale, annual combinable crop production with typically moderate PPP use 
that is representative of a large part of European agriculture. Apples represent smaller scale, higher 
value perennial orchard production systems where PPP use can be intensive, especially in high pest or 
disease pressure situations, as it is important to protect yield and quality of the apple. In addition to 
lower yields, levels of waste in organic apple production systems are generally higher than 
conventional systems (Yue et al., 2007, 2009). 

For the annual wheat crop, consideration is given to the context of the crop (i.e. the rotation that it 
sits within) and the annual processes of tillage, drilling, fertiliser use, PPP applications and harvest that 
are used to establish, manage and harvest the crop. The approaches taken by farmers in different 
parts of Europe are described to determine the variation in production practices.  

For the perennial apple crop, analysis looks at the establishment phase of the orchard which includes 
the tillage, planting and management of the immature trees over the first few years of the orchard’s 
lifecycle, typically between 12-30 years dependent on production system (Callaghan, 2020). It then 
follows with an examination of annual management practices that occur during the productive life of 
the orchards.  

The crops and geographies included in this analysis are included in Table 2-1. 

Table 2-1. Crops and production locations selected for this analysis. 

Wheat Apples 

France France  

Poland Poland 

United Kingdom Italy 

The analysis used a combination of a literature review of common production practices and validation 
of the findings by regional agronomy expertise provided by ADAS staff for the United Kingdom and 
the SAGEA Group for Italy, Poland and France to ensure that the information is current and regionally 
specific as possible.  

2.1.1 Literature review to develop ‘typical’ practice model 

This phase of work established typical crop management systems in terms of practices and timings for 
each crop/country combination and identifies the sequential operations that occur throughout the 
cropping cycle.  

For wheat, the starting point was development of a calendar or framework of events from the harvest 
of the previous crop, through soil preparation, planting, crop management to harvest. For apples, two 
aspects needed to be considered: the establishment phase of the crop (which may take one or more 
years including clearance of land, planting and initial maintenance) and the annual maintenance 
programs that are used during the productive phase of the crop, including management of the ground 
under the crop (tillage, mowing, mulching or herbicide application) and management of the crop itself 
e.g. pruning, fertilisation, harvesting and pest and disease management practices.  

The literature review identified the key features of crop production practices as set out below. 
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Timings and Frequencies: Most crops have defined planting (if annual) or pruning (if perennial) and 
harvest windows, adjusted by weather (e.g., wet springs delay planting, warm years advance 
harvests). Cropswill also receive PPPs, alternative management approaches and fertilisers at specific 
growth stages or times of year. 

Establishment method: There are a range of approaches used for planting and establishing both crops 
across the European region. These approaches were identified and differentiated according to 
geography, including differences in tillage practices, e.g. plough-based vs conservation or reduced 
tillage.  

Crop rotation, cover crops, companion planting: Alternative crop species can be used to support pest 
and disease management in both annual and perennial crop species. The typical uses of these either 
in the rotation or annual management processes with the assessed crops were documented.  

Fertilisation: Most crops receive additional nutrients, either as a manufactured fertiliser or organic 
material. The review identified the main sources of nutrients and key application timings for each 
crop. 

Other management: Other management practices such as pruning, use of mulches, irrigation and 
fleeces. were also captured.  

Plant protection: All crops require management of weeds, pests and diseases. Integrated crop 
management practices, which combine cultural and chemical control options are increasingly 
widespread across Europe. Details of the key target species and management practices including PPP 
applications (without detailing specific products) were captured in the review. Because of the need 
for fast-acting and highly efficacious treatments when economic damage thresholds are exceeded, 
food production systems remain heavily dependent on plant protection products (PPPs) for both 
successful establishment and ongoing reliable harvests. To reduce the need for PPP use, similarly agile 
alternative pest control methods must be developed. 

Initial data was collected through a review of the published literature, including extension publications 
such as AHDB’s Wheat Growth Guide (AHDB, 2026c) to develop the high-level management 
requirements. These requirementswere then validated at the regional level using input from local 
experts to determine local nuances. 

2.1.2 Regional validation 

Initial calendars / frameworks were based on literature evidence and were then validated by regional 
experts with in-depth knowledge of local crop management practices, thereby ensuring that they are 
reflective of typical practice in the country of reference.  

For each crop, a crop management calendar was developed with two columns for entering findings 
from the literature reviewed by ADAS and an additional column for SAGEA agronomists to validate the 
agronomic practices against what is implemented in their regions and to provide comments. The 
templates were then distributed to regional agronomists for validation and feedback. ADAS reviewed 
the responses, compared regional differences, and, where further clarification was needed, additional 
questions were sent back to SAGEA. 

The regional agronomy experts who validated the crop management data and provided insights into 
production practices were as follows. For wheat production: France, Julie Kubler; Poland, Radosław 
Ptaszek (SAGEA, 2025); UK, Jack Scotney (ADAS, 2025). For apple production: France, Julie Kubler; 
Italy, Marco Moizio; Poland, Radosław Ptaszek (SAGEA, 2025). 

https://projectblue.blob.core.windows.net/media/Default/Imported%20Publication%20Docs/WheatGrowthGuide4470_UPDATE_250627_WEB.pdf
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2.1.3 Creation of crop management calendars 

The section below presents a visual framework of the typical practices and activities that take place 
during the planting, management and harvesting of wheat and apple crops. More details are then 
provided for each region.  

 

2.2 Wheat 

2.2.1 European wheat production in context 

Wheat production in Europe (EU-27) averages 130 million tonnes (5 year average). However, yields 
and crop area in 2024 were well below average as a result of challenges in establishing the crop in a 
wet autumn and then difficult harvesting conditions leading to an overall reduction in production to 
about 110 million tonnes (Eurostat, 2026). The forecast wheat production in 2025 was about 144 
million tonnes, i.e. a substantial improvement on 2024, but below average. Planting areas had partially 
recovered but yields were affected by a period of prolonged dry weather, which caused water stress 
in the crops and decreased yield.  

 

Figure 2-1. European wheat production (and other cereals) over the 14 years to 2024. Note this is 
the EU-27, excluding the UK (Eurostat, 2026). 
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Table 2-2. Key production statistics for European wheat 2024/2025 (DEFRA, 2026; Eurostat, 2026; 
USDA, 2025) 

  Europe 
(EU-27) 

France Poland United 
Kingdom 

Total area grown Mha 24.0 4.7 2.4 1.7 

Total production Mt 144.6 33.4 13.4 12.0 

Average yield t/ha 6.0 7.4 5.6 7.2 

2.2.2 Overview of wheat management practices in Europe 

A summary of the wheat management practices in each of the three countries is given in Table 2-2. 
For each country, the details of the management practices are discussed in more detail in the sections 
below.  
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Table 2-3. Crop management calendar for winter wheat - covering France, Poland and the United Kingdom 

Time/Season Growth Stages and Key 
Management Practices 

France Poland United Kingdom 

Autumn (October-November) GS00-19 (Germination - Seedling 
Establishment) 

• Soil preparation and sowing 

of winter wheat. 

• Pre-emergence herbicide and 

base fertiliser applied. 

• Early pest and disease 

monitoring. 

Land Preparation: Conventional or 
reduced tillage; organic manure 
may be incorporated. 

Land preparation: Conventional 
tillage still dominates; reduced 
tillage increasingly adopted to 
preserve moisture. 

Land Preparation: conventional or 
minimum-tillage to incorporate 
straw and weeds. Manure 
application if available 

Sowing: Typical window from early 
October to mid-November; 

Seed rate: 150-250 kg/ha seed 
rate, 3-4 cm depth. 

Sowing: Optimal sowing usually 
from mid-September to early 
October, varying slightly by region 
(earlier in north-east, later in 
south-west). 

Sowing: Sow between late 
September and early November. 
Optimal sowing depth is 3-4 cm. 

Weed Control: Apply pre-
emergence herbicides. 

Weed control: Apply pre-
emergence herbicide after sowing. 

Weed Control: Apply pre-
emergence herbicides to manage 
grass and broadleaf weeds. 

Pest monitoring: Monitor for 
aphids (BYDV). 

Pest monitoring: Watch for aphids 
(BYDV risk) and frit flies; seed 
treatment or early pyrethroid 
spray if necessary. 

Pest & Disease Control: Monitor 
for aphids and apply seed 
treatments if necessary. 

Fertilisation: Phosphorus and 
potassium are generally applied as 
basal fertiliser, i.e. before or at the 
time of sowing. Apply small starter 
N dose. 

Fertilisation: Apply manure or 
mineral fertiliser (20-40 kg N/ha) 
as a starter. 

Fertilisation: Apply 30-40 kg/ha of 
nitrogen (N) to promote early 
growth. 

Winter (December-February) GS20-29 (Tillering & Vernalisation) 

• Crop establishes tillers and 

undergoes vernalisation. 

• Minimal field operations 

except pest and disease 

monitoring. 

Crop establishment: Cold period ensures vernalisation for winter wheat. Vernalisation ensures winter 
hardiness and prepares for spring growth. 

Field Management: Maintain 
drainage to prevent waterlogging. 

Monitoring: Check fields for frost 
damage, heaving, or standing 
water. 

Drainage: Maintain good water 
management on heavier soils. 
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Time/Season Growth Stages and Key 
Management Practices 

France Poland United Kingdom 

Pest & disease monitoring: Watch 
for early rust or mildew in mild 
winters. 

Pest & disease monitoring: 
Observe for overwintering aphids 
and mildew symptoms. 

Pest & disease monitoring: 
Monitor for overwintering pests 
and diseases 

Soil Management: Organic matter 
and soil structure maintained via 
residue management. 

Nutrient management: Apply 
small top-up N dose if pale leaves 
or N deficiency visible during mild 
winters. 

 

Spring (March-May) GS30-59 (Stem Elongation - Booting 
- Heading) 

• Rapid vegetative growth; 

major N fertiliser applications. 

• Fungicides and growth 

regulators applied. 

• Weed control if necessary. 

Fertiliser: Apply 100-160 kg N/ha 
in 2-3 splits (early spring and GS31-
33). 

Fertiliser: Apply main N dose (100-
160 kg N/ha total, split 
applications); additional P and K as 
required. 

Fertiliser Application: Apply the 
main nitrogen dose (100-150 
kg/ha) in split applications: early 
spring and at stem elongation. 

Disease control: Fungicide 
applications Triazoles, or 
strobilurins at T1 (GS31-33) and T2 
(GS39-41). 

Disease control: Monitor for 
Septoria, yellow rust, and powdery 
mildew; apply T1 and T2 fungicides. 

Pest & Disease Control: Monitor 
for aphids, yellow rust, and 
septoria. Apply fungicides as 
necessary. 

Growth Regulators: Application at 
GS30-32. 

Growth regulators: Apply around 
GS31-32 to reduce lodging. 

Growth Regulators: Apply growth 
regulators at stem elongation 
(GS31) to reduce lodging risk. 

Weed Control: Apply post-
emergence herbicides if required. 

Weed control: Apply post-
emergence herbicides in early 
spring. 

Weed Control: Apply post-
emergence herbicides as needed. 

 

Irrigation: Begin if soil moisture is 
low, mainly in southern France. 

Irrigation: Rare; some 
supplemental watering possible in 
sandy or drought-prone regions. 

Irrigation: Supplemental irrigation 
may be required during dry spells, 
especially during stem elongation 
and grain filling. Limited to lighter 
land with existing irrigation 
systems in for other purposes. 

Summer (June-August) GS60-89 (Flowering - Grain Filling - 
Maturity) 
• Disease control and irrigation if 
drought risk. 
• Harvest at grain maturity. 

Disease control: T3 ear spray 
fungicides (GS63-65) for Fusarium 
and rusts. 

Pest Control: Continue monitoring 
for midges and late rust. 

Disease control: Apply T3 fungicide 
for Fusarium head blight at 
flowering (GS59-65). 

Pest & Disease Control: Continue 
monitoring and apply fungicides if 
necessary. 
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Time/Season Growth Stages and Key 
Management Practices 

France Poland United Kingdom 

Monitoring: Continue to observe canopy and nutrient status. Growth Monitoring: Ensure 
adequate canopy cover and 
monitor for nutrient deficiencies. 

Irrigation: 50-120 mm applied in 
central and southern regions 
during grain filling. 

Usually no irrigation is necessary Irrigation: Rarely used 

Harvest: Late June to early August 
depending on region; target grain 
moisture <14-15%. 

Harvest: Begins mid-July to early 
August, depending on region and 
weather. Target grain moisture ≤ 
14 %. 

Harvest: Begin when grains reach 
physiological maturity (GS87-89), 
typically in late July to early August. 

Yield Mapping: Modern combines 
record yield and quality data for 
precision management. 

Straw management: Straw only 
baled if farm has livestock, most is 
incorporated. 

 

Preparation of soil for the next 
sowing in post-harvest. Manure 
applications are common. 

Post-harvest: Prepare stubble for 
cover crop or next sowing; apply 
manure or lime if required. 
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Key challenges  

Wheat production in Europe faces several significant constraints. One major issue is  yield stagnation 
since the mid-1990s despite technological advancements. J. V. Silva et al. (2026) attribute this problem 
to suboptimal agronomic practices such as soil management and fungal disease control. Climate 
variability has contributed to this issue, with late frosts, spring droughts and extreme weather events 
such as hailstorms affecting both yield and quality. Water stress from persistent dry spells and high 
temperatures experienced in Southern, Eastern, and Central Europe has resulted in premature crop 
senescence, thereby reducing grain filling and subsequent yields. Conversely, heavy rains in Western 
Europe (e.g. France) damages standing crops, causing them to lodge, thereby reducing crop quality 
and delaying harvesting. Rain also hinders and disrupts drilling, and, in extreme cases, causes complete 
crop losses where land is inaccessible for drilling. 

Disease pressures, particularly from fungal infections, continue to pose a serious threat to crop health 
and productivity. In the EU, policies aimed at reducing chemical use (PPPs, fertilisers) and boosting 
sustainability create operational challenges and costs for farmers. The withdrawal of certain active 
ingredients (a.i.) without suitable substitutes has already exacerbated threats to yields, leaving crops 
more vulnerable to pest and disease attack in high pressure years. The of risk resistance to the 
remaining active substances across weeds, pests and disease is increasing k with fewer modes of 
action and active ingredients available to rotate and mitigate risk. Loss of key active substances, such 
as multi-site fungicides, that can protect the use of single site modes of action for longer, have 
contributed to increasing risk of resistance. In the UK, policy shifts following Brexit have affected 
subsidies and export markets, creating uncertainty for UK wheat producers.  

Rising input costs, for fertilisers and fuel, also adds unforeseeable financial pressure on agricultural 
businesses. At the time of writing, agricultural input prices have increased dramatically as a result of 
rising oil process because of  the war in Iran (IEA, 2026). Concurrently, producers must balance 
intensification with sustainability while complying with the European Union’s regulatory environment.  

These combined factors underscore the complexity of maintaining competitive and sustainable wheat 
production in the Europe, illustrated in Figure 2-2. 
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Figure 2-2. Visual representation of winter wheat production cycle in Europe.  Seasons are shown across the top with months marked using dashed lines.  
Crop growth stages are shown using the graphic in the middle from sowing through to harvest.  Timing of fertilisation activities is shown in the pink bar, 
with the most common timings of nitrogen (N), phosphate (P) and Potassium (K) applications shown by the initial. Timing of plant protection products 
(PPP) is shown in the grey bar, with different colour bars inside representing the windows in which herbicides (green), fungicides (yellow), plant growth 
regulators (PGRs) (blue) and Insecticides (orange) may be applied with the most common timings marked with the spray icon of the same colour.  The 
cultural practices are shown in the orange bar at the bottom.
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2.2.3 France 

Main Production Regions 

The main wheat-producing regions in France include the Paris Basin and Île-de-France, with Beauce 
being particularly important. Other significant areas are the North (Hauts-de-France) and the Centre-
Val de Loire. Regions such as Bourgogne, Poitou-Charentes, and Nouvelle-Aquitaine also contribute to 
national wheat production. The graphic in Figure 2-2 shows the key wheat production regions in 
France with more intense green colour representing higher density of wheat crops.  

 

Figure 2-3. Key wheat production regions in France (2025 cropping season) - darker green represents 
increased density of production (USDA, 2026). 

Climate and Soils 

France has a predominantly temperate climate, ranging from oceanic conditions in the north to 
Mediterranean influences in the south. Wheat is cultivated across a broad climatic gradient, but key 
risks include increasing drought stress and heat extremes. Soils are highly variable, with many fertile 
arable soils found in the Paris Basin and Northern France. 

Climatic hazards,such as drought, heatwaves, late frosts and excessive rainfall,can disrupt the wheat 
growth cycle. Despite genetic progress, average national yields have stagnated or plateaued since the 
1990s, partly because extreme weather conditions have offset agronomic gains. 

Typical farm 

The average farm size in France is about 63 hectares of Utilised Agricultural Area. Arable farms that 
specialise in cereals tend to be larger, often ranging from 100 to 150 hectares. Typically, 30-50% of 
the total farm area is allocated to wheat, which equates to 30-70 hectares on an average arable 
holding. Field sizes commonly range from 5 to 15 hectares, with larger fields in the northern plains 
(Paris Basin) and smaller fields in central and southern mixed-farming regions. Most farms are family-
owned and mechanised, with some cooperative or contractor support used for harvesting and 
spraying. 
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Machinery 

French wheat farms use medium to high-horsepower tractors (100-300 hp or more) for tillage, 
seeding, spraying and other tasks. Larger cereal farms increasingly invest in more powerful and 
efficient units. Self-propelled combine harvesters are standard for wheat harvesting with larger farms 
often having their own machinery, although smaller farms or cooperatives may hire contractors. 
Seeding and tillage equipment includes precision seed drills, direct drills, cultivators, power harrows, 
and disc harrows, with many farms adopting reduced or conservation tillage systems. 

Sprayers and fertiliser spreaders often feature GPS guidance, boom section control and variable rate 
application (VRA) technology, with ISOBUS compatibility. Precision farming technologies such as auto-
steer, yield mapping, soil sensors and data analytical features are widely used, supported by subsidies 
and EU goals that promote smart agriculture. 

Major types and varieties grown 

Winter soft wheat dominates French wheat production, primarily for breadmaking and other flours. 
Approximately 96% of wheat grown is soft wheat, with 99% and 1% being winter and spring varieties, 
repectively. The top three varieties commonly grown in France in 2025 were: 

• KWS Extase: Known for excellent yield potential, strong disease resistance (especially against 
septoria), and very good baking quality, making it highly sought after by millers. 

• KWS Etoile: Offers good productivity and a balanced disease profile, providing a strong 
agronomic and commercial compromise. 

• RGT Montecarlo: A versatile and productive variety, valued for its hardiness and adaptability 
to various soil conditions, ensuring consistent yields. 

Varieties are selected for disease resistance, quality and adaptation to regional climates. A new multi-
resistant bread wheat variety, GEOPOLIS, was registered for autumn 2025 planting, featuring strong 
disease resistance and nitrogen efficiency (INRAE, 2025). This variety has the potential to offer a wider 
spectrum of disease resistance than existing varieties, which tend to have resistance to one or two 
diseases but are then more susceptible to other diseases.  

The practice of mixing varieties for soft wheat sowing has increased significantly over the past two 
decades. While pure variety sowing remains normal practice, mixed sowing accounted for about 1% 
of the area in the early 2000s and has risen to approximately 20% in 2023 to  2025. Mixed variety 
sowing allows a farmer to include a range of different varieties with different levels of resistance to 
different pests and pathogens, to increase resilience of the crop in situations where PPP inputs have 
been reduced, as well as resilience to different climatic factors. 

Land Preparation 

Farmers use conventional tillage (ploughing) and reduced or conservation tillage systems depending 
on region and soil type. Many growers aim to balance soil cleanliness (weed and pest control) with 
soil preservation and are, therefore, increasingly using simplified tillage techniques. This approach 
typically involves: 

• Step 1: Stubble tillage using a disc harrow or tine cultivator for shallow tillage (5-15 cm) to mix 
plant residues and encourage weed growth. These weeds are destroyed before sowing (“false 
sowing”) to ensure clean soil. 

• Step 2: Preparation and/or sowing with a combined seed drill or tine seed drill, usually in one 
or two passes, to create a shallow seedbed and sow directly without ploughing. 
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According to a 2016 survey, about 48% of French arable land was managed using conventional plough-
based tillage practices, just over 30% with conservation tillage and about 5% with no-till. 
Approximately 15% had unrecorded tillage practices (Eurostat, 2017). 

Rotation 

The Ecophyto plan (French Republic, 2020) is the French national pesticide reduction strategy, which 
aims to reduce PPP use by 50% by limiting available chemical solutions and encouraging alternatives 
such as resistant varieties, crop rotation and mechanical weeding. 

Sowing 

Winter wheat is sown in autumn, with sowing windows varying by region and climate. In most areas, 
sowing occurs in October, but may be delayed in northern or wetter zones. In southern regions with 
milder winters and longer autumns, sowing often takes place later, sometimes until mid-November or 
beyond if conditions allow. 

The optimal sowing density for soft winter wheat in France is generally between 200 and 350 
grains/m² to achieve 200-300 plants/m² by the end of winter. Recommended sowing densities are: 

• Optimal conditions (early sowing, healthy loamy soil): 200-250 grains/m² 

• Average conditions (normal sowing window): 250-300 grains/m² 

• Difficult conditions (late sowing after mid-November, clay or stony soil): 300-350 grains/m² 
or higher 

Direct sowing for soft wheat remains a minority practice, although it has increased to approximately 
4-10% of the national soft wheat area. 

Nutrient Management 

Phosphorus and potassium are generally applied as basal fertilisers, either before or at the time of 
sowing. Wheat is considered to have relatively low phosphorus (P) and potassium (K) requirements. 
The total nitrogen (N) dose is calculated using the forecast balance method: 

Total N dose (kg/ha) = Crop requirements - Supplies from the soil and previous crop. 

Nitrogen is then divided into three (or sometimes four) applications to coincide with key stages of 
wheat development, known as BBCH stages: 

• First application: Late winter or early spring at full tillering (BBCH 25), typically 40-60 kg N/ha. 

• Second application: Spring at ear 1 cm stage (BBCH 30-31). This is the most important 
application as it determines yield potential by defining the number of ears. 

• Third application: End of stem elongation at last leaf spread (BBCH 39) or swelling (BBCH 45). 
This application ensures grain quality and aims to increase protein content. 

Sulphur (SO₃) is essential and is often applied with nitrogen during the first or second application 
because it is highly mobile in the soil and easily leached during winter. Sulphur plays a crucial role in 
nitrogen utilisation and protein formation. 

Pest Control 

Key pests include aphids (vectors of Barley Yellow Dwarf Virus), orange wheat blossom midge - OWBM 
(Sitodiplosis mosellana), wireworms (Agriotes lineatus), and frit fly (Oscinella frit). Control strategies 
follow Integrated Pest Management (IPM) principles, combining monitoring, threshold-based 
interventions, and natural predators. However, aphids are the primary target for most insecticide 
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applications, since their exponential multiplication rates mean that fast acting insecticides are the 
most effective way of combating the threat of BYDV transmission. Applications are typically made 
once or twice a year dependent on pest pressure and climate. Where other key target pest species 
are present, they may be managed with a single insecticide application. OWBM, wireworms and frit 
fly are not as widespread as aphids, but where they appear they can locally threaten yield. Due to a 
lack of alternative active substances, most farmers are reliant on pyrethroids for insect pest control, 
thereby creating a substantial threat of resistance development in the target species.  

Disease Control 

The main wheat diseases in France are Septoria (Zymoseptoria tritici), yellow rust (Puccinia striiformis 
f. sp. tritici), brown rust (Puccinia triticina), and powdery mildew (Blumeria graminis f. sp. tritici). 
Integrated Disease Management (IDM) combines resistant varieties, crop rotation and fungicide use. 
Key fungicide groups include triazoles, SDHIs, strobilurins and compounds with multiple sites of action. 
Typically, three to four applications are made per season at critical timings: T1 (stem elongation), T2 
(flag leaf), and T3 (ear emergence or flowering).  When disease pressure is high earlier in the season, 
occasionally farmers use an application at T0 (early stem elongation). Application rates range from 
0.4-1.0 L/ha depending on product and disease pressure. Resistance management involves rotating 
fungicide modes of action and using mixtures of different modes of action, ideally including mult-isite 
fungicides in the mix as resistance risk in those is lower than for single site modes of action. Reductions 
in the availability of different modes of action following product withdrawals has increased resistance 
selection pressure on the remaining active substances.  

Weed Control 

The main weeds affecting wheat include blackgrass, wild oats, bromes, chickweed and cleavers. 
Integrated Weed Management (IWM) combines cultural, mechanical and chemical methods. Key 
herbicide groups include ALS inhibitors, ACCase inhibitors and residual herbicides such as the 
dinitroanilines. Typically, one to two herbicide applications are made per season, timed at pre-
emergence or early post-emergence for best control. Application rates range from 0.3-1.5 L/ha 
depending on product and weed pressure. Resistance management involves rotating herbicide modes 
of action and integrating non-chemical controls such as delayed drilling, competitive varieties, crop 
rotation and stale seedbeds. 

Growth Regulators 

Growth regulators are applied mainly at stem elongation stages (GS30-32) and sometimes again at 
flag leaf stage (GS37-39) if lodging risk persists. Typically, one to two treatments are used per season, 
depending on variety, nitrogen rate and crop vigour. Application rates range from 0.5-1.5 L/ha and are 
often combined with fungicides at T1 for the first application and T2 at the second application if 
needed. These treatments are integrated with nitrogen management and variety selection to 
minimise lodging. 

Irrigation 

Most wheat in France is rainfed but irrigation is used in drier southern and central regions. Around 5-
10% of the total wheat area is irrigated, mainly in Centre-Val de Loire, Occitanie, and Nouvelle-
Aquitaine. Sprinkler systems such as centre pivots, reels or booms are the most common methods of 
irrigation. Crops are irrigated during stem elongation to grain filling (April-June) when drought risk is 
highest. Typical volumes range from 50-120 mm per crop cycle, depending on rainfall and soil water-
holding capacity. Water sources include groundwater, rivers or reservoirs, subject to regional water-
use regulations. 
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Harvest 

Harvest timing depends on crop maturity and weather conditions. Standard combine harvesters are 
used, often with new technologies such as yield mapping especially on larger farms.  

Straw Management 

Around 60-70% of straw is baled for livestock bedding, feed or bioenergy production (biogas and 
biomass), while 30-40% is incorporated into the soil. When incorporated, straw is typically chopped 
and spread at harvest, then shallowly incorporated (5-10 cm). Regional variation exists, with more 
incorporation in northern and central cereal plains where manure availability is limited. Cover crops 
such as mustard, vetch or clover often follow straw incorporation, in line with CAP and French 
agroecological initiatives promoting soil health. 

Bare Fallow 

Land is cropped for around 80-90% of the year, either with a main crop or a cover crop. Non-cropped 
(bare or fallow) periods typically account for 10-20% of the year, mainly between harvest (July-August) 
and the next sowing (October-November). 

2.2.4 Poland 

Main production regions 

The main production regions in Poland are located in the southern and central regions where there 
are rich fertile soils, however, wheat is grown across much of the country.  

 

Figure 2-4. Main wheat production regions in Poland - darker green represents greater intensity of 
production (USDA, 2026). 

Climate and Soils 

Poland has a temperate climate with a strong continental influence in many regions, characterised by 
cold winters and warm summers. Soils range from fertile loams to sandy and glacial tills. Precipitation 
and moisture levels are more variable than in maritime climates, and climate variability—particularly 
spring droughts, late frosts, and hail—remains a recurring constraint in Polish cereal production. 

In recent seasons, Polish farmers have observed fewer days with temperatures below 0°C during 
winter. Frosts now occur mainly in early spring, causing crop injury during this sensitive growth period. 
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Winters are increasingly dominated by rainfall and high soil moisture, with little or no snow cover. This 
lack of snow reduces water replenishment in soils, rivers, and lakes. Most Polish soils have low organic 
matter content, and excessive winter moisture does not encourage deep root development. As a 
result, droughts in early spring often cause severe stress and injury to cereal crops. 

Typical Farm 

In 2020, the average farm size in Poland was 11.1 hectares. However, specialised commercial farms 
focused on cereals, including wheat, tend to be larger. Rising production costs and unpredictable 
market conditions are driving a trend toward farm consolidation and larger holdings. 

Machinery 

Many Polish farms are modernising their operations, with increasing adoption of precision 
technologies such as GPS guidance, variable-rate fertiliser application, and improved seed drills. 
Enhanced storage facilities have also been introduced, supported by EU funding. 

Major Types and Varieties Grown 

Winter wheat dominates Polish wheat production, accounting for more than 80% of the wheat area. 
Spring wheat is grown but is much less common, as farmers generally avoid investing in spring cereals 
due to poor soil conditions. Variety selection focuses on yield potential, grain quality, disease 
resistance, and winter-hardiness—particularly important in eastern Poland. Farmers typically rely on 
the COBORU list of recommended varieties, which is updated annually. 

Land Preparation 

Conventional tillage remains the most popular method, although there is a growing trend toward 
mixed systems that combine minimum tillage with occasional ploughing (typically once every three 
years) to control grass weeds. EU policies and research support the adoption of reduced conservation 
soil tillage. For example, Croatia’s adoption rose from 11% in 2023 to 16% in 2024, and Serbia reached 
24% by 2018, up from 3-5% before 2000 (Jug et al., 2025). Changes in Poland are expected to be 
similar, with growing interest in strip tillage supported by regional policy and research initiatives. In 
2016, over 90% of Polish arable land was managed using conventional plough-based tillage, while less 
than 5% was under conservation or zero-tillage practices (Eurostat, 2020). 

However, these reduced tillage practices are reliant on good weed control being delivered via the use 
of herbicides, to displace the weed control that would have been delivered by tillage.  The withdrawal 
of key herbicides targeting grass weeds has forced farmers to break minimum tillage cycles with 
ploughing to manage weed pressure.  

Rotation 

Winter wheat in Poland is commonly rotated with oilseed rape (OSR), legumes and maize to maintain 
soil health and manage pests and diseases. 

Sowing 

The optimal sowing date for winter wheat is typically around mid-September, depending on the 
region. In north-eastern Poland, sowing density ranges from 200 to 400 live grains per square metre. 
Delayed sowing beyond the optimal window often reduces yield and grain quality. 

https://www.coboru.gov.pl/en/pdo
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Nutrient Management 

Nitrogen fertilisation in Poland typically follows an optimum split regime, for example, 100 kg N/ha 
followed by 40 kg N/ha. Phosphorus (P) and potassium (K) are also applied, often as basal fertilisers, 
and manure or slurry is commonly used on mixed farms to improve soil fertility. 

Pest Control 

The most common pests in Polish wheat fields include aphids (vectors of Barley Yellow Dwarf Virus), 
cereal leaf beetles (Oulema melanopus), wireworms (Agriotes spp.), frit flies (Oscinella frit), and 
occasionally Hessian fly (Mayetiola destructor). Pest control strategies are based on Integrated Pest 
Management (IPM), which combines pest monitoring, weather-based risk assessment, and economic 
thresholds with preventive agronomic practices such as crop rotation, optimal sowing dates, and 
residue management. 

Insecticide applications typically occur one to two times per season, depending on pest pressure and 
climate conditions. Most insecticide programmes are dominated by pyrethroids due to limited 
alternative modes of action being available. 

Disease Control 

Key wheat diseases in Poland include septoria (Zymoseptoria tritici), yellow rust (Puccinia striiformis), 
brown rust (Puccinia triticina), powdery mildew (Blumeria graminis), and Fusarium head blight 
(Fusarium spp.). Control strategies follow Integrated Disease Management principles, combining 
resistant varieties, crop rotation, balanced fertilisation, and targeted fungicide programs based on 
monitoring and risk assessment. 

Common fungicide groups include triazoles, SDHIs, strobilurins, and multisite protectants. Typically, 
two to four fungicide sprays are applied per season, with rates ranging from 0.4-1.0 L/ha depending 
on product type and disease severity. 

Weed Control 

The main weeds in Polish wheat fields include blackgrass (Alopecurus myosuroides), wild oats (Avena 
fatua), bromes (Bromus spp.), cleavers (Galium aparine), chickweed (Stellaria media), and volunteer 
oilseed rape. Other problematic species include ryegrass (Lolium multiflorum), common windgrass 
(Apera spica-venti), cornflower (Centaurea), common chervil (Anthriscus cerefolium) and poppy 
(Papaver rhoeas). Weed control strategies are based on Integrated Weed Management (IWM), which 
combines cultural practices (crop rotation, delayed sowing), mechanical methods (stubble tillage, 
harrowing), and chemical herbicides. 

Herbicide applications typically occur one to three times per season, depending on weed pressure and 
field history. Rates range from 0.2-2.0 L/ha depending on the herbicide formulation and weed 
spectrum. Herbicides are usually applied pre-emergence or early post-emergence, with total seasonal 
use averaging 0.5-2.0 L/ha. 

Growth Regulators 

Growth regulators are used to control lodging once or twice a year depending on crop growth. Farmers 
also select genetically shorter varieties to reduce lodging risk. 

Irrigation 

Wheat in Poland is not irrigated; production relies entirely on rainfall. 
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Harvest 

Wheat harvesting in Poland typically occurs in July. Moisture targets vary and grain drying is often 
necessary, especially in wetter years. Storage and drying costs can be significant. Late rains and 
hailstorms during harvest can reduce grain quality. 

Straw Management 

Straw is usually incorporated into the soil after harvest, especially on arable farms without livestock. 
Baling is more common on farms with livestock production, where straw is used for bedding or feed. 

Bare Fallow 

Bare fallow is minimal in Poland. The non-cropped period between harvest and the next sowing is 
often used for stubble tillage or cover crops. Many farms also plant a small grain crop as part of crop 
rotation. 

2.2.5 United Kingdom 

Main Production Regions 

The main wheat-producing regions in the United Kingdom are located in eastern and southern 
England, notably East Anglia, Lincolnshire and Yorkshire. 

Climate and Soils 

The UK’s temperate climate supports wheat tillage, with optimal temperatures ranging from 10°C to 
25°C. Winter cold is beneficial for vernalisation, while annual rainfall averages between 700 and 1,000 
mm, with drier eastern regions generally preferred for wheat production. Excessive rain during 
flowering or harvest can reduce yield and grain quality. Long summer daylight hours enhance 
photosynthesis, but strong winds may cause lodging and spread diseases. Frosts can damage seedlings 
and the developing grain. 

Typical Farm 

The average farm holding in the UK is approximately 82 hectares of Utilised Agricultural Area (UAA). 
Most wheat land has gentle slopes of 0-7°, which allows full mechanisation. Fields with slopes of 7-
11° exist but pose higher erosion risks, machinery limitations and may result in lower yields or require 
additional preparation. 

Machinery 

UK wheat farms use a range of machinery: 

• Tractors: Essential for ploughing, cultivating, and transporting; typically range from 100-300 
hp. 

• Ploughs: Conventional and reversible, often with 3-6 furrows; mostly farmer-owned. 

• Seed drills/planters: Precision drills with row spacing of 12-25 cm; GPS-guided on larger 
farms. 

• Combine harvesters: Large-capacity machines with 6-12 m headers; contractor-owned on 
smaller farms, farmer-owned on larger operations. 

• Sprayers: Self-propelled or trailed, with 1,000-3,000 L tanks; often GPS-enabled for accurate 
application. 
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• Fertiliser spreaders: Trailed or mounted, supporting variable-rate application using GPS and 
soil maps. 

• Sprayer booms with section control: Reduce overlaps and support precision application. 

• Cultivators/rotavators: Used for seedbed preparation; mostly farmer-owned on medium to 
large farms. 

• Grain carts and trailers: For on-farm transport to storage facilities. 

• Precision agriculture technologies: GPS guidance, auto-steer, variable-rate fertilisation, yield 
mapping and soil sensors are increasingly adopted. 

Major Types and Varieties Grown 

Winter wheat is the dominant type in the UK, accounting for around 90% of the wheat area. It is sown 
in autumn and used for bread, biscuits, animal feed and distilling. Spring wheat is sown between 
February and April, mainly where autumn drilling is delayed or in northern and wetter regions. Variety 
selection depends on the end-use (bread, biscuit, feed), yield potential and disease resistance 
(particularly against Septoria and rusts). Popular varieties include KWS Dawsum, DSV Champion, KWS 
Scope, LG Beowulf, and RGT Hexton. 

Land Preparation 

Land preparation typically involves: 

• Post-Harvest Stubble Management: Shallow tillage using discs or tines at a depth of 5-10 cm. 

• Primary Tillage: Ploughing, reduced or minimum tillage, or direct drilling at depths of 10-25 
cm. 

• Secondary Tillage: Power harrow or roller at depths of 5-10 cm. 

• Pre-Sowing: Herbicide application (e.g., glyphosate) and final soil levelling. 

According to a 2016 survey, tillage was recorded on about 75% of UK arable land. Of this area, 
approximately 45% was managed using conventional plough-based tillage, 25% with conservation 
tillage and just under 5% with zero-tillage practices (Eurostat, 2017). 

Rotation 

Wheat is typically rotated with oilseed rape, barley, beans or sugar beet to maintain soil health and 
manage pests and diseases. 

Sowing 

Winter wheat is drilled from mid-September to late October. Typical seed rates are 150-200 kg/ha, 
with plant populations adjusted as follows: 

• Early-sown winter wheat: 250-300 plants/m² 

• Late-sown winter wheat: 325-400 plants/m² 

• Spring wheat: 350-450 plants/m² 

Seed rates are increased for late sowing, heavy soils, or poor seedbeds, and reduced for early sowing, 
fertile soils, or high-tillering varieties. 
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Nutrient Management 

Nitrogen fertilisation for UK wheat typically ranges from 180 to 250 kg/ha, applied in split doses 
throughout the growing season. Phosphate (P) and potash (K) applications are based on soil testing 
results. Sulphur is also applied due to the decline in atmospheric deposition. Common organic 
manures include farmyard manure (FYM), cattle or pig slurry, poultry manure and digestate. Typical 
application rates are 25-40 t/ha for FYM, 25-50 m³/ha for slurry, and 5-10 t/ha for poultry manure. 
These are usually applied before sowing or in spring on growing wheat. 

Pest Control 

Pest control in UK wheat relies on insecticides combined with cultural practices such as crop rotation, 
resistant varieties and optimal drilling times. The key target pest species are aphids, the two main 
species of concern in the autumn are the bird cherry-oat aphid (Rhopalosiphum padi) and grain aphid 
(Sitobion avenae) as potential vectors of BYDV (White et al., 2023). 

Other pest species are more localised in their activity and include Frit fly, saddle gall midge 
(Haplodiplosis marginata) and wheat bulb fly (WBF - Delia coarctata). - These species are largely 
managed through IPM approaches as there are few, if any, approved active ingredients or products 
for their control (AHDB, 2026b). 

Treatments for aphids are applied only when pest thresholds are reached. Applications are made using 
boom sprayers and pyrethroids are the main insecticides used, accounting for approximately 96% of 
treatments. Insecticides are often mixed with other chemicals when spray timings coincide. Drift 
Reduction Technology (DRT) and spraying in light breezes (Beaufort scale force 2) help minimise spray 
drift. Legal requirements include a 5 m buffer zone from watercourses under LERAP B classification, 
which can be reduced to 1 m if certain criteria are met. 

Disease Control 

Disease management in wheat is a complex process, with a range of different diseases prevalent 
across the UK including septoria (Zymoseptoria tritici), yellow rust (Puccinia striiformis f. sp. tritici), 
brown rust (Puccinia triticina), powdery mildew (Blumeria graminis f. sp. tritici) and fusarium 
(Fusarium spp.) (AHDB, 2024).   

Disease control in UK wheat involves fungicides, crop rotation, treated seed and residue destruction, 
alongside resistant varieties, optimised drilling times and decision support tools. Fungicides are 
typically applied three to four times per season at key growth stages: T1 (GS31-33), T2 (GS39), and T3 
(GS63-65). Applications are made using boom sprayers. Common fungicide groups include triazoles, 
SDHIs, strobilurins and multi-site compounds. Average application coverage is around 58% of UK 
wheat production area (Chantry et al., 2024). Fungicides are often mixed (e.g., azoles with multi-sites 
at T1) and may include plant growth regulators (PGRs). Drift Reduction Technology and spraying in 
light breezes help minimise drift. Some products require a 5 m buffer zone from watercourses. 

Weed Control 

The main weed problems in UK wheat production are caused by highly competitive grass weeds. Black-
grass is the most damaging and widespread weed, with severe herbicide resistance issues. Italian rye-
grass has become the top or equal-top threat on many farms, with confirmed glyphosate-resistant 
populations and brome species (especially sterile and great brome) are increasingly problematic in 
min-till systems. Wild oats persist in patches and also display resistance issues. Among broad-leaved 
weeds, cleavers, resistant poppies and chickweed cause significant problems. Integrated Weed 
Management, including mechanical weeding, delayed drilling, stale seedbeds, rotations, competitive 
crops, etc. is essential as chemical control options are under pressure (AHDB, 2026a; Loddo et al., 
2025). 
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Herbicides are applied pre- and post-emergence, with rotation of modes of action to manage 
resistance.  

Growth Regulators 

Plant growth regulators (PGRs) are applied to reduce lodging risk, often in combination with fungicide 
sprays. 

Irrigation 

Irrigation is not standard practice for UK wheat tillage but it is being explored as a potential solution 
to mitigate the impacts of climate change on crop yields. 

Harvest 

Harvesting typically occurs in July and August. Grain moisture should be below 15% for safe storage, 
and drying may be required in wetter years. Combines fitted with yield mapping technology are 
increasingly used for precision management. 

Straw Management 

Straw is either baled for livestock bedding and feed or chopped and incorporated into the soil to 
improve organic matter. Incorporation is common in arable systems without livestock. 

Bare Fallow 

Bare fallow periods are minimal in UK wheat systems. Most land is either cropped or covered with 
stubble or cover crops between harvest and the next sowing. Longer periods of bare fallow may follow 
wheat harvest if the following crop is planned to be a spring-sown break crop.  

2.3 Apple 

2.3.1 European apple production in context 

The EU is a major global producer and consumer of apples. Commercial apple farming takes place in 
all Member States except Malta, with production highly concentrated in Poland, Italy, France, 
Germany and Spain. These countries account for around 80% of total output. In 2024, a total of 11.5 
million tonnes of apples were produced in Europe. Overall output has shown a slight decline, while 
average yields have remained stagnant over the past five years (Eurostat, 2026). In recent years, the 
area devoted to apple orchards has gradually declined, this trend can be linked to several constraints, 
including climate-related risks, rising input and production costs, tighter restrictions on fertiliser and 
PPP use, and market prices that fail to offset these higher expenses. As a result, some farmers are 
postponing investments such as replanting ageing orchards, while older growers approaching 
retirement reportedly face difficulties in finding successors (FAOSTAT, 2026). In addition, climate 
change is having an increasing impact on EU apple production. For example, in 2024. mild winters led 
to earlier blossoming, making flowers and young fruit more vulnerable to late frosts. The decline in 
commercial apple production in 2024 compared with the previous year is therefore reported to be 
largely due to damage from late-spring frosts (Knowles, 2024). 

Apples are the second most consumed fruit in Europe after bananas and over 80 percent of fresh 
apples are intended for direct consumption. The most widespread varieties include Golden Delicious, 
Idared, Jonagold and Gala, which together represent nearly 45 percent of the total area devoted to 
dessert apple production in Europe. Consumer preferences tend to favour sweet or sweet tart 
varieties with a crisp juicy texture. Other apples are processed into juice, purees and preserves or used 
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in cooking and baking while certain regions specialise in cultivars grown specifically for juice and cider 
production. Golden Delicious remains the largest single variety in the EU (Eurostat, 2019), with an 
estimated production of 2,059,000 tonnes in 2025 (Tridge, 2025). 

Organic apple production in the EU has been expanding although demand has weakened due to 
economic pressures and inflation, which have reduced consumers’ willingness to pay higher organic 
premiums. It is likely that organic production may exceed demand, prompting growers to hesitate 
before expanding organic orchards and, in some cases, even revert to conventional production. 
Reducing consumption and importation of cheap apple juice concentrates, largely for ‘fruit’ ciders has 
also damaged UK apple production, with large orchards now being lost (Wells, 2024). 

A summary of the areas, production volumes and yields of European apples from 2020-2024 is given 
in Table 2-4. 

Table 2-4. Key production statistics on European apple production from 2020-2024 (Eurostat, 2026).  

Year   Europe 
(EU27) 

France Italy Poland 

2020 Total area grown  kha 489 55 55 153 

Total production  Mt 11.96 1.74 2.46 3.56 

Average yield  t/ha 24 32 45 23 

2021 Total area grown  kha 493 54 54 162 

Total production  Mt 12.41 1.63 2.21 4.07 

Average yield  t/ha 25 30 41 25 

2022 Total area grown  kha 478 54 54 152 

Total production  Mt 12.54 1.79 2.26 4.27 

Average yield  t/ha 26 33 42 28 

2023 Total area grown  kha 472 54 54 150 

Total production  Mt 12.05 1.89 2.27 3.89 

Average yield  t/ha 26 35 42 26 

2024 Total area grown  kha 463 53 53 148 

Total production  Mt 11.52 1.96 2.40 3.39 

Average yield  t/ha 25 37 45 23 

2.3.2 Overview of apple management practices in Europe 

A summary of the apple management practices for the establishment of apple orchards in the selected 
countries is given in Table 2-5, while the annual management calendar for the productive phase of 
growth is given in Table 2-6. For each country. the details of the management practices are then 
discussed in the sections below.  
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Activity / Growth 
stage 

Timing France Italy Poland 

Pre-plant phase  

Site selection, soil / 
topography 
assessment, 
drainage planning 

12-24 month 
before 
planting 

• Choose well-drained, frost-safe sites, favourable aspect. Avoid old diseased orchards. 

• Orchard production in France is 
planted on sites which previously 
were used for apple or pear 
production 

• In Italy, apple production is on 
sites which previously used for 
apple, pear, peach or kiwi 
fruits production 

• In Poland most of the orchards are 
planted on sites which previously were 
used for apple or pear production.  

Soil testing, liming, 
Base P, K, and Mg 
fertilisation 

Before 
Planting 

• Conduct complete soil analysis. Correct pH (target 6.5-7.0). Lime 12 months before planting. Apply base P and K based on 
soil tests. 

Deep tillage, 
subsoiling, 
drainage 
installation 

12-6 months 
prior 

• Break compaction layers, e.g. plough pans, 
• Improve soil structure. 
• Avoid soil work when too wet. 

• Install drainage pipes/tiles,  • Install subsurface drains in 
heavier soils (especially Po 
Valley).  

• Drainage in Poland’s orchards is not 
installed in general except very specific 
locations. One of the biggest problems 
currently is lack of water and drought 
problems. 

Weed control / 
cover crops / green 
manure 

12-3 months 
prior 

• Use green manures (mustard, vetch, or clover). Mow or incorporate before planting. Eliminate perennial weeds (Sorghum 
halepense). 

Rootstock/cultivar 
decision, order 
certified trees 

12+ months 
prior 

• Decide on rootstock-scion combinations, pollinators, and place nursery orders. 

Layout / trellis / 
stake / irrigation 
planning 

6-3 months 
prior 

• Design row spacing, trellis or stake 
system, irrigation lines, access roads. 

• Design spacing (e.g., 3.5-4.0 × 
1.0-1.2 m).  

• Plan drip irrigation, fertigation 
lines, trellis posts, and access 
roads. 

• One-row stake system is used mainly in 
Poland.  

Planting year Year 0  

    Typical planting windows in France: 
autumn (Oct-Nov) is preferred for bare-

Typical planting windows in Italy: 
autumn (Nov) is preferred for bare-

Typical planting windows in Poland: autumn 
(Nov) is preferred for bare-root trees where 
soils allow; spring (Mar) is also widely used, 
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Activity / Growth 
stage 

Timing France Italy Poland 

root trees where soils allow; spring 
(Mar-Apr) is also widely used, 

root trees where soils allow; spring 
(Mar) is also widely used, 

  Winter • Final tillage, removal of winter weeds or green manure 
• Apply P/K as required 

  • Finalise drainage and trellis foundations.  
• Set up trellis bases and irrigation main lines. 

N/A 

Before planting, 
and immediately 
after planting 

Spring • Planting operations: (late March to April, if spring planting) set trees to recommended depth. Install tree guards for 
vole/rabbit protection.  

• Immediate pruning / training at planting correct leader/scaffold structure, remove damaged roots, shape young tree form. 
• Weed control: establish a clean weed-free circle (0.5-1.0 m),  
• Starter nitrogen fertiliser on poor soils 
• Base P/K applied pre-plant 
• Pest/disease control (young tree protection):  
• Basic protectant sprays as needed for scab in wet springs, also powdery mildew 

  • Mechanical weed control is mostly used after planting with switch to herbicide later. 

After planting: 
growing season 

Summer • Irrigate regularly (drip preferred) for root establishment.  
• Prune and train in summer to maintain structure and shape.  
• Keep tree bases weed-free, mow alleys, and mulch as needed.  
• Begin IPM monitoring for aphids and mites. 
• Scout weekly for diseases, applying protectant fungicides only when 

thresholds are reached and conditions favour infection. 

• Inter-row levelling and mowing. Inter-row 
vegetation tillage is residual. 

• Crop protection is basically applied as for 
fully developed orchards. Fungicide and 
insecticide protection against main pest is 
performed.  

• Biostimulant applications and plant 
growth regulation is performed.  

• Foliar fertilisation applications are done. 
In case of two-year tree planting (most 
common practice in Polish commercial 
orchards) flowering regulation is 
performed on year 0 to prevent fruit set. 

• Bark and wood disease protection. 
Cleaning of bacterial cancer and other 
damages to the bark.  
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Activity / Growth 
stage 

Timing France Italy Poland 

post-growing 
season 

Autumn • Final irrigation to ensure trees enter winter in good condition. 
• Reduce nitrogen 
• Apply P/K if needed.  
• Remove debris and prepare for dormant pruning to maintain tree health. 
• Protect trunks and roots with wraps, mulch, and vole control.  

  • maintenance with herbicide 
strategies plus some applications 
against wood diseases (Nectria) 

• IPM applications at leaves fall 
to prevent diseases and pests 
(e.g. Nectria and scales) 

• Continue groundcover/weeds control; 
clean up debris. Depending on the 
herbicide strategy final herbicide 
applications. 

Year 1 — root and canopy establishment, no commercial harvest 

Dormant period 
before growth 
starts 

Winter • Perform dormant pruning in late winter to shape scaffolds, remove broken or crossing branches. 
• Inspect and repair trellis, stakes, guards, and replace any failed trees. 

• Some copper based products 
sprayed on wood 

• Apply nets against hailstorm on 
trellis 

• Apply dormant protection sprays if 
integrated pest/disease program calls for 
them. 

Budbreak → bloom 
→ early post-bloom 

Spring • In the first year, remove flowers and fruit to promote root development. 
• Maintain a 0.5-1 m weed-free zone.  
• Protect against scab and powdery mildew 
• Monitor pests early 
• Apply light nitrogen if needed, and address nutrient deficiencies based on leaf analysis 

  • Conduct first leaf analysis. • Conduct first leaf analysis. 
• At the end of flowering, open 

the nets 

•  Plant growth regulation, 
stimulants/Biostimulants  use.  

• Continue weed and groundcover 
management (mulches, mowing, spot 
treatments). 

• Place bee hives or manage wild 
pollinators, even if no fruit, for pollinator 
establishment. 

  Summer • Summer pruning involves training scaffolds, removing water sprouts, tipping shoots, and tying branches to optimise light 
and encourage fruiting wood.  
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Activity / Growth 
stage 

Timing France Italy Poland 

  • Maintain regular irrigation  
• Implement IPM by monitoring pests like (codling moth, aphids, red mites) 

and apply early biological or mating disruption controls 

• Keep young trees well watered, especially 
in heat/drought. 

• Continue disease/pest protection 
(scouting, fungicides, insecticides). 

• Bark and wood disease monitoring and 
cleaning the damages on the bark and 
wood. 

Summer / 
vegetative season 

Autumn • Remove volunteer vegetation 
• Inspect trunks,  
• Maintain rodent guards, and  
• Prepare winter protection for frost-prone sites. 

  • Apply autumn P, K, and reserve-building fertilisers per soil/leaf tests, 
limiting late nitrogen.  

• Cease irrigation gradually; prepare for 
winter. 

• Evaluate tree establishment: root growth, 
trunk calliper, scaffold development. 

• Depending on the herbicide strategy final 
herbicide applications.  

• Final fungicide application to prevent bark 
and wood diseases as well as applications 
limiting apple scab infection pool for next 
season. 

• Possible first small harvest. 

Year 2 — initial flowering, first light cropping, training & protection ramp-up 

Dormant Winter • Structural pruning: refine scaffold branches, ensure good framework for future fruiting. 
• Dormant pest/disease protection - e.g. dormant oils if mite or aphid eggs present. 

Bloom → early fruit 
set 

Spring • Ensure pollinator trees and hives are in place at full bloom.  
• Implement full IPM scab/mildew protection 
• Lightly thin early fruit by hand to limit crop load, support growth, and prevent biennial bearing. 
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Activity / Growth 
stage 

Timing France Italy Poland 

• Monitor orchards for signs of fire 
blight. 

• Maintain weed-free tree rows and 
regulate flowering through targeted 
flower-thinning products. 

• Monitor for fire blight 
(especially in Emilia-Romagna).  

• To maintain the trees free from 
the weeds, controlling the 
suckers (manually or using 
dedicated IPM products) 

• Flower regulation is also performed. 
Decision between using of flower or small 
fruit thinning is made by farmer based on 
the flowering intensity and weather 
conditions. 

 Fruit development Summer • Manage shoots to open the canopy and promote spur formation. 
• Increase irrigation during cell expansion, 
• Apply foliar K and Ca to reduce bitter pit  
• Intensify pest and disease control, including codling moth (mating 

disruption), aphids, mites, and summer fungicide applications. 

• Continued summer pruning to manage 
canopy shape, allow light and air 
penetration. 

• Irrigation, nutrition management (based 
on leaf analyses, growth rates). 

• Plant growth regulation, stimulants/ 
biostimulants used. 

 Harvest Autumn • Early harvests may occur, but many limit picking to support growth. Follow 
proper handling 

• Sanitize orchard: remove mummies, leaves, fallen fruit. 
• Apply urea (5%) to hasten leaf decomposition 
• Apply autumn P and K while limiting nitrogen for reserve building. 

• Possibly first small commercial harvest or 
test harvests of early, light fruit (depends 
on rootstock & cultivar). 

• Larger volume of crop yield is harvested, 
yield is increasing. 

• Apply specific IPM (fungicides) at leaves fall • Post-harvest sprays or sanitation, 
irrigation management heading into 
winter. 

• Prepare for winter trunk/plant 
protection. 

Year 3 — increasing production, canopy fill-out, training & protection refinements 

Dormant Winter • Conduct system-appropriate pruning, including renewal or spur routines, to balance growth and fruiting.  
• Remove dead, weak, or fire blight-affected wood.  
• Apply dormant pest treatments, such as oils or targeted sprays, following IPM guidelines. 

Bloom → early fruit 
set 

Spring • Maintain pollination by placing hives and avoiding insecticides during bloom.  
• Thin fruit by hand or chemically to achieve target crop load.  
• Full IPM program: scab, mildew, fire blight, Neonectria galligena, mildew and spring diseases - start fungicide program as 

required  
• Adjust nutrition, e.g. apply foliar nutrients based on leaf analysis and tree requirements. 
• To control aphids, if needed, with specific insecticides post flowering 
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Activity / Growth 
stage 

Timing France Italy Poland 

  • Flowering regulation. 

 Fruit development Summer • Perform summer pruning, shoot tipping, and fruit positioning to improve colour and uniformity 
• Apply calcium sprays.  
• Monitor codling moth, mites and other pests, applying biological or mating disruption methods as needed. 
• Use irrigation scheduling for quality fruit. 

• Pest Management against codling moths, stink bugs and using of Bio 
stimulants to increase the fruits coloration   

• Increased focus on integrated pest 
management: monitoring, threshold 
sprays, disease control. 

• Plant growth regulation, stimulants/ 
biostimulants use. 

Dormant Autumn • Commercial harvests usually begin in earnest for many cultivars;  
• Ramp up harvest logistics (labour, bins, cooling).  
• If fully commercial, proceeds and yield data recorded to guide next year's inputs. 
• Post-harvest protection, leaf litter and debris removal (scab, fire-blight inoculum), trunk/root protection. 

Year 4 — nearing maturity, preparing for full commercial production   

Dormant Winter • Finalize tree framework with renewal pruning, ensuring machinery access and harvest efficiency.  
• Check infrastructure and develop the IPM calendar using previous years’ pest and disease records to guide management 

decisions. 
• Post-harvest sanitation (leaf removal, mummified fruit removal), autumn nutrient applications for reserve building. 

Bloom → early fruit 
set 

Spring • Full IPM program: scab, mildew, fire blight, canker vigilance; 
• Place hives; pollination management; bloom protection per thresholds. 

  Summer • Intensive canopy & fruit management: calcium treatments, irrigation scheduling, targeted summer pruning to manage 
vigour and light.  

• Codling moth and summer pests continue to be a high priority. 

 Fruit development Autumn (just 
before next 
annual 
harvest cycle 
begins) 

• Thinning & biennial prevention: 
enforce thinning strategy to stabilize 
annual yields. 

• Apply autumn P & K. 

Harvest main crops (Gala, Golden, Fuji). Apply thinning next cycle to prevent 
biennial bearing. Record yield, quality, and income data for management analysis. 
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Table 2-5. Crop management calendar for routine apple management - covering France, Italy and Poland  

Season / Growth stages Growth Stages and Key 
Management Practices 

France Italy Poland 

Spring (March-May) 
Bloom, Pollination, Early Fruit 
Set 

Bud break and flowering: • Monitor for early signs of 
bud break and flowering. 

• Monitor for early signs of 
bud break and flowering. 

• Protect against frost in 
cooler zones.  

• Plan specific biostimulant 
applications to manage 
frost damage. 

• Take care about king flower 
development to plan the 
spray of chemical thinning 
program in flowers.  

• Dormant pruning. Remove 
dead/diseased wood and 
maintain light penetration. 

Pollination management • Ensure adequate pollination 
by managing bee 
populations and planting 
compatible varieties. 

• Ensure compatible 
pollinator cultivars. Place 
honeybee hives (4-6 per 
ha). Avoid insecticides 
during bloom. 

• Place bee hives (2-5 
hives/ha) at pink bud to full 
bloom. Ensure compatible 
pollinizer rows are 
flowering simultaneously. 

Fertilisation: • Apply fertilisers based on 
soil test results to support 
growth. 

• Apply nitrogen and 
micronutrients as per soil 
and leaf tests. Use 
fertigation where drip 
systems exist. Foliar boron 
may improve fruit set. 

• Apply base nitrogen (30-50 
kg N/ha, adjusted to soil 
test), and foliar 
micronutrients (B, Zn). 

Pest and disease monitoring • Begin monitoring for pests 
like aphids and diseases 
such as apple scab. 

• Start IPM scouting for apple 
scab, powdery mildew, 
aphids, and fire blight. 
Begin preventive fungicide 
sprays when infection risk is 
high. 

• Fungicide applications 
should follow BBCH stages, 
monitoring the risk 
infections. To use 

• Begin fungicide sprays at 
green tip → pink → petal 
fall for scab, mildew, 
canker. Monitor for aphids 
and psylla. 

• Fungicide sprays could start 
even earlier dependant on 
scab pressure and 
development with use of 
mostly copper 
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Season / Growth stages Growth Stages and Key 
Management Practices 

France Italy Poland 

provisional models (e.g. 
RimPRO) 

formulations. Botrytis and 
Erwinia amylovora 
protection where relevant 
before/during flowering. 
Monitoring for spider mites 
and dependant on the 
situation use either 
organic/parrafin oil before 
green tip or use of 
acaricides on later stages. 
Monitoring for leafrollers 
(Tortricidae). Flower 
thinning.  

Irrigation • Start irrigation when soil moisture drops below field capacity. 
Frost protection • Prepare wind machines or sprinklers if site is frost-prone. To 

use the candles to reduce the frost impact 
• Prepare wind machines or 

sprinklers if site is frost-
prone. 

• Use of biostimulants and 
pgr's for frost damage 
mitigation. 

Weed control • First herbicide pass under tree rows; mow alleyways. Maintain weed-free strip (0.5-1 m width). 

Summer (June-August) 
Fruit Development 

Fruit Thinning • Remove excess fruit to 
improve size and quality. 

• Thin fruit (manual or 
chemical) in early summer 
to optimize fruit size, 
prevent biennial bearing, 
and maintain tree balance. 

• Dependant on the strategy 
decided by farmer and 
weather. Flower or small 
fruit thinning. Thin fruits 4-6 
weeks after full bloom. 

Irrigation • Adjust irrigation to meet 
the needs of developing 
fruit. 

• Adjust irrigation scheduling 
to maintain consistent soil 
moisture.  

• Avoid water stress to 
prevent fruit drop or 
cracking. In southern 
regions, use mulching or 

• Apply 20-40 mm/week as 
needed. 
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Season / Growth stages Growth Stages and Key 
Management Practices 

France Italy Poland 

shade nets to limit heat 
stress. 

Fertilisation • Split remaining N doses • No further applications • Split remaining N doses; 
apply K, Ca (foliar calcium 
sprays every 10-14 days to 
prevent bitter pit). 

Pest & Disease Management • Control codling moth, 
aphids, scab, mites. Use 
pheromone traps for 
monitoring. Continue IPM 
program. 

• Continue IPM program: 
monitor codling moth, 
aphids, mites, fruit rot, and 
scab. Use pheromone traps 
for codling moth and 
mating disruption. Apply 
biological controls where 
possible. 

• Control codling moth, 
aphids, scab, mites. Use 
pheromone traps for 
monitoring. Continue IPM 
program. 

• Tortrix, wood and bark 
diseases, Fireblight, 
botrytis, powdery mildew 

Canopy Management • Perform summer pruning and shoot positioning to open canopy for light and spray penetration. 
• Remove water sprouts and overlapping shoots. 

Weed & Groundcover • Mow alleyways, maintain 
under-row strips clean. 

• Mow alleyways regularly. 
Maintain clean under-row 
herbicide or mulched strips 
(0.5-1.0 m). Avoid excessive 
bare soil to prevent erosion. 

• Mow alleyways, maintain 
under-row strips clean. 

• Second herbicide spray. 

Autumn (October-November) 
Harvest & Post-Harvest Care 

Harvesting • Main harvest window late 
Aug-Oct depending on 
cultivar. 

• Main harvest window 
August-October in all Italy, 
in the north also 
November/December for 
specific varieties 

• Main harvest window late 
Aug-Oct depending on 
cultivar. 

Post-Harvest Handling • Grade, cool, and store immediately in controlled atmosphere. 

Nutrition • Apply autumn fertilisers (P, K, Mg) and low N to support next spring’s reserves.  
• Apply organic matter or compost to enrich soil. 
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Season / Growth stages Growth Stages and Key 
Management Practices 

France Italy Poland 

Pest/Disease Cleanup • Collect fallen fruit and leaves (reduce scab/canker).  
• Apply urea (5%) spray to aid leaf decomposition. 
• Apply IPM programs during leaf fall 
• Copper/fungicide application to secure abscission scars. 

Weed & Groundcover • Final mowing, remove excessive vegetation before snow. 

Tree Health • Check for trunk damage, pests (voles, rabbits). Install guards. 
Winter (December-February) Pruning • Perform dormant pruning in mid-late winter (Jan-Feb). Remove crossing, diseased, or 

overcrowded branches. Shape trees for balanced structure and light distribution. Avoid pruning 
during frost periods. 

 Pest & Disease Sanitation • Remove mummified fruit, diseased wood.  
• Apply dormant oil/lime sulphur sprays (aphid eggs, scales and mites). 
• Monitor for canker and remove affected wood. 

 Soil Management • Apply compost or well-rotted manure in winter or early spring.  
• If soil tests show low pH, apply lime (especially in northern acidic soils).  
• Avoid excess N before spring growth. 
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Apple orchards follow well-established training systems that shape trees into narrow, tall forms,most 
commonly spindle or palmette architectures, to facilitate mechanised spraying, ease manual 
harvesting and improve light interception. During the first three to four years after planting, young 
trees undergo formative pruning to develop a stable, well-aerated structure suited to modern orchard 
designs. Once this framework is established, annual pruning focuses on fruiting regulation and general 
maintenance to maintain productivity and fruit quality (Natural England, 2010). 

To reduce labour costs, modern orchards are designed to simplify pruning. Current trends include: 

• Low, compact shapes (spindles, palmettes) to ease pruning, thinning, harvesting and spraying. 

• Long or minimal pruning, which is less severe and focuses on rebalancing and removing dead 
or broken branches. 

• Mechanical pruning, increasingly used pre-pruning in winter to reduce manual labour. 

Fertiliser & Nutrient Management 

Nutrient management in French apple orchards is increasingly based on precision approaches, with 
fertiliser applications guided by regular soil and leaf analyses. Nitrogen inputs are carefully managed 
and reduced where possible to comply with environmental regulations and to improve nutrient-use 
efficiency (AHDB, 2017). Soil analysis is typically carried out every three to five years to assess levels 
of key nutrients such as phosphorus, potassium, magnesium and calcium, as well as organic matter 
status. These results help identify the need for amendments, including liming to correct soil pH. Leaf 
analysis is generally performed annually to verify nutrient uptake by the trees, with particular 
attention to essential elements such as nitrogen and potassium, and, where necessary, trace elements 
such as boron and zinc. In modern, productivity-oriented orchards, fertilisers are usually applied in 
split doses to match the physiological needs of the trees. Nitrogen applications commonly occur in 
late winter or early spring (March-April) to support vegetative growth, flowering and fruit set; during 
peak growth in late spring to early summer (May-June) to sustain fruit and shoot development; and 
after harvest in autumn to replenish reserves for winter and ensure strong growth the following 
season. (SAGEA, 2025) 

Irrigation 

Irrigation is regionally variable. In drier zones and for high-value fresh fruit, drip or micro-sprinkler 
systems are common in newer plantings. Traditionally, irrigation was limited in many regions with 
sufficient rainfall, but it is now widely used, especially in southern and continental areas. Drip irrigation 
is the most common system, as it allows precise water delivery, reduces losses and can be combined 
with fertigation. Sprinkler systems are still used in some orchards, particularly for frost protection in 
spring (Terrade & Fraissenet, 2015).  

Pest & Disease Control (IPM, Fungicides, Biologicals) 

France places strong emphasis on Integrated Pest Management (IPM) and follows national and 
regional guidelines for Integrated Fruit Production. Strategies include dose regulation, monitoring and 
biological control. Research focuses on reducing fungicide and insecticide rates through dose 
adjustment by leaf area and targeted spray timing. On average, orchards receive the equivalent of 
29.5 applications per year of plant protection products (Zaller et al., 2023). The most significant 
diseases are apple scab (Venturia inaequalis), powdery mildew (Podosphaera leucotricha) and brown 
rot (Monilinia fructicola). Key pests include codling moth (Cydia pomonella), rosy apple aphid 
(Dysaphis plantaginea), and red spider mites (Tetranychus urticae, Panonychus ulmi) (Furmanczyk et 
al., 2022). 
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Weed Control (Orchard-Floor Management) 

Despite advances in alternative approaches, the dominant model for managing the floor of mature 
orchards (over three years old) remains: 

1. Inter-row management: Grass cover controlled by mowing. 

2. Within-row management: Chemical weed control using reduced doses of herbicides 
(including glyphosate), subject to strict regulations such as maximum treatment areas. 

The strongest trend is toward mixed programs combining inter-row mowing with mechanical within-
row weeding, driven by environmental incentives and reduced availability of herbicides.  

Organic orchards rely mainly on mechanical and vegetative approaches. Challenges include high 
labour costs for mechanical weeding and practical limitations in sloping or rocky orchards. 
(SAGEA,2025) Mulch is widely used in Poland’s high-density apple orchards to control weeds, reduce 
herbicide use, conserve soil moisture and support early tree growth. Black polyethylene is most 
common, while woven polypropylene is more durable while biodegradable mulches are gaining 
interest. However, plastic mulches have higher initial costs, can shelter rodents, may overheat soil and 
require eventual removal and disposal.1 

Harvesting & Handling 

Fresh-market apples are predominantly hand-harvested to preserve premium fruit quality through 
careful picking and grading. Mechanical harvesting is seldom used for fresh apples, as the increased 
risk of bruising significantly reduces storage potential and shelf life. In contrast, apples destined for 
processing or cider production may be harvested mechanically, where cosmetic damage is less critical 
(Karl et al., 2022). Rising labour costs are encouraging growers to optimise pruning and harvesting 
operations and to adopt labour-efficient orchard designs; however, the production of high-quality 
fresh fruit continues to rely on manual harvesting. 

2.3.3 Italy  

Italy is Europe’s second-largest apple producer with 55-60,000 hectares of orchards, representing 
about 20% of the EU’s total apple production (Eurostat, 2026). Annual production typically reaches 2-
2.3 million tonnes. Italy is also a major exporter of apples, shipping about 946,000 tonnes of fresh 
apples in 2024 (WITS, 2024). 

Organic apples represent between 5 and 10% of the total market in Italy. In 2023, in Italy, a total area 
of approximately 9,000 hectares was used for the production of organic apples (Bio Eco Actual, 2024). 
In 2025 organic apple production stood at 175,000 tonnes, down 6% from 2024 (Assomela, 2025). 

The sector faces increasing challenges from climate change (late frosts, heatwaves, hail, and water 
stress), rising pest and disease pressure under stricter PPP regulations, and economic difficulties tied 
to labour shortages, high production costs, and strong market competition. 

Main Production Regions 

Italian apple production is strongly concentrated in the north of the country, with nearly 90% coming 
from four regions: Trentino-Alto Adige, Veneto, Piedmont, and Emilia-Romagna (Figure 2-4). In 2020, 
Trentino-Alto Adige dominated production, accounting for 60.8% of national output and 49.5% of 
apple-growing area. Veneto and Piedmont followed, while Emilia-Romagna contributed a smaller but 
still significant share (Muder et al., 2022). The organic apple market in Italy currently accounts for 5-

 

1 https://pmc.ncbi.nlm.nih.gov/articles/PMC9740682  

https://pmc.ncbi.nlm.nih.gov/articles/PMC9740682
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10% of total apple production, Production is primarily concentrated in the key regions of Trentino-
Alto Adige, Veneto, and Emilia-Romagna, where organic farming practices are widespread (Bio Eco 
Actual, 2024). 

 

Figure 2-5. Apple Production in Italian Regions (Muder et al., 2022). 

Climate, Soil & Growing Conditions 

Apple production in Italy is mainly concentrated in the northern regions with Trentino-South Tyrol as 
the dominant production region where favourable microclimates, altitude and glacial-alluvial geology 
make the region exceptionally well suited to apple growing. The climate of northern Italy is temperate 
sub-continental, characterised by cold winters and warm to hot summers. Average annual 
temperatures range from 12 to 14 °C, with annual rainfall of approximately 600-800 mm, most of 
which occurs in spring and autumn. During the growing season, evapotranspiration generally exceeds 
precipitation, making irrigation an essential component of orchard management. Other important 
regions, such as Emilia-Romagna and Veneto, have a continental climate characterised by hot 
summers and cold winters, traditionally favourable for apples. However, recent years have seen hotter 
summers, milder winters and an increased risk of late frosts in March and April (ISPRA, 2025; SAGEA, 
2025).  

Most deciduous fruit crops in Italy are concentrated in northern regions, particularly in the eastern Po 
River Valley and the Adige River Valley. Soils in the Po Valley are mainly fertile alluvial soils, typically 
fine-textured, alkaline, and calcareous with high calcium content, often with low organic matter. While 
in the Adige Valley, soils range from sandy loam and loamy sand to sandy clay and may also be 
calcareous. Central and southern Italy generally have soil and climate conditions less suitable for large-
scale apple production (Costantini et al., 2004).   

Typical Apple Orchard 

The average farm in Italy has about 11 hectares of utilised agricultural area. Fruit orchards (all fruit 
tree types) cover a smaller portion of this area, with individual orchard blocks often averaging around 
2.7 ha of permanent tree crops per farm (Massariolo, 2022). There are about 50,000 farms in Italy that 
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grow apples. Around 42.6 % of these farms have less than 2 ha of apple orchards, 27 % have between 
2 - 5 ha, and 15.5 % between 5 - 10 ha. Most producers are small-scale growers (Muder et al., 2022). 

In Trentino-Alto Adige, a high proportion of farms are small in size: 48.4% are under 2 hectares and 
33.2% range between 2 and 5 hectares. These figure highlight the region’s agricultural structure, which 
is dominated by small family-run hilly farms rather than large-scale operations (Muder et al., 2022).  

Varieties Grown 

Apple production in Italy is largely oriented toward the fresh fruit market, as consumer demand for 
processed apple products such as juice, applesauce and dried apples is relatively low. Consequently, 
these products are limited to niche markets, while fresh apples dominate the sector. Golden Delicious 
is the leading variety, accounting for 38% of total production, followed by Gala (16%), Red Delicious 
(11%), Fuji (8%), Granny Smith (7.5%) and Cripps Pink (5%).  Italy also produces trademarked apples, 
grown only by licensed orchards under strict quality standards for size, colour, and sweetness, 
ensuring consistency and typically higher prices (club varieties). Examples include Pink Lady, Ambrosia, 
Envy, Kanzi, Shinano Gold, Magic Star and Cosmic Crisp which have been gaining in popularity 
(CropLife Europe, 2016). 

Land Preparation & Establishment 

Apple orchards in Italy are established on deep, well-drained soils, prepared by deep tillage, levelling 
and organic matter incorporation. Italian orchards are highly developed, featuring intensive land 
preparation, drip irrigation systems and hail nets. 

Planting Density & Rootstocks 

Modern orchards use high-density planting systems with narrow rows (3.0-3.5 m) and close tree 
spacing (0.8-1.2 m), resulting in 2,500-4,000 trees/ha. Common rootstocks include M9 (dominant), 
M26 and increasingly disease-tolerant clones. Conventional systems dominate, while organic orchards 
use wider spacing and lower tree density. Intensive systems are prevalent in Trentino-South Tyrol, 
favouring mechanisation and yield efficiency (Thomann et al., 2009).  

Pruning and Training 

Pruning is intensive and precise to ensure light penetration and fruit quality. Trees are typically trained 
to narrow, tall, spindle forms to facilitate mechanised spraying and hand harvesting (Mika, 1992). New 
plantations in some areas adopt the Guyot method (where branches are trained horizontally along 
wires). Pruning is usually carried out once per year, typically in February.  

Fertiliser & Nutrient Management 

Integrated fruit production, a system combining IPM with soil and nutrient management, has been 
largely adopted in orchards of north Italy. Correct nutrient supply under these conditions is expected 
to reconcile yields (including quality characteristics and storage issues) and environmental concerns 
(minimise leaching, soil pollution, volatile emissions). 

In Italian apple orchards, nutrient management is increasingly based on precision farming principles, 
with fertiliser strategies guided by regular soil and leaf analyses to match tree requirements and crop 
load. Emphasis is placed on reducing nitrogen inputs to comply with environmental regulations and 
to avoid excessive vegetative growth. Fertilisation programmes typically include the application of soil 
improvers and phosphorus and potassium fertilisers in autumn. Where required, nitrogen is applied 
at the end of winter, often in the form of balanced NPK fertilisers, with application rates adjusted 
according to orchard needs. Micronutrients are generally supplied through foliar applications in spring 
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when deficiencies are identified. Fertilisation is predominantly based on organo-mineral formulations; 
however, mineral fertilisers are still used by a number of farms. 

Modern farms increasingly use drones to scan orchards and analyse data on tree vigour and 
chlorophyll content. 

Irrigation 

Italian orchards are fully irrigated, primarily using drip or micro-sprinkler systems. In drier regions, 
these systems ensure consistent water supply for high-value fresh fruit. In Piedmont, a combination 
of drip and flood irrigation is common. 

Pest & Disease Control (IPM, Fungicides, Biologicals) 

Integrated Pest Management (IPM) is widely adopted, incorporating monitoring, dose regulation and 
biological control methods. Disease forecasting systems are commonly used to optimise spray timing 
and reduce chemical inputs for treatments and timings. A typical apple production calendar is shown 
in Table 2-6 , and treatment schedule in Figure 2-6Error! Reference source not found.. 

Key diseases in Italian apple production include apple scab (Venturia inaequalis), powdery mildew 
(Podosphaera leucotricha), fire blight (Erwinia amylovora) and physiological disorders such as bitter 
pit. Apple proliferation phytoplasma (Candidatus Phytoplasma mali) is endemic and has been a major 
issue for around 20 years. Control of its psyllid vectors is mandatory. (Provincia autonoma di Trento, 
2025).  

Other key pests include codling moth (Cydia pomonella) and rosy apple aphid (Dysaphis plantaginea). 

Table 2-6 Apple production calendar with key pests/diseases and typical treatments 

Growth Stage Description Typical Month Targets Recommended Treatments 
Dormancy / Winter 
Rest 

Trees are dormant; 
buds inactive. 

Dec - Feb Mite eggs, 
overwintering fungal 
spores (apple scab, 
powdery mildew) 

Dormant oil spray (smothers 
insects/mites), Copper-based 
fungicide (reduces overwintering 
fungal spores) 

Bud Swelling / Green 
Tip 

Buds begin to 
swell; early growth 
signs. 

Mar - early Apr Early aphids, 
European red mites, 
fungal spores 

Sulphur or copper fungicide (scab 
control), Insecticidal oil 
(mites/aphids) 

Bud Break / Leaf 
Emergence 

Buds open; leaves 
appear. 

Apr Aphids (green apple, 
rosy apple), codling 
moth eggs, apple 
scab, powdery mildew 

Systemic insecticide (aphids/early 
pests), Contact fungicide for scab 

Flowering / Full 
Bloom 

Flowers bloom; 
pollination occurs. 

Mid-Apr - May Pollinators present so 
insecticides avoided, 
scab, powdery mildew 

Avoid insecticides during bloom, 
fungicide if wet conditions (scab) 

Petal Fall / Fruit Set Petals fall; small 
fruits form. 

May Codling moth eggs, 
aphids, mites, apple 
scab 

Codling moth pheromone traps, 
insecticide for larvae, fungicide for 
scab/mildew if wet 

Fruit Development / 
Growing 

Fruit enlarges; 
vegetative growth 
continues. 

Jun - Jul Codling moth larvae 
(1st gen), aphids, 
mites, apple scab, 
powdery mildew 

Insecticide for codling moth/ 
/aphids, miticide for mites, 
fungicide only if conditions favour 
disease 

Fruit Maturation / 
Colouring 

Fruit changes 
colour; sugar 
content increases. 

Aug - Sep Codling moth (2nd 
gen), apple sawfly, 
fruit rots  

Late-season insecticide if codling 
moth found, fungicide to prevent 
rot, observe pre-harvest intervals 

Harvest / Pre-
Dormancy 

Fruit ready for 
picking; leaves fall. 

Aug - Oct N/A Avoid sprays close to harvest (PHI), 
sanitation: remove fallen fruits, 
prune diseased wood 
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Figure 2-6. Visual representation of apple production cycle in Europe.  Seasons are shown across the top with months marked using dashed lines. Growth 
phases are graphically shown as dormant, flowering, in-leaf and fruit ripening. Timing of fertilisation activities is shown in the pink bar. Timings of plant 
protection products (PPP), are shown with different colour bars inside representing the windows in which herbicides (green), fungicides (yellow), plant 
growth regulators (PGRs) (blue) and Insecticides (orange) may be applied with the most common timings marked with the spray icon of the same colour.
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Weed Control (Orchard-Floor Management) 

Weed management combines mechanical tillage, herbicide application and ecological practices. 
Herbicide programs are typically limited to within-row applications, while inter-row spaces are 
covered with grass or weeds. Weeding operations usually occur 4-6 times per season, with 2-3 
herbicide applications (including sucker control). In organic orchards, mechanical weeding and cover 
cropping are prevalent. 

Harvesting & Handling 

Fresh-market apples are hand-harvested to minimise bruising and maintain quality. Mechanical 
harvesting is more common for apples destined for processing. High labour costs have driven the 
adoption of mechanised systems to improve efficiency, in the lower value processing markets. Despite 
this trend, hand harvesting remains common for fresh-market apples to maintain quality. 

2.3.4 Poland 

Poland is the world’s fourth largest apple growing nation and is the EU’s leading apple producer. It 
has 80,500 orchards that cover 165,000 hectares and produce around 3.2 million tonnes of apples 
annually, of which over 800,000 tonnes are exported (European Council, 2024). Apples are a major 
export commodity: in 2023, Poland shipped over 800,000 tonnes of fresh apples, making it the second-
largest exporter in Europe and seventh worldwide (Fresh Plaza, 2025). A substantial share of 
production, around 50-70 percent, is processed into juice, concentrate,and other products, with the 
remainder sold fresh on domestic and export markets (AgriDataValue, 2025). 

In recent years, production has fluctuated due to spring frosts, hail, heavy rainfall and heatwaves, all 
of which affect yields and fruit quality. Growers also face structural challenges: the Russian embargo 
forced a shift to new export destinations, while rising labour and input costs, along with stricter 
sustainability and phytosanitary requirements, have tightened margins. These pressures are 
prompting consolidation, with some smaller growers exiting the sector and larger, export-oriented 
farms investing in modernisation and technology (European Commission, 2025). 

Main Production Regions 

Apple production in Poland is concentrated in a few key regions. In 2018, apple tillage was mainly 
located in the Mazowieckie voivodeship, which accounted for 41% of the total national apple-growing 
area. Other important regions included the Świętokrzyskie and Lubelskie voivodeships, each 
representing about 13% of Poland’s apple area (Muder et al., 2022). By 2024, the highest proportions 
of farms engaged in orchard tillage were recorded in Mazowieckie (22.6%), followed by Lubelskie 
(16.5%), Świętokrzyskie (15.7%), and Łódzkie (10.3%). (SAGEA, 2025) 
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Figure 2-7. Apple production regions in Poland (Muder et al., 2022) 

Climate, Soil & Growing Conditions 

Poland has a temperate, continental climate, with some maritime influence in the west and 
increasingly continental conditions toward the east. Winters are generally cold and often long, while 
summers are warm but not excessively hot. The annual average precipitation is about 610 mm; 
however, rainfall varies by region, reaching approximately 787-1,194 mm in mountainous areas and 
decreasing to around 457 mm in the central lowlands (Britannica, 2026b).  This climate presents both 
advantages and challenges for apple production. Adequate winter chilling ensures reliable bud break, 
moderate summer temperatures favour good fruit size, coloration and storability, while cold winters 
help naturally suppress pests. Conversely, apple growers face risks from late spring frosts, winter 
injury, uneven rainfall that increases the need for irrigation and occasional hailstorms and strong 
winds (Coleman, 2018).  

Typical Apple Orchard 

Polish apple production is largely characterized by small family farms, with approximately 89.3% of 
producers cultivating less than 5 hectares (Quesada & Żołnierski, 2023). The sector is therefore divided 
between traditional, family-owned orchards averaging around one hectare and a steadily expanding 
commercial segment, where farm sizes typically range from 5 to 20 hectares. Orchard layouts vary 
considerably, and many traditional holdings are organized into long, narrow field strips, reflecting 
historical land division patterns (Doermann, 2025). 

Labour, Mechanisation & Economics 

Historically, Poland benefited from relatively low labour costs; however, increasing labour shortages 
and rising labour costs have become major challenges for apple growers. These economic pressures 
are now driving greater mechanisation in apple production, especially on commercialised farms 
aiming for the processing sector. Although the adoption of mechanisation is underway, it is not yet 
widespread on the smaller family farms.  
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Varieties Grown 

Poland grows a wide range of apple varieties, including Idared, Jonagold, Champion, Ligol, Golden 
Delicious, Red Delicious, Gala, Gloster, Lobo and Cortland. A large share of production is processed 
into juices, concentrates and sauces rather than sold fresh (AgriDataValue, 2025). Polish apple 
production is mainly based on integrated farming methods, with increasing interest in organic 
systems. Newly established orchards are largely planted with modern commercial varieties, including 
Red Jonaprince (about 18% of production), Gala (17%), Idared (17%), Champion (11%) and Golden 
Delicious (10%) (Apples from Europe, 2024). 

Land Preparation & Establishment 

Site preparation for apple orchards in Poland begins one to two years before planting and includes 
soil testing and pH correction. Fields are cleared of weeds, deeply ploughed or subsoiled to improve 
drainage, enriched with organic matter, then levelled, rowed and equipped with irrigation in modern 
orchards. 

Planting Density & Rootstocks 

Poland is gradually transitioning from low-density orchards to high-density production systems, 
although national averages still reflect a mix of traditional and modern plantings. New orchards 
increasingly rely on dwarfing and semi-dwarfing rootstocks, such as P22, P59, and P60, combined with 
closer spacing. These high-density systems, often exceeding 2,500 trees per hectare, and are designed 
to improve early yield, productivity and overall management efficiency (Gandev, 2009). 

Pruning and Training 

Pruning and training in Polish apple orchards are closely linked to orchard density, rootstock choice, 
and the level of mechanisation. Intensive training systems, such as spindle and slender pyramid, are 
becoming more common, but many older orchards still use traditional forms, with trees trained as 
central leaders or open crowns. Pruning practices are shifting towards mechanisation for wood 
removal and more strategic canopy management (Gandev, 2009). During orchard establishment, 
flowering is regulated to prevent fruit set, allowing trees to focus on vegetative growth and proper 
canopy development. The decision to use flower or small-fruit thinning is made by the farmer, based 
on flowering intensity and prevailing weather conditions. 

Fertiliser & Nutrient Management 

Fertiliser use in Polish apple orchards is guided by soil testing, with an emphasis on balancing nitrogen, 
phosphorus, and potassium while improving soil organic matter levels. Application rates vary 
according to farm size and the intended market. Plant growth regulators and bio-stimulants are also 
used to support tree performance. Nitrogen is commonly applied in split doses during spring and early 
summer to promote vegetative growth and fruit development, while excessive nitrogen application is 
avoided to limit disease pressure and preserve fruit quality (Kowalczyk et al., 2022). 

Irrigation 

Historically, irrigation was uncommon in northern and central regions but supplementary irrigation is 
now widely used in intensive orchards to reduce drought stress and stabilise yields. Most commercial 
orchards either install irrigation systems at the time of planting or retrofit older orchards to maintain 
consistent production. In Polish orchards, micro-jet and drip irrigation systems are commonly used to 
deliver water directly to tree rows, improving water-use efficiency. A 2019 survey found that 23.1% of 
orchard area in Poland was irrigated (Labedzki, 2007). 
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Pest & Disease Control (IPM, Fungicides, Biologicals) 

Key diseases include apple scab (Venturia inaequalis), powdery mildew (Podosphaera leucotricha), fire 
blight (Erwinia amylovora), and physiological disorders such as bitter pit. Common pests include 
codling moth (Cydia pomonella) and rosy apple aphid (Dysaphis plantaginea). Poland has transitioned 
from heavy chemical use to Integrated Pest Management (IPM), incorporating monitoring, biological 
control, selective insecticides, mating disruption and targeted applications. Fungicide rotation and 
certification schemes such as Global GAP are widely adopted to meet EU and export standards. 
(SAGEA, 2025). The Polish apple production calendar and treatment schedule  is similar to that shown 
for Italy in Table 2-6 and Error! Reference source not found., with the key differences being that more v
ariable weather increases scab pressure and the prevalence of spring frosts increases blossom 
damage, creating entry points for secondary infections.  

Weed Control (Orchard-Floor Management) 

In most Polish apple orchards, weeds are controlled within the tree row, while a grassed alley is 
maintained between rows. Weed management typically combines mechanical tillage with targeted 
herbicide strips, with practices varying according to orchard age and market orientation. In intensive 
orchards, mechanical strip tillage is often supplemented with herbicide rings around tree trunks. 
Herbicide strips are common in nearly all commercial orchards. In organic orchards, weed control 
relies primarily on mechanical weeding, cover crops and the use of organic mulches.  

Harvesting & Handling 

About 70% of Polish apples are processed. Mechanised harvesting methods such as ground collection 
or shaker-and-conveyor systems are increasingly used for processing-grade fruit, although adoption 
remains limited. Hand-picking is standard for fresh-market apples destined for export, while lower-
quality fruit is collected manually at the end of harvest. Apple storage is essential in Poland for year-
round supply and price stability. Infrastructure is well developed, with refrigerated facilities common 
and about 38% of storage units using controlled-atmosphere technology (Muder et al., 2022) together 
with fungicide treatments to control storage rots. 

2.4 Conclusion 

Growing a crop is a highly complex process that demands continuous, integrated decision-making 
across multiple seasons. Successful growers must execute a sophisticated program of crop 
management that encompasses cultivar selection, nutrition, irrigation, pest and disease control, 
pruning and harvest timing to consistently deliver high-quality yields while maintaining economic 
viability and environmental responsibility. 

This complexity is particularly pronounced in perennial crops such as apples, where the establishment 
phase is lengthy and highly capital-intensive. New orchards require several years before reaching full 
productivity and can have a lifespan of up to 30 years, representing a substantial financial 
commitment. Because of this long-term investment, producers require a high degree of certainty 
regarding the future availability and effectiveness of essential crop management tools and techniques, 
including plant protection products. When growers face uncertainty about the availability of 
management options, willingness to invest in new plantings is likely to diminish. Sustainable crop 
production, therefore, depends not only on advancing technical knowledge and alternative solutions, 
but also on providing growers with stable, science-based policies that support informed, long-term 
decision-making. 
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3 AGROECOLOGICAL REVIEW 

3.1 Methodology 

This analysis investigates the impact of five agricultural practices on seven groups of Non-Target 
Terrestrial Organisms (NTTOs) within a European context (Table 3-1). Taxa and practice were selected 
based on likelihood of the practice having an effect on the taxa. Therefore, certain combinations of 
taxa/practise were not investigated (for example interactions between above ground practices and 
soil dwelling organisms). The literature review process was adapted from Green et al, (2024), resulting 
in 17 separate reviews.  

Table 3-1 List of literature review topics  

Assessed 
Criteria  

Studied organism 

Practice Earthworm Spring tails 

(Collembola) 

Spiders Gound 
beetles 

(Carabids) 

Rove beetles 

(Staphylinids) 

Butterflies 
and moths 

(Lepidoptera) 

Soil Mites 

(Acari) 

Tillage 

       

Harvesting 

       

Mowing 

       

Fertiliser 

       

Rotation        

3.1.1 Search Methodology 

Several stages of research were conducted to ensure comprehensive search terms were developed, 
with all key research captured.  

For each literature review, a primary research question was defined. This was supported by simple, 
tool‑ and criterion‑specific questions to inform the initial search strategy (e.g. what are the impacts of 
ploughing on earthworms?). These questions were used alongside broad search terms (e.g. 
earthworm AND tillage) to identify relevant keywords, concepts, and influential authors. The primary 
research question was subsequently entered into the AI tool Elicit to scope the evidence base and 
identify potentially relevant studies. 

Following Elicit results, search terms were entered into Google Scholar and Web of Science. The initial 
terms were developed from Green et al. (2023), on non-chemical tools as shown in Table 3-2. Only 
English-language terms were used. Specific papers provided the opportunity of snowballing, for 
example mapping papers that cited Thorbek & Bilde (2004) for both tillage and mowing. Subsequent 
research included iterative refinements of search terms (see Table 3-2 for example on harvest and 
spiders). 
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The primary focus was to look for meta-analyses that had summarised multiple studies, however, it 
became evident that for some combinations there was very little research available and specific 
papers had to be sought in order to source information.  The target was to identify papers that could 
provide quantification of impacts, but where this was not possible more qualitative impacts were 
used.  

Table 3-2 Refinement of search terms for impact of tillage on spiders  

Practice Intervention Outcome 

Original Search 
Terms  

(TS=(“review*”) OR TS=(“meta-
analysis*”)  (TS=("harvest") 

AND (TS=(“spider") 

Refined Search 
terms  

(TS=(“review*”) OR TS=(“meta-
analysis*”) AND (TS=("harvest") OR 

(TS="Reaping") OR 
(TS="Picking")OR (TS="Mechanical 

harvest")OR ("Crop Removal") 

AND (TS=(“spider") OR ("arachnid") " 
TS=(“impact*”)  TS=(“population 

response*”) 

3.1.2 Scoring and refinement  

For each practice an Excel file was created to capture the impact on each organism studied from the 
literature review. The Excel included details of criteria, search terms, evaluation, scoring of data and 
summary and synthesis of themes. Depending on the availability of literature, research outside of the 
originally proposed European area was included and the search expanded to older papers, which were 
believed to contain relevant information. A scoring system was used to determine the overall quality 
of research (summarised in Table 3-3), and any scores below ‘moderate’ for overall quality were 
excluded from the final literature review. For full methodology of scoring, see Figure 5-1 in appendix 
for details.  

Table 3-3 Critical appraisal criteria used to score papers for overall quality 

Critical appraisal  

Quality of literature   
(determined by number of 

papers in review) 

Relevance of 
context 

Relevance of 
region 

Overall 
Quality (Key determining score) 

Low-High Low-High Low-High Low- High 

For each research area, the aim was to identify a minimum of ten papers to be utilised for review, 
where sufficient research was available. Research was organised qualitatively and quantitatively in 
terms of impacts to abundance, biomass and species diversity. Any data gaps were noted in the 
‘knowledge gaps’ section during the write up.   
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3.1.3 Species assessed 

Earthworms (Oligochaetes) 

Earthworms are detritivores and coprophages feeding on a wide range of organic matter in the soil, 
including decomposing plant material, nematodes, bacteria, fungi and other micro-organisms. They 
generally have a positive effect on many ecosystem services such as soil structure, water regulation 
and nutrient cycling (M. Bertrand et al., 2015)  There are three broad groups defined by their eco 
physiological habits.   

o Anecic earthworms dig deep, permanent burrowsbu, digging depths greater than 1m in the 

soil  (M. Bertrand et al., 2015)  

o Epigeic earthworms do not form burrows, remaining in the litter layer and in the first 20cm 

of soil depth They have little effect on the soil’s structure (M. Bertrand et al., 2015)  

o Endogenic earthworms are topsoil burrowers. Their burrowing diameter is smaller than 

anecic and they do not burrow deeply (M. Bertrand et al., 2015)  

Spring tails (Class - Collembola) 

Collembolans, or spring tails, are small wingless arthropods that dwell in leaf litter and soil.  They can 
have a range of different trophic levels - some are herbivores, primary decomposers or secondary 
decomposers, whilst others  feed on bacteria and other microorganisms (Liu et al., 2016).  
Collembolans have a significant influence on soil microbial ecology, nutrient cycling and soil fertility 
via feeding on soil microorganisms and dead organic matter (Filho et al., 2016). 

Spiders (Order - Araneae) 

Spiders are predominantly predatory, playing vital ecological roles as generalist predators. They 
exhibit remarkable diversity in hunting strategies (web-building, active hunting, ambush) and habitats 
worldwide. They are important generalist predators in agriculture systems and act as a biological 
control agent against pests (Prieto-Benítez & Méndez, 2011). 

Ground beetles (Family - Carabidae) 

Ground beetles are polyphagous predators that have the potential to support pest management in 
crops as well as manage weed seeds (Jowett et al., 2021; Tooker et al., 2020). Their larvae spend much 
of their life in the soil where they prey on various soil-dwelling organisms, before the adults emerge. 
Carabids are highly mobile species, with the ability to walk at considerable speeds and, 80% of species 
are capable of flight (C. Thomas et al., 2002) 

Rove beetles (Family - Staphylinidae) 

This is a large group of beetles, recognisable by their elongated bodies and short wing cases (elytra).  
They are a widespread family of beetles, feeding on many agricultural pests such as aphids, 
caterpillars, wireworms and other invertebrates (Bohac, 1999). 

Butterfly and moth larvae (Order - Lepidoptera) 

There are a range of lepidopteran species that can complete their larval stages in cultivated fields.  In 
the larval stage, some are considered pest species such as fall army worm (Spodoptera frugiperda), 
European corn borer (Ostrinia nubialis), cutworms such as Agrotis ipsilon and the cabbage white 
butterflies (Pieris canidia and Pieris rapae), with larvae feeding on roots or leaf tissues and causing 
yield losses across a range of crops., as adults  lepidopteran species can be important pollinators of 
flowering crops such as oilseed rape, pulses and fruit crops.  
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Soil mites (Sub class - Acari) 

Soil mites display a vast taxonomic diversity. Most soil mites are detritivores or fungivores that feed 
directly on decaying organic material or on fungi or microorganisms, playing an essential role in the 
dispersal of bacterial and fungal agents of organic decomposition and playing an essential role in soil 
formation (Behan-Pelletier, 1999). The order Mesostigmata are a large group of mostly predatory or 
parasitic mites that hunt other small invertebrates especially springtails, nematodes, insect 
eggs/larvae and other mites. They regulate populations of other soil organisms, accelerate nutrient 
cycling and serve as bioindicators of soil health, disturbance, and management practices (e.g., organic 
vs. conventional farming, tillage, or pollution) (de Groot et al., 2016; Koehler, 1999). 

3.2 Tillage 

Definitions 

The terms ‘tillage’ and ‘cultivation’ are often used interchangeably in the literature and refer to 
techniques such as ploughing, digging, draining or smoothing of land done in the course of sowing and 
raising crops (Park, 2007). For clarity, ‘tillage’ is preferred here. 

Tillage is broadly defined as the mechanical manipulation of soil for seedbed preparation, weed and 
pest control and crop residue management (Bertoncelj et al., 2025). In this literature review, tillage 
was encompassed by several techniques: ploughing (also called inversion tillage), direct drill, reduced 
tillage (non-inversion tillage), and no-till, which was often used as the control in studies. Agricultural 
manipulation of soil structure via tillage techniques is one of the most influential practices affecting 
soil biodiversity (van Capelle et al., 2012). Soil tillage has been attributed to the release of greenhouses 
gases and the reduction of provision of ecosystem services,  with impacts to arthropods, (Betancur-
Corredor et al., 2022)  

Key definitions of types of tillage used in this review are set out below (adapted from AHDB Arable 
Soil Management (AHDB, 2026a) 

Ploughing: Full inversion of the soil where the original surface is inverted so that all residues and 
weeds are buried at a depth of 20-40 cm below the surface.   

Deep tillage: Mixing of the soil using disc or harrows to a depth of 20-35cm.  Residues and seeds are 
mixed across the whole profile of the tillage depth. 

Reduced/low (or minimum) tillage: Typically carried out with discs or harrows resulting in a mixing of 
surface 5-10cm of the soil.  This leaves a fair amount of crop residue, weed seed etc on the surface of 
the soil. 

No-till: No mixing of the soil prior to drilling of the following crop.  All crop residues and weed seeds 
are left on the surface of the soil. 

Conventional tillage: This is assumed to be a farming system that is regularly using ploughing or deep 
tillage and causing large amounts of soil disturbance on an annual basis.   

Conservation tillage: This is assumed to be a farming system that no-longer uses any deep tillage and 
is aiming to achieve crop establishment with minimal soil disturbance. 

Harrowing - A soil preparation technique that breaks up the soil, removes crop residues and levels the 
ground, typically performed after ploughing and before planting (Samuel & Dines, 2023b).  
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3.2.1 Key aim 

This review aimed to understand the impact of tillage on arthropods.  It is important to note that in 
many crop rotations a farmer will use a range of tillage practices dependent on the crop to be planted, 
the season (how wet or dry the soil is) and the overall management practices of the farm.  For example, 
ploughing is rarely used every year as it is expensive and slow, instead it is used in rotation to manage 
specific problems, e.g. high weed burdens, compaction or to help dry out very wet soils.  Most of the 
studies reviewed only looked at a single season of tillage and the impacts of that single activity on 
arthropods, rather than the whole rotational tillage system used on farms.  Across Europe there are 
farmers operating on all scales of tillage from those heavily reliant on conventional tillage practices, 
to those who have strictly adopted a conservation tillage approach.  Studies in the literature are 
typically focused on one aspect of a complex agricultural production system that includes rotation, 
tillage, crop establishment, crop protection, fertilisation and harvest across many seasons.   

 

Across the invertebrates assessed, results showed that high soil disturbance has a generally negative, 
but varied impact on the arthropods. For earthworms, carabids, collembola and spiders, the bulk of 
research demonstrated a strong negative impact from deep tillage, as seen in Figure 3-1.  Staphylinids 
were less significantly impacted by deep tillage when compared with shallow tillage. Lepidoptera 
larvae were negatively impacted by tillage, with a  reduction in overall populations. It is worth noting 
that since larval stages of Lepidoptera in the crop would generally be considered as pest species, a 
reduction in populations due to tillage may be considered as a positive agricultural outcome for the 
farmer.  

 

 

Tillage Category 
 

Taxa 

Carabid Collembola Earthworm Spiders Staphylinids 

- 0 + - 0 + - 0 + - 0 + - 0 + 

Plough V  
Non-Inversion Till 

2-   2-      2- 1 1+  2  

Plough V Reduced Till  1  2- 1  8-      1- 1  

Plough V No Till 2- 1  3-   6-  1+ 3- 2  1- 1  

Plough V Undisturbed 1-  1+       2-   1-   

Total 5 2 1 7 1 0 14 0 1 7 3 1 3 4 0 

Figure 3-1. Number of studies reviewed showing positive, negative or neutral impacts on assessed 
arthropod comparing ploughing to different tillage techniques. Orange indicates ploughing was 
more negative than the compared practice, blue indicates no difference, and green indicates 
ploughing had a  positive effect than compared tillage.￼ Overall shading indicates response 
direction: orange = negative effect, yellow = neutral effect, and blue = positive effect. Totals 
summarise the number of outcomes across all tillage comparisons for each taxon. Mostly pest some 
conservation lepidoptera were assessed and therefore results were excluded from the figure to not 
skew positive/negative changes.  
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Overall impacts of tillage on arthropods. 

Tillage involves the introduction of sharp blades, operated under strong force on the soil. 
Consequently, there is significant risk to populations of arthropods present in the soil from physical 
contact with the blades (Pisani Gareau et al., 2004).  The physical turning of the soil can bury small 
invertebrates and surface dwelling arthropods, causing mortality (Bertrand et al., 2015; Cunningham 
et al., 2004). The movement of the arthropods as a response to tillage practices may fragment habitat 
networks, removing the arthropods from their food source and preferred niche (Roger-Estrade et al., 
2010).  

Tillage also has an impact on soil food webs. Conventional plough based and deep tillage favours 
bacterial communities whilst no-till systems favour fungal communities (tillage can break hyphal 
networks) (Liu et al., 2016). No till systems also benefit macro and mesofauna species, due to the 
preservation of vegetation cover and plant litter (Mamabolo et al., 2024). Tillage practices can also 
influence the distribution of organic matter through the soil profile, and therefore the distribution of 
organisms in the soil profile. Ploughing can increase fauna in the deeper soil horizon due to enrichment 
of resources at depth, e.g. an increase in organic matter and food resources for decomposers and 
physical relocation of organisms due to turning of soil. However, it also exposes organisms normally 
living at depth in the soil to the surface, which may impact their survival.  The following sections 
explore impacts on specific groups of arthropods. 

3.2.2 Earthworms 

Acute impacts of tillage on abundance, diversity and biomass 

The modifying effects of tillage on earthworm community structures have been extensively studied ). 
Of the literature reviewed, study duration ranged from 32 months to 10 years with outcomes ranging 
from no significant difference between ploughing and control to 37.3 times greater abundance of 
earthworms in a study of direct drilled systems (Edwards & Lofty, 1982). However, there was a general 
consistent trend in the literature of negative impacts on earthworm abundance and biomass as a 
result of mechanical ploughing as shown in Table 3-1. In addition, it was found that the reduction or 
cessation of ploughing increases earthworm populations. A study comparing five different tillage types 
over 10 years found ploughed fields to consistently show the lowest earthworm biomass (mean SD of 
biomass 66.7 ± 19.2, with six times greater abundance in reduced till (RT) plots vs conventional till (CT) 
(Rothamsted Archive, 2026).  A 2025 study by Bertoncelj et al. (2025) found maximum earthworm 
abundance under no till (NT) compared to CT. Of the 16 studies reviewed, only one found a neutral or 
positive effect of ploughing, which may be explained by species divergent impacts as discussed below. 

Table 3-4. Comparison of the impact of different tillage methods (plough vs no till or reduced till) 
on earthworm population health metrics. Orange indicated a negative change (-ve) by plough, blue 
is neutral (=) and green is positive (+ve). 

Tillage process Change CT vs 
NT/RT 

Abundance Biomass Reference and 
Location 

Plough vs  
No-Till  

-ve Earthworm abundance was higher  
under no till (median = 17g) 

compared to conventional till 
(median = 6g). 

  Bertoncelj et al. 

(2025) Slovenia 

Plough vs  
No-Till  

(Direct Drill) 

-ve 
50-100% increases in no-till plots 

compared with ploughed plots. 
  Boström (1995) 

Sweden 

-ve 
2-5 times more earthworms in no-

till compared with plough. 
  Edwards & Lofty 

(1982) UK 
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Tillage process Change CT vs 
NT/RT 

Abundance Biomass Reference and 
Location 

-ve 
17.5 and 37.3 times greater 
abundance in no-till plots 

compared with deep plough or 
chisel plough plots. 

  Edwards & Lofty 
(1982) UK 

-ve 
Abundance was 2.82 times greater 

in no-till 
biomass was 3.81 times greater 

in no-till 
(Schmidt et al. 

(2001) 

=/+ve 
Two times more  abundant 

endogeic earthworms in 
conventional farming ploughed 
systems than those in the direct 

seeded system. 

 neutral or positive effect of the 
no-till on taxonomic and 

functional indices. 

Pelosi et al., 
2016) France 

Plough vs 
Reduced Till (RT) -ve 

Disturbing the soil less (e.g. no-till 
and conservation agriculture [CA]) 
significantly increased earthworm 

abundance (mean increase of 
137% and 127%, respectively)  

Disturbing the soil less (e.g. no-
till and conservation agriculture 
significantly increased biomass 
(196% and 101%, respectively) 

compared to when the soil is 
inverted by conventional tillage.  

Briones & 
Schmidt (2017) 

Global review  

-ve 
RT plots showed 6 times greater 

abundance. 
  El Titi & Ipach 

(1989) 
Germany 

-ve 
Significantly less anecic 

earthworms in plough (4.7 ± 5.3) 
than in RT (25.3 ± 10.0)  

Biomass was significantly higher 
in all RT  treatments relative to 

the Plough treatment. 

Ernst & 
Emmerling 

(2009) Germany 

-ve 
Abundance was greater in RT than 

ploughed plots 
Biomass was 36% higher in RT  

than ploughed plots  
Hutcheon et al. 

(2001) UK 

-ve 
 Model prediction - Ten years after 

cessation of the treatments, 
earthworm populations that had 

experienced no-till and herbicides 
had fully recovered those 
experiencing reduced and 

conventional tillage had not.  

  Johnston et al.  
(2015) Europe 

Plough vs No 
Till/ Reduced Till 

(RT) 
 

-ve 
After 5 years of ploughing, there 

was a decrease of approximately 
80% in earthworm numbers. 

After 5 years of ploughing, there 
was a decrease of approximately 

70% in earthworm biomass 

Chan (2001) 
review 

Plough (CT) vs 
occasional 

Reduced Till 

-ve 
 After both tillage events there was a 
significant decline in the number of 

individuals under conventional 
tillage and therefore a positive 

effect of occasional RT 

Earthworm biomass was 
significantly reduced under 

conventional tillage, both four 
weeks and about seven months 

after tillage 

Moos et al. 
(2016) Germany 

Plough vs 
Conservation Till -ve 

The number of earthworms was the 
highest under no till for the long-

term group. Generally earthworms 
were less abundant under plough vs 

conservation till 

  Perego et al. 
(2019) Italy 

Plough vs low 
disturbance 
subsoiling 

-ve 
 Earthworm abundance was 
reduced in both years in the 

cultivated plots 

  Bussell et al. 
(2021) UK 

 

Most literature reviewed measured earthworm population changes by transition from high soil 
disturbance (ploughing) to reduced or no soil disturbance in the form of reduced or no till. Therefore, 
it was difficult to differentiate between direct mortality associated with tillage and long-term indirect 
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impacts. However, a review by Cunningham et al. (2004) highlighted direct mortality via plough to be 
a key factor in the reduction in population. Bertrand et al. (2015) proposed that earthworm abundance 
is reduced via physical injury and death following impact with tillage tools. A modelling approach by 
(Johnston et al., 2015) proposed that direct adult and juvenile earthworm mortality may be up to 50% 
following conventional tillage.  

The medium and long-term impacts of reducing tillage and soil disturbance on earthworms have been 
extensively studied. Wider impacts of tillage on earthworms can occur via habitat destruction, 
changing soil structure (including destroying earthworm burrows) and changes in soil moisture (Chan, 
2001) . No till systems have been found to maintain a surface residue layer which protects earthworms 
from extreme temperatures and water evaporation (Bertoncelj et al., 2025). However, these impacts 
are suggested to be species dependent; Anecic earthworms form burrows and are at greater risk of 
habitat destruction compared to epigeic earthworms which do not form burrows (Briones & Schmidt, 
2017; Ernst & Emmerling, 2009). Conversely, endogenic earthworms may be favoured by ploughing, 
as it increases access to organic material through incorporation of crop residues (Wyss & Glasstetter, 
1992). Pelosi et al. (2016) also investigated the neutral or positive effects of ploughing, and found 
twice as many endogenic earthworms in conventional farming ploughed systems than in direct seeded 
system, supporting Wyss & Glasstetter, (1992).  

Recovery and transition times 

Whilst the research studied did not identify exact times to recovery, it suggested that earthworm 
populations consistently recover within ten years with less soil disturbance  For example, with 
transition from conventional tillage to no-till it can take several years for earthworm abundance to 
increase (Cunningham et al., 2004). Some research indicated that no-till or conservation tillage 
positively impacted mass and abundance within a transition phase of four to six years2 (Bertoncelj et 
al., 2025) A meta-analysis by Briones & Schmidt, 2017 found earthworm populations to be more 
pronounced if there had been a reduced till system for ten years or more. Johnston et al.  (2015) 
modelled impacts of different tillage techniques, proposing that earthworm populations under a 
system of no-till and herbicide use recovered to baseline population levels whilst those under 
conventional tillage had not. The research also suggests that there is a divergence in recovery time 
depending on the species. Endogenic species recover the fastest because they have the shortest 
generation times and reproductive rates (Ernst et al., 2009). Conversely, anecic species have longer 
regeneration times, both because the tillage destroys their deep vertical burrows, and they a 
comparatively slow growth rate (Moos et al., 2016).   

Weather impacts  

If ploughing occurs in the autumn, there is a risk to earthworms due to the ploughs removal of the 
insulating crop residue layer and associated higher risk of frost damage. However, the highest risk 
tillage is during spring, where there are high numbers of  juvenile worms vulnerable to tillage. There 
is evidence that populations that are at or near carrying capacity recover more quickly than low 
populations (M. Bertrand et al., 2015). Warmer temperatures seemed to further improve the recovery 
of earthworm populations after the transition from conventional tillage to reduced tillage (Briones & 
Schmidt, 2017). 

Knowledge gaps  

Most of the literature we reviewed focused on the European Central Zone (i.e. France, Germany and 
the UK). As mentioned above, much of the research looks at conversion from conventional plough-

 

2 in terms of recovery times, 4-6 years is very slow compared to what is considered acceptable for use of PPPs. 
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based systems to either no-till or reduced tillage rather than uncultivated land to plough.  This means 
that the baseline is not a natural population of earthworms in a pristine environment; the population 
is in a modified environment already.  The focus of the literature on converting to less intensive tillage 
from plough based tillage systems means that there is slight bias in the data as these studies will tend 
to have been looking for benefits of transition.  Comparisons of populations in long term plots 
managed in a similar way would give a more robust understanding of the true differences in tillage 
practices and their effects on earthworm populations.   

Conclusions 

As seen in Table 3-4, in all studies reviewed both abundance and biomass were negatively impacted 
in plough-based systems compared to reduced tillage systems.  Both abundance and biomass 
increased following a reduction in tillage intensity.  Based on collective findings, it can be inferred that 
more intensive tillage has a negative impact on earthworm populations, whereas tillage techniques 
with minimal or reduced soil disturbance have a positive impact on the abundance and biodiversity of 
species when compared to more intensive tillage. 

3.2.3 Collembolans  

Acute impacts on abundance, diversity and biomass 

In line with the literature on earthworms, much of the research on collembolans (springtails) 
compared tillage impacts using a transition from conventional tillage to no till or conservation till. 
From the collated research, there was a trend of a decreased abundance and/or biomass of 
collembolans under conventionally tilled fields. The research also showed that body and head length 
decreased significantly as tillage intensity increased (Betancur-Corredor et al., 2022; Brennan et al., 
2006; Chassain et al., 2023; Coulibaly et al., 2017). Across a four-year study, collembola abundance 
was greater in no-till compared to conventional tillage (Coulibaly et al., 2017). Studies indicated 
collembola populations favour reduced tillage intensity due to a more stable resource supply of fungal 
mycelium and less damage to deep soil pores (Chassain et al., 2023; van Capelle et al., 2012). 
Conservation or reduced till practices increases the moisture and temperature of the litter layer, 
benefitting springtails (Betancur-Corredor et al., 2022). Collembolans are sensitive to dehydration and 
therefore soil moisture levels. Some research suggested that incorporation of plant residue via 
ploughing can decrease collembola abundance due to an increase in predatory arthropods within the 
straw (Brennan et al., 2006). When compared to other agricultural practices, including residue 
management and nitrogen fertilisation rates, tillage type was found to have the greatest impact on 
collembolan species composition and abundance (Coulibaly et al., 2017). Conversely, Moos et al. 
(2020) concluded crop type and coverage have more of an impact on soil moisture than tillage. A 
second paper, suggested reduced soil disturbance via no-till negatively impacted Collembolan 
abundance (van Capelle et al., 2012). Whilst abundance and biomass may have changed, a meta-
analysis suggested that tillage had no significant impact on species richness (Betancur-Corredor et al., 
2022).  

Responses to tillage are likely to be species dependant (Chassain et al., 2023).  Surface dwelling species 
may be more impacted by both physical injury and deprivation of organic matter in tillage, due to their 
lack of adaptability for deeper burrowing. Edaphic species are adapted to deeper, more stable soil 
layers and sometimes were not impacted by tillage intensity (Chassain et al., 2023). A study looking at 
grassland conversion highlighted how collembola food sources be relevant when understanding the 
impacts of tillage on populations. Liu et al. (2016) reported that ploughing of grassland caused 
herbivorous collembola to drop by 95%, recovering within a year as grass returned. Primary 
decomposers increased slightly due to more dead organic matter, while secondary decomposers 
halved at first but later exceeded original levels (Liu et al., 2016).  
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Table 3-5. Comparison of impact by different tillage methods (plough vs no till or reduced till) on 
Collembola population health metrics. Impact of increased tillage intensity on populations negative 
in orange, no-change blue and positive green. 

Tillage 
process 

Impact of 
increased 

tillage 
intensity 

Abundance Biomass Species Richness Reference 
and 

location 

Plough vs Low 
Till 

-ve  
Found larger 
individuals 

body length 
under low 

tillage 

Reduced till  increased 
taxonomic and 

functional diversity 

Chassain et 
al. (2023). 

France 

Plough vs 
Reduced Till  

= No significant differences observed 
in either 2012, under plough based, 

or in 2014, after two years of RT  

 
No significant 

differences in either 
2012, under plough 

based, or in 2014, after 
two years of RT 

Moos et al. 
(2020) 

Germany 
 

Plough vs Non-
inversion Till 

 

-ve 66% reduction in collembolans was 
recorded immediately after tillage, 
and this effect was still evident the 

following spring 

  
Petersen 

(2002)  
Denmark  

-ve Total collembolan abundance was 
strongly reduced 1 week after both 

non-inverting deep tillage and 
conventional ploughing.  

  

Plough vs No 
Till 

-ve Total abundance of Collembola 
increased by 20 times when using NT 

technology compared to CT.  

 
Species richness 

increased by 1.5-2.0 
times when using NT 

technology.  

Bokova et al. 
(2023) Russia 

Plough vs 
Conservation  

  

-ve Conservation tillage (ECOtillage) 
resulted in elevated abundances  

compared with conventional tillage 
practices 

 
ECOtillage had little 

effect on species 
richness, and no 

significant variation was 
found in species richness 

Brennan et 
al. (2006), 

Ireland 

-ve  Shifting from conventional to 
conservation cropping systems had a 
strong positive effect on Collembola 
density, being 3 to 4 times higher in 

reduced tillage (RT) than in 
conventional tillage (CT) after 4 

years 

 
Shifting from 

conventional to 
conservation cropping 
systems had a strong 
positive effect. The 
Shannon index was 

significantly higher in RT 
and RT-residue removal 
compared to CT and CT-
reduced nitrogen after 3 
years. Mixed (Evenness): 

Evenness was 
significantly higher in 
CT-reduced nitrogen 

compared to RT-residue 
removal after 3 years. 

Coulibaly et 
al. (2017), 

France 

No 
Till/Reduced 
Till vs no till 

-ve Reduced tillage intensity or no-till 
increased total density of collembola 

(+35%), to conventional tillage. 
Increased (Specific Taxa): Higher 
densities observed for epedaphic 
(+81%) and hemiedaphic (+84%) 

springtails 

 
Species richness and 

diversity of nematode, 
springtail, and mite 

communities were not 
significantly different 
under reduced tillage 
intensity compared to 
conventional tillage. 

Betancur-
Corredor et 
al. (2022) 

Meta-analysis 
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Study duration varied from a single season to nine years, and reported outcomes ranged from no 
significant difference between tillage and control treatments (reduced, no-till, and conservation 
tillage) to a twentyfold increase in one study. 

Recovery and transition times 

Bokova et al. (2023) found a 20-fold increase in the abundance of springtails and a 1.5 to 2 times 
increase in species richness after a 9-year transition to no-till. Across a four-year study, the transition 
from intensive tillage to less soil disturbance positively impacted collembolan abundance . Coulibaly 
et al., (2017) and Natalio et al. (2025) found collembola responded quickly to changes in management 
practices. Although differences were detected between short-term and long-term impacts on 
abundance, measurements spanning only two years were not an effective bioindicator of the 
treatment (Natalio et al., 2025). One study looked at the transition of permanent grassland to a 
ploughed system and  found collembola populations returned to pretreatment levels 1 year after 
ploughing (Liu et al., 2016). 

Weather impacts  

No specific research was found investigating weather, tillage and collembola. However, studies have 
demonstrated that temperature changes modify Collembola populations due to changes in food 
availability. Many Collembola exhibit aestivation (a form of dormancy during the summer), when high 
temperatures and dryness impact on living conditions. During this period, collembolans reduce their 
metabolism and retreat to deeper, moister soil layers or form aggregated clusters to minimise water 
loss. The extent of aestivation varies significantly among species and habitats: hygrophilous species 
are more sensitive and tend to aestivate more frequently, while xerotolerant species are more likely 
to remain active or use other adaptations (e.g., improved cuticle, osmotic regulation) (Santos et al., 
2024; van Capelle et al., 2012). Since intensive tillage has also been linked to changes in collembola 
food sources it could be an area of further investigation for the measurement of reciprocal impacts. 

Knowledge gaps  

During this literature review, global studies were also included as well as studies with a European focus 
due to lower numbers of relevant papers.  

Conclusions 

Based on the available literature, it can be concluded that tillage negatively impacts collembolans, 
with reported outcomes ranging from no significant difference between tillage and control treatments 
(reduced, no-till, and conservation tillage) to a twentyfold increase in one study after shifting to a no-
till management. However, the extent of impact is dependent on food availability, which can also 
impacts recovery times.  

 

3.2.4 Spiders  

Acute impacts on abundance, diversity and biomass 

In comparison to earthworm, collembola and carabid studies, there was a smaller body of research 
investigating the impact of tillage on spiders. However, some of the sourced research suggested 
reduced soil disturbance had a positive impact on ground-active spider populations, whereas higher 
intensity tillage had negative effects (Cunningham et al., 2004; Jasrotia et al., 2023; Prieto-Benítez & 
Méndez, 2011; Topa et al., 2021). 
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The immediate mortality of spiders from tillage was studied by Thorbek & Bilde (2004) who found that 
superficial soil loosening reduced spider densities by 25% and weed harrowing reduced densities by 
37% when compared to a control. The study also found spiders' vulnerability to mechanical crop 
treatments to be greater when compared to carabid and staphylinid beetle populations.  

As well as immediate mortality, there are also medium-long-term impacts on populations resulting 
from habitat disturbances. Mashavakure et al. (2019) proposed that conventional tillage breaks the 
soil and buries crop residue, destroying suitable habitats for reproduction, shelter and ambush points 
for wandering spider groups. Tillage destroys the burrows of specific spiders, such as the wolf spider, 
which construct the burrows to protect themselves from predators (Mashavakure et al., 2019). This 
habitat disturbance has been found to have a cumulative effect, combining mechanisms such as 
migration and mortality, with one study finding 93% fewer spiders in ploughed plots compared to 
control plots after 27 days (Thorbek & Bilde, 2004). Another study found a correlation between spider 
populations and their prey; when collembola density increased through diversifying agricultural 
methods, spider population also increased (Butt & Sherawat, 2012).  

Other than Holland & Reynolds (2003) and Thorbek & Bilde (2004), most papers studied a transition 
from ploughed land to reduced or no till. Within this research group, there were conflicting results for 
specific indicators of spider population health. For example, when looking at species richness, Topa et 
al. (2021) found no significant difference between tillage and non-inversion tillage. Conversely, Butt & 
Sherawat, (2012) found species richness to increase in no-till systems across two years. A meta-
analysis that looked at land use intensification confirmed negative effects on spider species richness 
with intensification  (Prieto-Benítez & Méndez, 2011). Whilst the study did not look at tillage 
specifically, it did demonstrate that management versus succession (including ploughing and cutting) 
negatively impacted spider diversity. These results aligned with a study that suggested species 
richness declines in cultivated land because only a few species can adapt to land disturbance  (Topa 
et al., 2021) . Conversely, transition to minimum soil disturbance, via conservation agriculture, was 
found to maintain significantly higher activity density and functional diversity of spiders (Jacobsen et 
al., 2022). 

However, during the same study, Topa et al. (2021) found ploughing to yield a total higher abundance 
than no till. Cunningham et al. (2004) reported conflicting results on species abundance; some studies 
found a positive relationship between reduced tillage and spider population abundance while another 
foundg twice as many wolf spiders in conventionally tilled plots. For the two studies that compared 
tillage practices simultaneously, plough vs non-inversion till and plough vs uncultivated, both showed 
ploughing to negatively impact spider abundance (Holland & Reynolds, 2003; Thorbek & Bilde, 2004). 
This divergence in results may be explained by spider communities showing succession along different 
disturbance gradients. According to Samu & Szinetár (2002), agricultural spider communities are 
dominated by a small number of species that are highly disturbance tolerant (referred to as agrobiont 
species). Agrobionts are species well adapted to the predictable, repeated disturbances typical of 
agricultural systems. In contrast, more complex or less disturbed habitats tend to support a wider 
diversity of spider communities. Consequently, increasing disturbance does not necessarily reduce 
overall species richness. Instead, it shifts species composition by favouring disturbance-tolerant 
species. 

Whilst the results are not as conclusive as other species in this literature review, there was a general 
trend of deeper tillage/ greater intensification leading to lower indicators of spider population health. 
In addition, a transition to less or no soil disturbance generally seemed to promote spider abundance 
and species diversity. 
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Table 3-6. Comparisons of conventional and reduced tillage practices and their impact on spiders  

Tillage process Impact of 
increased 

tillage 
intensity 

General change Abundance Species 

Richness 

Reference 

and 

Location  

Conventional vs no till 
=  

No significant 
difference 

 
Sandhu & 

Cherry (2014) 
USA 

Plough 
-ve  

Autumn 
ploughing 

reduced a spider 
population in 

one field by 89% 

 
C. Thomas & 

Jepson (1997) 
UK 

Plough vs Non inversion 
Till 

 

+ve  
Ploughing 

yielded a higher 
total abundance 

of ground-
dwelling spiders 

(4334 
specimens) 

compared to 
non-inversion 
tillage (2410 
specimens 

Concerning the 
species 

richness, no 
observed 

differences 

Topa et al. 
(2021) 
France 

-ve  
93% fewer 

spiders caught 
in ploughed 
plots than 

control, 80% 
fewer spiders in 
non inversion till 

 
Thorbek & 

Bilde (2004) 
Denmark 

= Mixed response, but 
no significant 

effects 

  
Kendall et al. 

(1995)UK 

Plough vs undisturbed 
plot 

-ve  
Total number of 
spiders lower in 
ploughed plots 
compared with 

undisturbed 
plots 

 
Holland & 
Reynolds 
(2003) UK 

Plough vs untilled 
-ve  

Abundance of 
spiders was 
significantly 
lower in the 
tilled field 

compared to the 
untilled field. 

 
Tahir et al. 

(2012) 
Pakistan 

Plough vs conservation till -ve  
Spider density 
was higher in 
conservation 
tillage plots 

without tillage 
in spring  

 Heimbach & 
Garbe (1996) 

Germany 

Uncultivated vs 
agroecosystem 

-ve  
Significant 
decrease in 

species richness 
in 

agroecosystems 

Significant 
decrease in 

abundance in 
agroecosystems 

Prieto-
Benítez & 
Méndez 
(2011) 

Meta analysis 
global 
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Study duration varied from 18 to 26 days to seven years, and reported outcomes ranged from no 
significant difference between tillage and control treatments (reduced, no-till, and conservation 
tillage) to an 80% reduction in spider density in tillage conditions vs undisturbed soil. 

Recovery Times 

As previously mentioned, spider populations have been found to be more vulnerable to mechanical 
disturbance than other arthropods (Thorbek & Bilde, 2004). However, their recovery mechanisms may 
be faster and more resilient than those of other arthropods. For example, spider populations can 
recover via immigration from other less managed areas, recolonising within 7 days of harrowing  
(Thorbek & Bilde, 2004). Another study came to similar conclusions, suggesting active hunting spiders 
recolonise via terrestrial dispersion (Topa et al., 2021) . These impacts are further supported by flexible 
reproduction, with their ability to recolonise throughout the growing season such as ballooning via 
silk threads increasing migration capacity  (Topa et al., 2021).  The adaptative measures of ballooning 
have evolved as a risk spreading strategy in order to maximise survival in unpredictable habitats 
(Weyman et al., 2002). Butt & Sherawat (2012) investigated impacts of tillage on spiders in Pakistan, 
suggesting that factors such as prey availability, habitat complexity and field size and borders impact 
the time to recovery for spider populations. To enable spider populations to recover quickly, it was 
recommended that spatial and temporal variation in ploughing is conducted to allow for a fast 
recovery of populations (Thorbek & Bilde, 2004) .  

Weather impacts  

Whilst no studies looked directly at weather and till impacts on spiders, research has suggested 
weather influences spiders' behaviour which may in turn influence their recovery times following 
tillage. For example, spider aerial dispersal, whichmay aid post till spider recovery, is determined 
entirely by meteorological conditions. When weather is appropriate, they can re balloon in a short 
period of time (Sunderland & Samu, 2000).  

Knowledge gaps  

The availability of European research was limited, and so the literature review had to rely on global 
studies and pedoclimatic conditions with less relevance, such as Pakistan and South Africa. 

Conclusions 

Generally, the research showed that tillage had a negative effect on spider populations. However, 
because of their ability to recolonise, the impacts may be less severe over the long term.  

 

3.2.5 Carabids 

Acute impacts on abundance, diversity and biomass 

In comparison to other arthropods, the impact of tillage on carabids was the most inconsistent, with 
idiosyncratic responses of population abundance and diversity being greatly impacted by the 
ecological characteristics of the carabid species in question. Study duration varied from a single 
growing season to 30 years, and reported outcomes ranged from no discernible differences to 
significant effects on overall abundance and species richness between tillage and control treatments 
(reduced, no-till, and conservation tillage) to a 92% reduction in populations relative to control plots 
in one study. Seemingly, no till had the greatest positive impacts on carabid population abundance 
with reduced till (an intermediatory level of intensity) having the second-best impact (Cunningham et 
al., 2004).  
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A body of research reviewed found carabids to have greater abundance in conservation/no till in 
comparison to plough (Hatten et al., 2007; Heimbach, 2018; Kosewska, 2016; Kosewska et al., 2014; 
Legrand et al., 2011; Tamburini et al., 2016). Thorbek & Bilde (2004) found ploughing to cause 
significant direct mortality of carabids (27%) compared to 0% mortality in non-inversion tillage. Higher 
species richness was also observed in no-till systems when compared to ploughing (Kosewska, 2016). 
However, a review by Cunningham et al. (2004), that cross-compared European studies, found mixed 
results, with three of five studies finding ploughing to negatively impact carabids, with the other two 
finding species-specific responses. One study looked at sustained tillage after 25 years of consistent 
crop management and found granivorous carabids dominated the sample. In contrast, during the 
same study, experimental areas that received less tillage but higher herbicide and insecticide 
treatments were dominated by predaceous carabids (Fiser et al., 2025). Mixed results were also seen 
in other studies; Holland & Reynolds (2003) found six species of carabids to respond negatively to 
ploughing. Hatten et al. (2007) found species richness to be higher in no-till except for Poecilus scitulus, 
which favoured ploughing. Jowett et al. (2021) concluded that tillage did not have a significant impact 
on abundance or biomass, with only three of the eight species modelled showing any response. 
However, this study measured population health several months after the tillage event, which could 
have been enough time for carabid populations to recover. A study looking at tillage impact on carabid 
larvae found that only late larval and pupal stages were significantly impacted, whilst egg or early 
larval stages were not impacted (Purvis & Fadl, 2002). This would suggest that timing of tillage plays 
an important role in reduction in abundance.  

 

Figure 3-2. Impacting factors causing variability of results across carabid species 

The process of ploughing buries the normally surface dwelling carabids, leading to directmortality 
(Hatten et al., 2007) .  There is evidence to suggest that larger beetles are buried injured or killed more 
readily than the smaller beetles (Hatten et al., 2007) . As shown in Figure 3-2, the mechanisms causing 
variability were investigated during this literature review. A meta-analysis of 22 studies by Müller et 
al. (2022) confirmed the mixed results and theorised that the observed variability was due to a 
difference in species dominance in the tested fields. Beetle size was found to have an impact, with 
smaller beetles favouring conventional tillage, whilst larger beetles favoured minimal tillage (Kennedy 
et al., 2013). The timing of soil disturbances was also proposed to impact different species; autumn 
breeders' larvae remain in the soil for longer, so they may be more susceptible to soil disturbance, 
whereas spring breeders are thermophilic and so may prefer open bare soil formed by ploughing 
(Hatten et al., 2007; Kosewska et al., 2014). Other impacts are shown above in Figure 3-2, with 
different species being positively or negatively impacted by tillage. 
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Recovery and transition times 

Population responses and recovery times of carabids depend on both the intensity and duration of 
tillage, the timing relative to their lifecycle and the impacted subspecies (Gareau et al., 2020). Smaller 
carabid species have a higher dispersal capability, and therefore it has been theorised that they are 
able to recover and recolonise disturbed habitats faster than larger beetles (Kosewska et al., 2014). 
However, even in species that can recolonise, continued intensive crop management has detrimental 
impacts. For example, a study comparing carabid density over 25 years found that overall carabid 
activity density declined by a minimum of 58-76% in long-term conventional agricultural management 
(Fiser et al., 2025). 

Weather impacts  

As noted above, the timing of tillage throughout the seasons impacts different species of carabids. It 
has been proposed that tillage during the winter months could disrupt overwintering ground beetles 
who are entering the diapause stage as they lay dormant, seeking shelter in the soil (Fiser et al., 2025). 
Spring breeders were impacted strongly by conventional tillage, which caused delays to their activity  
(Kosewska et al., 2014). Other than tillage timing, weather impacts were not found during the review. 

Knowledge gaps  

There was a good range of studies in Europe, however some US studies were incorporated due to their 
relevance. Other than Fiser et al. (2025), who looked at carabid decline after sustained tillage, much 
of the research looked at conversion from conventional plough-based systems to either no-till or 
reduced tillage rather than uncultivated land to plough. Further investigation is required to compare 
the immediate impacts of mortality to the longer-term impacts via habitat destruction and migration.  

Conclusions 

Despite the mixed results, across all studies, some or all species of carabid benefitted from a reduction 
in soil disturbance. Reported outcomes ranged from no discernible differences or significant effects 
on overall abundance and species richness between tillage and control treatments (reduced, no-till, 
and conservation tillage) to a 92% reduction in populations relative to control plots in one study. 
Therefore, it can be concluded that soil management systems that preserve the soil structure and 
habitat for larvae are preferable for most of the population. This was demonstrated by no till having 
the greatest positive impact. If tillage is utilised, timing and frequency should be considered for level 
of impact on carabid populations.   

3.2.6 Staphylinids 

Acute impacts on abundance, diversity and biomass 

Across the reviewed studies, there is a general indication that rove beetles are negatively affected by 
ploughing; however, some research reports no significant differences between plough vs no till. 
Consistent with patterns observed in other arthropods, reduced or no-till tends to support higher rove 
beetle populations than plough-based tillage systems.  

Study duration varied from two growing seasons to seven years, and reported outcomes ranged from 
no change in activity-density between conventional plough based and control treatments (reduced, 
no-till, and conservation tillage) to a 90% reduction in the abundance under conventional farming in 
one study (Krooss & Schaefer, 1998). 

Cunningham et al. (2004) reviewed reported mixed outcomes: one study observed greater abundance 
under reduced tillage vs conventional ploughing, while two others found no significant effect. In 
contrast, Pretorius et al. (2018) documented significantly higher staphylinid abundance in no-till sugar 
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beet fields compared to conventional tillage, although sampling time also exerted a notable influence. 
Similarly, Wenninger et al. (2020) found staphylinid density to be higher under strip tillage than 
conventional systems, though species richness remained unchanged.  (Andersen, 2003) who 
conducted a large, long term trial, found that there was no significant difference in staphylinid 
abundance in till vs no till plots.  

Holland & Reynolds (2003) observed increased numbers of staphylinid larvae and adults, as well as 
generally higher species richness in plots of wheat stubble or undersown grass leys that were left 
undisturbed vs those ploughed in winter, spring. These findings align with Krooss & Schaefer (1998), 
who reported a preference for reduced tillage plots among most species in winter wheat systems. 
Rather than resulting from immediate mortality, these differences were attributed to indirect 
mechanisms: tillage removes surface litter and incorporates it into the soil, whereas rove beetles 
benefit from litter retention, which improves food availability and microclimatic conditions (Krooss & 
Schaefer, 1998). Holland & Reynolds (2003) further suggested that plough-based tillage may expose 
beetles to predation or desiccation due to the burial of the surface residues. 

A global meta-analysis by Méndez-Rojas et al. (2021) confirmed that land-use intensification and 
conversion lead to declines in rove beetle populations. Although tillage was not assessed 
independently, its widespread use in land conversion likely contributes to these impacts. 

Recovery and transition times 

There was little research on the recovery times of staphylinids. However, a study conducted by 
Pretorius et al. (2018) who compared conventional till and zone tillage, found post-tillage recovery 
rates to be high, with nearly 100% population recovery to control abundance in one sampling year. It 
was suggested that a transition to reduced/no-till produces longer-term benefits to environmental 
conditions, rather than immediate impacts on recovery. Therefore, recovery times may be slow and 
consistent, with habitats sustaining populations over time (Pretorius et al., 2018). 

Weather impacts  

There is species variation in the weather impacts of tillage on staphylinids. For example, most 
staphylinid beetles reproduce in spring, and so larval development is finished before harvest. 
However, species such as Oxytelus spp. reproduce in late summer, and therefore they would be more 
significantly impacted by autumn ploughing (Krooss & Schaefer, 1998). In this study, Lesteva 
longelytrata favoured the ploughing plots, perhaps due to the species' egg-laying behaviour during 
specific times of year. Staphylinids are particularly susceptible to extreme cold and may die if 
temperatures drop below 5 degrees (Holland & Reynolds, 2003) . Reduced tillage stabilises the 
temperature and moisture of the soil, which is especially critical for rove beetles during drought and 
cold (Wenninger et al., 2020). 

Knowledge gaps  

The research on staphylinids compared to carabids was scarcer, although the majority were studies 
conducted in the EU. Since there were mixed results on the impacts of different types of tillage, larger 
studies are required over time to test recovery times and look in more detail at specific subfamilies. 

Conclusions 

Of the studies reviewed, there was a general trend that tillage intensity has a mixed negative impact 
on staphylinids as a result of habitat changes, rather than direct mortality. If negatively impacted, 
staphylinids seem to be resilient in their recovery, returning to original population levels after one 
year.    
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3.2.7 Caterpillars (Lepidopteran larvae) 

Acute impacts on abundance, diversity and biomass 

Analysis of the impact of tillage on pest lepidoptera larvae indicates that tillage tends to decrease 
lepidoptera abundance, suggesting its potential as a non-chemical pest treatment. Santos et al. (2024) 
compared reduced tillage to ploughing, and found negative impacts to lepidoptera adults as intensity 
of ploughing increased, attributed to reduction in suitable larval host plant abundance. As shown in 
Figure 3-3- of the seven different pest lepidoptera larvae studies found during the review, only fall 
armyworm populations increased with plough based tillage, compared with reduced/no till.  

Of the studies reviewed, the study duration varied from 3 years to 20 years, and reported outcomes 
ranged from reduced pest damage in 28% of cases to no effect in 29% of cases between plough-based 
tillage and control treatments (reduced, no-till, and conservation tillage) to a 50% reduction in 
European corn borer infestation in one study. 

Under reduced till systems, Jasrotia et al., (2023) reported that limiting cultivation depth to 7cm 
increased proliferation of pink stem borer larvae because most of them remained deeper in the soil. 
However, reduced/no till also increased the abundance of generalist arthropod predators, which have 
been shown to control lepidoptera populations (Ekroos et al., 2010; Kromp, 1999). This is supported 
by a study by Landis et al., (1987), who found ant attacks were higher in no till treatments, but the 
overall survivorship rate of the larvae was comparable in both till and no till. This suggests that reduced 
till can increase pest Lepidoptera, but it may also boost populations that help control them. The timing 
of tillage was found to be important in the behaviour of Lepidoptera. For example, ploughing just 
before maize sowing significantly reduces lepidoptera pest attacks, because the incorporated litter 
offers a food source (Furlan et al., 2020).  

 

Figure 3-3. Quantity of studies showing population change in lepidoptera species, comparing 
conventional till to reduced or no till. Green indicates a decline in species with tillage, orange 
indicates no significant change, and red indicates an increase in species. Numbers represent the 
number of studies reporting the change.  
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Proposed mechanisms for a reduction in lepidoptera species under higher tillage is due to the 
availability of vegetation. In conventional tillage systems, vegetation is destroyed, which removes 
forage for the lepidoptera and places to build silk tents. Furthermore, it was suggested that intensively 
managed farmland using the plough are often associated with insecticide and fertiliser use, which can 
also negatively impact lepidoptera, creating compounding impacts (Santos et al., 2024).  

Recovery and transition times 

No research was found that looked at the recovery times of lepidoptera populations. 

Weather impacts  

Landis et al. (1987) found that soil moisture impacted prepupal burrowing of lepidoptera. The study, 
which looked at pink stem borers, found that the more moisture in the soil the further the larvae 
travelled before burrowing. Because tillage reduces deep burrowing larvae, and soil moisture impacts 
burrowing behaviour, future research could be conducted to further understand the interactions 
between these factors.  

Knowledge gaps   

More information is available on lepidoptera larvae because of their status as agricultural pests than 
contributions that adult lepidopterans may may make through pollination. Due to a lack of available 
research, there was no specific focus on European studies and global studies were considered. Whilst 
studies looked at abundance there was no data found on larvae biomass changes.  

Conclusions 

Tillage decreases most Lepidoptera pests and therefore could be considered a beneficial agricultural 
management practice, although it would also be expected to have an adverse effect on non-target 
lepidopteran larvae in the field.  

 

3.3 Fertilisation 

Fertilisation is used to provide sufficient nutrients to plants for increasing yield and achieving specific 
characteristics (e.g., protein content of milling wheat). There are 17 nutrients required by crops; 
carbon, hydrogen and oxygen are accessible to plants from the atmosphere whilst the 14 other 
nutrients are acquired from the soil. These 14 nutrients are split into macro-nutrients that are needed 
in larger quantities (e.g., nitrogen, phosphorous and potassium) and micro-nutrients that are required 
in smaller amounts (e.g., iron and manganese). Sufficient quantities of these nutrients must be 
accessible in the soil for good crop performance. If there is a deficit in the soil, these nutrients will 
need to be added via fertilisation for good crop growth. For the macro-nutrient nitrogen, for most 
soils there is generally insufficient nitrogen available for crops and nitrogen-containing fertilisers are 
added annually. Fertilisers can be based on mined materials, organic materials, or, in the case of 
nitrogen, can be created through industrial processes (i.e., synthetic, manufactured or inorganic 
nitrogen). This section considers what happens to earthworms, collembolans and soil mites when 
fertilisers of any type are applied to soils, with a focus on organic and synthetic nitrogen fertilisers. 

It is important to note when looking at synthetic nitrogen fertiliser, it is applied as a concentrated 
chemical (e.g. 34.5% N in Ammonium nitrate, or 40% N in urea) that releases the nutrition rapidly to 
the growing crop.  In contrast, organic fertilisers are highly diverse, and comprise a complex mix of 
both nutrients and organic materials.  They typically comprise of the dung and urine from livestock 
(e.g. cattle, pig or poultry) and may also include animal bedding (e.g. straw) or spilt forage.  The nature 
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of the organic material will be affected by the livestock species and diet of that group of animals  Other 
organic fertilisers can include composts (e.g. produced from food waste or decomposed vegetation), 
digestate produced at the end of anaerobic digestion of plant material or livestock manure and sewage 
sludge produced as a result of water treatment process.   

The diversity of organic materials available to fertilise crops means that comparisons between studies 
need to be treated with caution, as variables can change considerably.  It is also not necessarily 
possible to distinguish the impact of the nutrient itself versus the organic matter on invertebrates The 
following definitions are provided below:  

Fertilisation - Application of natural or artificial substance containing the chemical elements that 
improve growth and productiveness of plants (Britannica, 2026a) 

Manufactured Fertiliser - Will be used throughout the review to refer to synthetic and mineral 
fertilisers.  

Synthetic Fertiliser - includes one or more of the three elements that are most important in plant 
nutrition: nitrogen, phosphorus, and potassium. Of secondary importance are the elements sulphur, 
magnesium, and calcium (Britannica, 2026a) .  

Mineral Fertiliser - A fertiliser product in which the nutrients are in the form of inorganic salts obtained 
by extraction and/or by physical and/or chemical industrial processes. 

Organic Fertiliser- Organic fertilisers are derived from plant matter, animal excreta, sewage and food 
waste (Britannica, 2026a). 

Farmyard Manure - the refuse from stables and barnyards including excreta and straw or other 
bedding material (Britannica, 2026a). 

Slurry- a semi-fluid and heterogeneous mixture comprising animal manure, water, and traces of 
bedding materials and leftover feed (M. J. Silva et al., 2025).  

Compost - used primarily as a soil amendment because it has a low content of plant nutrients. It may 
be incorporated into the soil or mulched on the surface. Heavy rates of application are common 
(Britannica, 2026a).  

Digestate - Digestate is the physical output of the anaerobic digestion process, consisting of organic 
materials that have been biologically decomposed in the absence of oxygen (Samuel & Dines, 2023a). 

Green Manure - process of growing a crop, typically leguminous species, with the intention of 
ploughing it into the soil to enhance its fertility by supplying organic matter and fixing nitrogen (Chisi 
& Peterson, 2019).  

3.3.1 Key messages 

Fertiliser application strongly influences soil fauna, with effects varying by fertiliser type, dose, and 
species group. Organic fertilisers (e.g., manure, slurry, compost) generally enhance abundance, 
biomass, and diversity of earthworms, collembolans, and soil mites by increasing organic matter and 
food resources. Occasional short-term negative effects from high slurry concentrations are linked to 
ammonia toxicity, but populations typically recover and often exceed pre-application levels. 
Manufactured fertilisers show mixed outcomes. Moderate nitrogen inputs can increase biomass, yet 
high concentrations frequently reduce populations due to soil acidification and toxicity. Species-
specific responses are evident with epigeic earthworms and surface-dwelling collembolans being the 
most sensitive to synthetic inputs, while deep-burrowing earthworms and some mite groups exhibit 
resilience or delayed positive effects. Soil mites generally respond positively to organic fertilisers but 
show neutral or negative reactions to synthetic inputs, with toxicity and nutrient imbalances as key 
drivers. Weather factors, particularly rainfall, amplify fertiliser impacts by influencing application rates 
and soil moisture. Overall, organic fertilisers support soil biodiversity and ecosystem function, 
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whereas manufactured fertilisers require careful management to avoid detrimental effects. 
Knowledge gaps remain around threshold concentrations, recovery dynamics for mites and 
collembolans, and long-term impacts under European conditions. 

3.3.2 Earthworms 

Acute impacts on abundance, diversity and biomass 

Unlike other agricultural processes discussed during this review, fertiliser had diverse but generally 
positive outcomes on earthworm populations, depending on study design, the type of fertiliser and 
the earthworm species. Of the literature reviewed, study duration varied from 20 days to over 100 
years, and reported outcomes on earthworms ranged from no significant difference between control 
treatments and fertiliser treatments to a five-fold increase in biomass (Murchie et al., 2015).  

Table 3-7: Impact of varying concentrations of organic and inorganic fertilisers on earthworm 
species. Green positive, blue neutral and orange negative 

 Type Fertiliser Change Abundance  Biomass  
Species 

Richness  
Ref and 
location 

M
an

u
fa

ct
u

re
d

 F
e

rt
ili

se
r 

Inorganic N 
(NH4NO + P) 

+ve Increased 
abundance 

(highest dose N = 
200 kg/ha, P = 

0/ha resulted in 
85.85% higher 
numbers than 

control). 

Increased biomass 
(highest dose N = 

200 kg/ha, P0 
kg/ha resulted in 
9.20 g/m2 vs 4.40 
g/m2 in control). 

  
Iordache & 

Borza (2010) 
Romania 

Mineral 
ammonium 

sulphate and 
sulphur-coated 

urea 

-ve Drastically 
decreased 
numbers. 

Drastically 
decreased 
biomass. 

Endogeic species 
(Aporrectodea 

spp.) were more 
strongly affected 

than epigeic 
species (Lumbricus 

spp.). 

Ma et al. 
(1990)  
China 

Ammonium 
sulphate (AS) or 
Urea (38 mg/kg 
AS / 30 mg/kg 

Urea) 

-ve Significantly 
decreased E. fetida 

abundance. 

Significant 
negative reaction 

of L. terrestris 
biomass to AS. 

L. terrestris 
showed greater 

tolerance to 
chemical fertilisers 
than A. longa. D. 
hortensis showed 
better survival in 

AS than Urea. 

Yahyaabadi et 
al. (2018) 

Iran  

Inorganic 
fertiliser (200 kg 
N, 32 kg P, 160 

kg K ha yr) 

+ve/=   
Neither increased 

nor reduced 
biomass for most 

species (e.g., adult 
Aporrectodea 

caliginosa) 
compared to 

controls. 

Significantly 
greater biomass of 

Aporrectodea 
juveniles 

(endogeic). 

 Murchie et al. 
(2015). 

Northern 
Ireland  

  

General N 
Fertilisation 

+ve Significantly 
increased 

abundance 
(+141%). 

  
Epigeic (+88%) and 

endogeic (+82%) 
biomass increased 

overall. 

Betancur-
Corredor et al. 
(2022) Global 
meta analysis  

O
rg

a

n
ic

 v
s 

sy
n

th

e
ti

c 
 Manure 

(compared to 
+ve Manure increased 

earthworm 
populations. 

    
Estevez et al. 

(1996) 
Canada 
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 Type Fertiliser Change Abundance  Biomass  
Species 

Richness  
Ref and 
location 

Mineral 
fertiliser) 

  

NPK + Organic 
Manure (OM) 
or OM alone  

+ve NPK+OM 
significantly 

increased E. fetida 
and Dendrobaena 
veneta numbers. 

NPK+OM 
increased biomass 
of E. fetida and L. 

terrestris. OM 
alone increased A. 

longa biomass. 

NPK+OM 
increased epigeic 

(E. fetida, D. 
veneta) 

populations. 

Yahyaabadi et 
al. (2018)  

Iran 
  

O
rg

an
ic

 

High rate cattle 
slurry (200 m3 

ha yr) 

 

+ve Resulted in overall 
significant 
increases. 

Biomass of L. 
rubellus increased 

up to five times 
greater than 
control plots. 

Strong positive 
responses seen in 

epigeic and 
endogeic  

Murchie et al. 
(2015)  

Northern 
Ireland  

Pig slurry  = Little effect 
compared to 

controls. 

Little effect 
compared to 

controls. 

Most species 
showed little 

response.  

Murchie et al. 
(2015). 

Northern 
Ireland 

Pig slurry (PS) 
(4.4 - 8.7 t ha) +ve     

PS application 
improved soil 
structure and 

earthworm 
activity.   

Valdez et al. 
(2020) 

Mediterranean  

Slurry manure 
(SM)  

= Lower abundance 
compared to 

Farmyard Manure 
(FM) and No 

Fertilisation (NF). 

Higher mean 
individual body 

weight compared 
to FM and NF. 

Proportion of 
epigeic worms 

showed no 
difference 
between 

treatments. 

Timmerman et 
al. (2006) 

Netherlands 

Organic 
Fertilisers 

(Aggregated 
findings) 

+ve Significantly 
increased 

abundance (+51% 
aggregated result). 

Significantly 
increased biomass 
(+99% aggregated 

result). 

Increased biomass 
of epigeic (+88%) 

and endogeic 
(+82%) 

earthworms. 

Betancur-
Corredor et al. 
(2022) Meta-

analysis Global 

  
Varying dose 

digestate (15 - 
30 t ha)  

+ve Showed 
significantly higher 

average 
abundance (e.g., 

24.7% higher than 
low dose/control). 

Showed 
significantly higher 
average biomass 

(e.g., 22.8% higher 
than low 

dose/control). 

Endogeic biomass 
significantly higher 

(35% average 
increase). Anecic 

species (L. 
terrestris) were 
categorized as 

recedent (lower 
dominance) 
compared to 
control plots. 

Mazur-Pączka 
et al. (2025) 

Poland  

O
rg

an
ic

 &
 

sy
n

th
e

ti
c 

NPK or Organic 
Manure (alone 
or combined) 

+ve Caused significant 
increases. NPK + 
organic manure 
had significantly 

greater effect than 
NPK alone. 

Caused significant 
increases. NPK + 
organic manure 
had significantly 

greater effect than 
NPK alone. 

Drawida 
assamensis was 
the dominant 

species. 

Tiwari (1993) 
India 

 As shown in Table 3-7, organic fertilisers tended to have a positive impact on earthworm populations. 
In a review by Cozim-Melges et al. (2024), earthworm abundance consistently responded positively to 
alternative or no fertilisers (concentrated organic, organic, organic supplemented and synthetic 
supplemented). Betancur-Corredor et al. (2021) demonstrated that organic fertilisation improved 
earthworm populations abundance, biomass and species diversity. Studies comparing manure, slurry 
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or composts to manufactured fertilisers proposed organic to have greater positive impacts (Mazur-
Pączka et al., 2025). This is supported by studies on the same site (over the course of 100 years)tested 
in three different experiments, which consistently found farmyard manure to improve earthworm 
abundance when compared to manufactured fertilisers (Rothamsted Archive, 2026). Although the 
three studies could not be directly compared due to different methodologies, it does show a 
consistency of positive outcomes from organic fertilisation when testing is on the same site. It is 
proposed that this positive change is due to increased input of nutrients, organic matter and enhanced 
production of litter material (Murchie et al., 2015). However, application of some animal slurries can 
result in immediate mortality of earthworms due to high concentrations of ammonia, sodium sulphide 
or benzoic acid (Murchie et al., 2015). Ammonia is also proposed as a potential reason for toxic effects 
of liquid organic digestate  (Mazur-Pączka et al., 2025). 

Higher concentrations of manufactured fertilisers have also, on occasion, been found to be 
detrimental to earthworm populations due to the nitrogen creating acidic conditions in the soil which 
can be fatal for earthworms (Iordache & Borza, 2010). This was specifically noted to be fertilisers in 
their pulverised or powered form, with mineral ammonium sulphate and sulphur-coated urea 
drastically decreasing earthworm numbers (Iordache & Borza, 2010). As shown in Table 3‑1, both Ma 
et al. (1990) and Yahyaabadi et al., (2018) found negative impacts to earthworm abundance, species 
richness and biomass when urea or ammonium sulphate were applied. For the European studies 
analysed, there was positive or mixed responses of earthworms to different inorganic fertilisers. In a 
33-year study in wheat-soy bean-maize rotation, the highest number of earthworms were recorded 
in the plots with the highest dose of nitrogen fertiliser (Iordache & Borza, 2010). A meta-analysis 
looking at general N fertilisation found that earthworm biomass increased if nitrogen was applied vs 
control unfertilised plots (Betancur-Corredor et al., 2021).  

Some studies have highlighted the variation in responses to both organic and manufactured fertiliser 
may be due to differences in ecological behaviour of different earthworm species. As shown in  Table 
3-8, the impacts of organic fertiliser were generally positive across all functional groups. Epigeic 
species were consistently positively impacted by organic fertiliser. This may be because the organic 
fertiliser increases food supply for epigeic earthworms, who feed directly on the surface (Betancur-
Corredor et al., 2022) . Overall, the impact for soil dwellers and deep burrowers was positive, however 
studies found higher application rates of slurry to negatively impact some juveniles.   

There are divergent outcomes amongst different functional groups regarding manufactured fertiliser. 
Some authors have proposed that manufactured fertilisers increase roots biomass thereby increasing 
food sources; however, organic fertilisers may be more effective in comparison to manufactured 
(Betancur-Corredor et al., 2022). Endogenic and anecic species may benefit from increased food 
sources, whilst epigeic would not. Changes to soil pH can causes earthworm reductions (Iordache & 
Borza, 2010). Manufactured fertiliser can lower soil pH, although it can incrementally return to its 
original pH over time (Mosaic Crop Nutrition, 2025). This may therefore explain why soil dwelling and 
deep burrowing earthworms are negatively impacted in the short term, but positively impacted in the 
long term.  
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Table 3-8: Functionally grouped responses of earthworms to organic and manufactured fertiliser. 
Green=positive, blue=neutral, orange=negative 

Earthworm group Organic Fertiliser Synthetic  Fertiliser Reference 

Epigeic 
(Surface/Litter 
Dwellers) 

Generally positive effects significantly 
increased biomass (up to +88% overall 
for the group) and strong increases for 
specific species like Lumbricus rubellus 
(up to 5 times greater biomass with 
cattle slurry) and Eisenia fetida 
(increased abundance/biomass with 
manure). 

Often negative or detrimental 
effects, particularly short-term toxic 
effects (e.g., significant decrease in E. 
fetida abundance from Ammonium 
Sulphate and Urea, and endogaeic 
species being generally more strongly 
affected than epigeics by ammonium 
sulphate). 

Betancur-
Corredor et 
al. (2022), 
Murchie et 
al. (2015), 

Yahyaabadi 
et al. (2018), 
Iordache & 

Borza (2010) 

Endogeic (Soil 
Dwellers/Eudaphic) 

Generally positive effects, with 
significant increased biomass (+82% 
overall for the group) and positive 
responses shown by species like 
Allolobophora chlorotica to cattle slurry, 
though some juveniles (Aporrectodea 
spp.) may show a negative dose 
response to slurry applications. 

Responses are mixed: overall group 
abundance is often strongly negatively 
affected by compounds like mineral 
ammonium sulphate. However, 
inorganic fertilisers often led to 
greater biomass for juvenile 
Aporrectodea species and for some 
adult species like Octolasion 
cyaneum. 

Betancur-
Corredor et 
al. (2022), 
Murchie et 
al. (2015), 
Iordache & 

Borza (2010), 
Mazur-

Pączka et al. 
(2025). 

Anecic (Deep 
Burrowers) 

Generally positive effects on biomass 
(Lumbricus terrestris, Aporrectodea 
longa) due to organic matter inputs, 
although some species (L. terrestris) 
exhibit a negative dose response to 
increasing slurry rates. 

Initially experience negative 
reactions/reduced biomass (e.g., L. 
terrestris biomass decreased 
following Ammonium Sulfate 
application at shallow depths), but 
long-term/deeper effects may show 
increased abundance (e.g., L. 
terrestris number increased 
significantly in deep soil 60 days after 
AS/Urea application). 

Yahyaabadi 
et al. (2018), 
Murchie et 
al. (2015), 

Valdez et al. 
(2020) 

 

Recovery and transition times 

Since earthworms were generally positively impacted by organic fertilisers, their recovery times were 
less investigated in the literature. However, Murchie et al. (2015) reported negative impacts from 
excess slurry application, although earthworm populations recovered to higher levels than before the 
application. This is a significant finding, because it was the only study during the literature review that 
showed any negative impact from organic fertiliser. It suggests that organic fertilizer applications can 
benefit earthworms over the long term, even if there are some short term adverse impacts following 
application.  

For synthetic fertilisers, negative effects were noted to diminish over longer time periods. For 
example, a study that observed a significant decrease in  earthworms in 20 days following application 
of ammonium sulphate and urea, found negative impacts to have diminished 60 days post application 
(Billé & Rogna, 2022). For deeper soil dwelling species, the population numbers increased in the 
ammonia sulphate and urea plots 60-days post application (Yahyaabadi et al., 2018) .  

These findings would suggest that, even in those studies that found negative effects of fertiliser use 
on earthworms, that populations area able to recover or thrive in mid-term post application. 

Weather impacts  

There was little research directly linking weather and fertiliser use to impacts on earthworms other 
than a meta-analysis by Betancur-Corredor et al. (2021) who found the effects of nitrogen fertilisation 
to not be significantly modulated by mean annual rainfall.  A study looking at fertiliser use and weather 
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conditions in Europe found a significant positive coefficient between rainfall and fertiliser; as rainfall 
increased so did fertiliser application rates (Billé & Rogna, 2022). This is likely due to farmers planning; 
rainfall reduces the N-fertiliser uptake efficiency and so farmers increase fertiliser application to 
counteract losses (Billé & Rogna, 2022) . Some studies have found earthworm biomass to increase 
under increased rainfall (Kiss et al., 2021). Under this scenario, increased rainfall and increased 
fertiliser both increase biomass, and so the effects may be magnified. This proposal is supported by 
Mazur-Pączka et al. (2025), who suggested that the extent of positive effects of digestate application 
was linked to differences in soil moisture between plots.  

Knowledge gaps  

There was a good body of research looking at both organic and synthetic manures impacts on 
earthworms. Some studies outside of Europe were incorporated due to their relevance., Toxic impacts 
of fertiliser were discussed in some research, but the relationship between application rate and effects 
on earthworms was less studied. This was particularly true for the different types of organic fertilisers, 
where it would have been  helpful to understand nutrient content, and impacts of different types and 
sources of fertilizer, for example in the study that found negative impacts of slurry application  
(Murchie et al., 2015).   

Conclusions 

The addition of nitrogen to the crop in either organic or synthetic form generally has a positive impact.  
However, manufactured fertilisers had more mixed findings; the impacts varied depending on the 
functional group of earthworms, with manufactured fertilisers negatively impacting surface dwelling 
earthworms, but less so for soil dwelling or deep burrowing species. 

The addition of organic fertilisers also provides organic matter which acts as a food source for some 
species of earthworms, further enhancing the benefits this type of fertilisation provides.   

3.3.3 Collembolans  

Acute impacts on abundance, diversity and biomass 

In line with the earthworm literature, fertiliser generally had a positive impact on collembolans. 
Organic fertilisers showed a generally positive response, with the exception of one study as shown in 
Table 3‑3. The application of organic matter such as green manures is proposed to enhance population 
development (Axelsen & Kristensen, 2000). Specific amendments such as sludge were also shown to 
greatly enhance collembola populations, benefitting specific families such as Pudomorpha (Viketoft et 
al., 2021). In a maize field trial, digestate led to the highest number of collembola when compared to 
mineral fertiliser (Platen & Glemnitz, 2016). A long-term study found organic fertiliser to increase 
species body size following three years of manure application (Flórián et al., 2025). However, a meta-
analysis by Viketoft et al. (2021) suggested the soil pH had a greater impact on springtail populations 
than either organic or mineral fertilisers. Because fertilisers inherently change the pH of soil, it may 
be difficult to extrapolate the difference in impact between application of fertiliser and pH change. 
The immediate application of high volumes of non-digested slurry, however, was found to have 
negative impacts on springtail abundance (90%) in three days following application (Pommeresche et 
al., 2017). It was proposed during this study that the rapid decline is due to toxicity, linked to 
concentrations of ammonium released by the manure. The impacts were also found to be more 
negative for surface dwelling species compared to soil dwelling species (Pommeresche et al., 2017). 
This suggests that organic fertiliser applications are positive for collembolas as long as concentrations 
of nutrients are suitable, pH is not drastically altered and ammonia losses are managed.   

Research into manufactured fertilisers, on the other hand, displayed mixed findings, ranging from 
positive or neutral through to negative. A meta-analysis by Betancur-Corredor et al. (2023), who 
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looked into impacts of synthetic nitrogen fertilisers, found an overall positive impact to abundance 
(29% increase); however, hemiedaphic and eudaphic species were negatively impacted. The negative 
impact on these groups of species is hypothesised to result from their dwelling habitat and burrowing 
behaviour. They are, therefore, are at higher risk of toxicity (Betancur-Corredor et al., 2022). 
Supporting these mixed outcomes, Guðleifsson (2002) found that ammonium nitrate increased 
collembola abundance, yet the no fertiliser treatment had the highest abundance of family 
Entomobryidae, which would suggest impacts are taxon specific. Similarly, Viketoft et al. (2021) 
observed no significant changes in overall collembola abundance, although the lowest levels were 
recorded at the highest pH, aligning with patterns seen in organic fertiliser studies. Betancur-Corredor 
et al. (2022) found that a suitable approach for preservation of collembolans is organic fertilisation 
with site-specific synthetic fertilisation. Therefore, unlike earthworms which were more negatively 
impacted by manufactured fertiliser, collembolans may benefit from a mixture of both synthetic and 
organic applications. Findings are summarised in Table 3-9. 

Table 3-9: Impact of organic and manufactured fertilisers on Collembola abundance, biomass and 
species richness. Green = positive change, blue = neutral or mixed change, orange = negative change. 

Category Fertiliser Change Abundance Biomass Species Richness Ref Short 

Manufactured 
Fertiliser 

Mineral N 
(Ammonium 
Nitrate - AN, 
Ammonium 
Sulphate AS, 

Calcium Nitrate 
CAN) vs. No 
N/Control 

+ve Increased total number of 
specimens substantially. 

Highest abundance found 
where AN was applied; 
lowest where CAN was 

used.  

    
Guðleifsson 

(2002) 
Iceland  

Nitrogen 
Fertilisation 

* Overall, N fertilisation 
increased abundance by 

29%. 

  
Fertilisation 

generally tends to 
decrease the 

number of species 
(diversity). 

Betancur-
Corredor et al. 
(2022), meta 

analysis global 

Synthetic 
Fertilisation 
(Aggregate 

effects across 
studies) 

-ve Caused a negative 
response for euedaphic (-
44%) and hemiedaphic (-
54%). Synthetic fertilisers 

generally have no 
significant effect on total 

density. 

    
Betancur-

Corredor et al. 
(2022), meta 

analysis global  

Organic VS 
Manufactured 

  

Organic (NPK + 
FYM) vs. 

Synthetic (NPK) 
vs. Control 

* Previous species-based 
study found no significant 

impact of fertilisation. 

Species size in 
the organic 

treatment was 
significantly 
larger in the 

second year of 
study (2019) 
compared to 

other 
treatments. 

Fertilisation type 
had minor effects on 

species and 
functional diversity 

indices. 

Flórián et al. 
(2025), 

Hungary 

Organic 
(Slurry/Manure) 

vs. Synthetic 

= Slurry application showed 
no clear trend on 
microarthropod 

community parameters. 

Community 
Weighted 

Mean Biomass 
not affected 
by long-term 

fertiliser 
treatments. 

  Ponge et al. 
(2013), 
France 
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Category Fertiliser Change Abundance Biomass Species Richness Ref Short 

Organic 
(Digestate/Biog
as Slurry, 100% 

N), Mixed 
(50/50), 

Synthetic 
(0/100) 

+ve Overall, the number of 
Collembola was highest in 

the 100% digestate 
variant. Numbers were 

lowest in the pure 
mineral N-manure 

variant. 

    
Platen & 
Glemnitz 
(2016), 

Germany  

Organic 
Straw/Green 
Manure vs. 
Mineral N 

+ve Abundance of soil 
microarthropods was 
increased by annual 

application of straw green 
manure 

  
Biodiversity 

(Shannon index) was 
not affected 

significantly by straw 
and green manure. 

Kautz et al. 
(2006) 
Spain 

Organic 
  

Acute Liquid 
Organic (Non-

digested Slurry - 
NS; Digested 

Slurry - DS) vs. 
Control 

-ve Application of slurry 
resulted in an immediate, 

statistically significant 
drop in density (approx. 
90%) within three days. 

Density only partly 
recovered after seven 

weeks (54% NS, 38% DS). 
Negative effect was more 

severe and long-lasting 
for epigeic species. 

  
The number of 
species in the 
epigeic group 

dropped after slurry 
application, but no 

large drop was 
found in the 

endogeic group. 
Community 

structure was more 
affected in the 
epigeic group. 

Pommeresche 
et al. (2017), 

Norway 

Sludge, Hay, 
Compost vs. 

Mineral N 
(Calcium 
Nitrate, 

Ammonium 
Sulphate) 

+ve Sewage sludge treatment 
greatly increased total 
abundance, primarily 

benefiting the 
Podumorpha sub-family. 

Abundances in most 
treatments were similar 

to the unfertilized control. 

  
  

Viketoft et al. 
(2021) 

Sweden  

Organic (Green 
Manure/Catch 

Crops)  

+ve Increased density overall, 
with extremely high 

densities found (up to 
120,000 Collembola m⁻²). 

  
26 species found. 
Input of organic 

matter is associated 
with enhanced 

population 
development. 

Axelsen & 
Kristensen 

(2000) 

Organic 
Fertilisation 
(Aggregate 

effects across 
studies) 

+ve Positive response across 
all life forms: epedaphic 
(+470%), hemiedaphic 
(+97%), and euedaphic 

(+84%). Organic N 
fertilisation significantly 
increases total density. 

    
Betancur-

Corredor et al. 
(2023) 

Meta analysis, 
Denmark 

Combined Mineral 
(FminRa), 
Organic 

(ForgRa), 
Combined 

Organic + Ley 
Legacy (ForgRl) 

+ve Highest total abundance 
was found under 
combined organic 

fertiliser and perennial ley 
legacy (ForgRl); lowest 
under mineral fertiliser 

(FminRa). 

    
Heinen et al. 

(2023), 
Sweden  

Recovery and transition times 

The recovery rates for collembolans in studies that reported negative effects varied depending on the 
fertiliser and functional group of collembola studied. In an experiment with slurry fertilisation, 
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abundance only recovered in the endogenic group. In the same study, density only partly recovered 
after seven weeks (54% NS, 38% DS) and the negative effect was more severe and long-lasting for 
epigeic species (Pommeresche et al., 2017). However, a meta-analysis suggested duration of recovery 
time was insignificant, as the authors found no significant variation in abundance over time following 
nitrogen fertilisation (Betancur-Corredor et al., 2022). Finally, some positive effects from organic 
fertilisation were found to have a time lag, as changes to collembola body size was only apparent three 
years after manure application (Flórián et al., 2025). 

Weather impacts  

Betancur-Corredor et al. (2022) measured weather effects in the context of different climatic zones 
and found confounding effects of weather and fertiliser on collembola. For example, in continental 
climates with dry winters and hot summers, there were significant increases in collembola when 
synthetic nitrogen was applied (increase of 99%). Temperate climates with dry winters and hot 
summers had a 214% increase in abundance of collembolans. Precipitation was also found to increase 
positive impacts of nitrogen application, with a positive correlation between higher rainfall, nitrogen 
application and collembola abundance (Betancur-Corredor et al., 2022). 

Knowledge gaps  

There was a good range of European research, and, other than the studies featured in the meta-
analysis, the research analysed was exclusively in a European context. There was less research on the 
impacts of manufactured fertiliser application and due to the variation of outcomes between studies 
and subspecies, further investigation is required. Given the range of fertilisers used in Europe, further 
investigation into dosage, timing and frequency of fertiliser applications is required.   

Conclusions 

Fertilisation generally has positive impacts on collembola species; however, this varies depending on 
the type of fertiliser and the functional group of collembolas studied. Aligned with earthworm studies, 
organic fertiliser had a generally positive impact on abundance, biomass and species richness. 
However, specific functional groups responses to manufactured fertilisers varied, with some positive 
and negative results impacting overall data. There were other confounding variables interplaying with 
collembola responses to fertilisation such as soil pH, temperature and rainfall. 

3.3.4 Soil mites  

Acute impacts on abundance, diversity and biomass 

Among the studies reviewed, results varied considerably regarding the effects of organic versus 
manufactured fertilisers on soil mite populations. 

As shown in  

Table 3-10 there was a general trend of an increase in abundance of soil mites when organic fertiliser 
was applied to the soil. A meta-analysis by Betancur-Corredor et al. (2023) found organic N fertilisation 
to significantly increase mite abundance.  

A study by Platen & Glemnitz (2016) applied digestate to soil and found mite populations increased 
with increasing volumes of digestate. Manufactured fertiliser application, without any digestate (the 
control) had the least mites, whilst 100% N from slurry application had the highest abundance. In a 
study looking at green manure application (Axelsen & Kristensen, 2000), soil mite abundance was 
found to be significantly higher in the green manure plot than the control, which did not have a 
leguminous catch crop.  
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The concentration of nutrients in the organic fertilisers studied had an impact on the populations of 
soil mites. . A study that incrementally increased application rates of pig slurry found an increase in 
abundance at lower levels, but detrimental impacts as the concentration of fertilisation increased 
(Bosch-Serra et al., 2014). It was suggested in this case that over-fertilisation led to toxicity that killed 
the mites.  

This outcome is in contrast to a study by Wasińska-Graczyk et al., (2009) they tested differing levels of 
pig slurry application and found lower concentrations of slurry application decreased soil mites, 
whereas higher concentrations increased populations. In this case, it may be because organic manure 
increases organic matter in the upper soil. The higher organic matter in the soil means a higher 
colonisation by fungal hyphae, which is a key food source for the soil mite (Platen & Glemnitz, 2016). 

Kautz et al. (2006) suggested the immediate food supply to the mites was the most important factor 
causing an increase in abundance, rather than the nitrogen provided by organic manure or the change 
to pH.  Wasińska-Graczyk et al., (2009)  showed that lower concentrations of manure may not have 
provided large enough quantities of organic matter to stimulate food sources.  

In contrast, manufactured fertilisers had mixed impact on soil mites. A study looking a mineral 
nitrogen fertiliser application found there were negative impacts to mite abundance (Zyromska-
Rudzka, 1976). It was proposed that this was due to toxicity, similar to the assumptions for organic 
fertilisation, with high concentrations of ammonia released from the application. This aligns with 
Bosch-Serra et al. (2014), who found that high rates of mineral N (over-fertilisation, e.g., 120 kg N ha⁻¹) 
show a tendency to reduce Oribatida abundance.  However, the application of manufactured 
fertilisers, either alone or in combination with organic fertilisers, generally has a neutral or non-
significant effect on the total density of mites compared to unfertilized control (Betancur-Corredor et 
al., 2023) . In this case, the potential benefits, from increases in plant  growth may be offset by 
simultaneous negative effects. Conversely, there were studies that found increased abundance with 
synthetic fertilisation including a long-term study looking at ammonium nitrate and sulphate 
application which found that there was a weak positive impact from fertiliser application over 57 years 
(Gergócs et al., 2022). 

Table 3-10 Impact of organic and manufactured fertiliser on soil mites. Green=positive change, 
blue=neutral/no change, orange=negative change 

Fertiliser 
Category 

Fertilisation Abundance Overall 
impact  

Reference and Location 

O
rg

an
ic

 

Annual application of 
straw and green 
manure (Organic 
Matter inputs) or 
Farmyard manure 
(FYM) prior to 
experiment 

Abundance increased (straw/green 
manure); abundance showed no effect 
(FYM). 

+ve Kautz et al. (2006) 
Central Spain 

Pig slurry (PS) 
fertilisation (agronomic 
rates, <210 kg N ha yr), 
high rates (over-
fertilisation) 

Abundance marginally increased at low 
rate, but was significantly reduced at 
high rates 

= Bosch-Serra et al. (2014) 
Mediterranean 

100% Nitrogen (N) 
digestate (100/0 
variant). 

Achieved the highest total numbers over 
the three-year investigation compared 
to mineral-N or mixed variants, 
suggesting a direct augmentation effect 
and increased activity after application. 

+ve Platen & Glemnitz (2016) 
Germany 

Green manure (winter 
rye, hairy vetch, fodder 

Density was significantly higher in green 
manured plots compared to the control 
(fallow plot) in early June; fodder radish 

+ve Axelsen & Kristensen 
(2000) 

Denmark 
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Fertiliser 
Category 

Fertilisation Abundance Overall 
impact  

Reference and Location 

radish) incorporated 
into soil. 

plots had significantly higher density 
than other treatments on 16 May. 

Pig slurry , various 
doses (60, 120, 180 kg 
N ha)  with or without 
disinfectants. 

Low and medium doses decreased 
Oribatida density; High dose increased 
density (except with viricide) 

= Wasińska-Graczyk et al. 
(2009) 
Poland 

Cattle slurry , all doses 
(approx. 90-270 kg N 
ha) with or without 
Effective 
Microorganisms (EM). 

All doses reduced density, significantly 
more strongly without EM; the reduction 
is likely caused by ammonia toxicity; 
manure did not affect species number 
but slightly increased the Shannon index. 

-ve Kruczyńska & Seniczak 
(2011) 
Poland 

Organic N fertilisation. Overall, significantly increases total 
density of mites; specific groups like 
Prostigmata showed a positive response, 
as did density in sandy soils. 

+ve Betancur-Corredor et al. 
(2023) 

Global meta-analysis 

M
an

u
fa

ct
u

re
d

 

Long-term use of 
Ammonium nitrate 
(AN), Ammonium 
sulphate (AS), and 
Calcium nitrate (CAN) 
applied at 82 kg N/ha. 

Total number of mites increased 
substantially with fertilisation; 
abundance was highest with AN and 
lowest with CAN. Prostigmata 
dominated in ammonium plots, while 
Astigmata decreased with fertilisation. 

+ve Guðleifsson (2002) 
Iceland 

High doses of mineral N 
(360 kg N ha per year, 
mainly granulated 
ammonium) applied to 
acid soil. 

Caused a negative reaction and 
abundance reduction, likely due to the 
toxicity of high concentrations of 
ammonium. 

-ve Zyromska-Rudzka (1976) 
Poland 

Inorganic fertilisers, 
alone or combined with 
organic fertilisers. 

Had no significant effect on the total 
density of mites when applied alone. A 
significant positive effect was observed 
on prostigmatid mites. 

+ve* Betancur-Corredor et al. 
(2023) 

Global Meta-analysis, 
overall effect 

Reseeded + limed + 
chemical fertiliser + 
organically paddocked 
(20+ years, using cattle 
manure input). 

Plot D (chemically fertilised plot) 
recorded the highest numerical 
abundance (584 individuals) and species 
richness (26 species) compared to the 
unfertilized control plot. 

+ve Manu et al. (2022) 
Romania 

Mineral fertilisation  The general gradient of increasing 
agricultural intensity (associated with 
mineral fertilisation) negatively affected 

-ve Ponge et al. (2013) 
France 

Recovery and transition times 

Recovery times following exposure to fertiliser in a European context was not explicitly found during 
this literature review except in the study by Platen & Glemnitz (2016) who suggested that there may 
be a time lag in the visibility of the fertilisation. However, an 11 year study in China that looked at a 
wheat-maize rotation showed both organic and inorganic fertiliser to consistently reduce mite 
abundance, likely due to phosphorus levels supressing food sources across the years (contrary to the 
research detailed in Table 3-6) (Cao et al., 2011). This would suggest mites would not be able to fully 
recover until the soil returns to a condition suitable for optimal fungal hyphae growth. Due to the 
limited research, this should be an area of further investigation.  

Weather impacts  

Soil mites increased with organic manure application, and their activity was strongly influenced by soil 
moisture, showing seasonal shifts into deeper layers during dry periods. Overall, water content in the 
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upper soil layer correlated positively with mite activity, but soil depth itself had no significant effect 
(Platen & Glemnitz, 2016).  

Knowledge gaps  

Whilst European research was found, there was limited information on manufactured fertiliser 
impacts on mites compared to organic. There was also no research on recovery times, which made 
the effects of fertiliser use over time difficult to measure.  

Conclusions 

Overall, the reviewed studies indicate that organic fertilisers generally promote soil mite abundance, 
primarily through increased organic matter and food availability, although effects vary with 
application rates and nutrient concentrations. In contrast, manufactured fertilisers tend to have 
neutral or negative impacts, with occasional positive responses under specific conditions, suggesting 
that toxicity and nutrient imbalances play a key role in their impact on mite populations. 

3.4 Mowing 

Whilst mowing is commonly used on urban areas on domestic lawns, for the purpose of this literature 
review, it will be discussed only within the context of agriculture. The mechanical processes under the 
umbrella of ‘mowing’ includes machines such as; 

• Bar mowers - (also called sickle bar or scythe mowers) these mowers have a pair of horizontal 

cutting blades that move side to side and cuts like scissors.  This is similar, but on a smaller scale, 

to the mechanism that a combine harvester uses to cut arable crops.   

• Drum mowers - these mowers have a pair of counter rotating drums that spin towards each 

other with free swinging blades.  They are typically used to cut hay, as they make a single cut to 

long grass leaving the stems largely intact and leave it in a swath or windrow that allows the hay 

to dry and then be collected via a baler.  

• Disc mowers - these mowers have a series of horizontally rotating discs with blades attached.  

They are also used for cutting long grass for forage, giving a good clean cut.  They form swaths or 

windrows that allow the grass to dry before being collected and baled.   

• Rotary mowers - These mowers have one or more fixed horizontal blades that cut grass into fine 

pieces.  They are typically used for cutting lawns, verges and for maintenance of longer grass, 

they can be used with or without a grass collector to remove cuttings.   

• Flail mowers - These mowers have a vertically rotating drum that has multiple free swinging 

small blades (flails) attached.  These mowers cut and shred the vegetation.  They are particularly 

useful for rough, overgrown vegetation, including woody vegetation such as brambles and small 

saplings.  They chop the vegetation up fine and drop it back to the surface where it is left to 

decompose in situ.   

• Mulchers - These mowers have horizontal blades that are angled so that the grass is cut and 

then spun within the deck and chopped into fine pieces before being dropped or sprayed out the 

side to decompose in situ.  They are typically used for managing lawns and closer cut grass 

where removal is not required.   

• Conditioner - This piece of equipment is often used alongside a mower to ‘condition’ the forage.  

This process uses a combinations of steel flails, to beat the crop opening up the stems, and 

rollers to crush the stems, with impellers which throw the crop against deflectors.  This process 

aims to damage the stems of the grasses in order to promote quicker drying.   
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Mowing has several different processes and purposes depending on the agricultural system. In 
vineyards and orchards, regular mowing is conducted to manage weeds (B. Thomas et al., 2019). In 
semi natural grassland areas, with the exclusion of grazing livestock, mowing is used to prevent weed 
succession and afforestation (Cattin et al., 2003). The livestock sector also relies on mowing for 
preserving year round forage, with hay and silage being products of the mowing process (Rinne, 2025). 
In zero grazed systems, the fresh grass is immediately removed and fed to housed livestock. The 
removal of above ground biomass has been shown to generally promote the overall biodiversity of 
semi natural grasslands via depletion of nutrients (Cattin et al., 2003), which supports a diversity of 
different plant species. However, each mowing event has also been found to have specific negative 
effects on the invertebrates that inhabit the grassland sites. 

As mowing does not typically result in soil disturbance this analysis focused on non-target organisms 
that inhabit the vegetation, e.g. spiders, carabids, staphylinids and lepidopteran larvae, rather than 
soil living organisms such as earthworms and collembola.   

3.4.1 Key messages 

The most widespread use of mowing is in the cutting and conservation of forage for livestock.  Here 
mowing activities are closely followed by turning and baling activities and the removal of harvested 
grasses for use as livestock feed.  This means that studies that look at the impacts of these practices 
on arthropods will generally be looking at forage conservation as a whole rather than just the mowing, 
as one does not come without the other.  The mowers used in these activities will typically be aiming 
to leave the grasses in longer strands for baling or shorter lengths for silage.   

The other main use is for the management of weeds and vegetation within grazed pasture, around 
fields or under orchard plantations.  This type of mowing will typically aim to chop grasses and 
vegetation up more finely to leave on the surface or remove for composting elsewhere.   

The different types of mowers used in these different mowing practices have different impacts on the 
arthropod communities in the grass habitats being cut.  More intensive cutting and chopping grasses 
up more finely (e.g. mulchers) is likely to have a far greater physical impact on the arthropods (Berger 
et al., 2024).  The machine itself can also pose a significant risk to some arthropods (e.g.  tyres can 
crush individual arthropods).  This implies that an implement with a wider cutting width compared to 
tyre footprint would have lower risk compared to a narrower machine making more passes, however 
in a review of historical data by Berger et al. (2024)  there was no significant difference found for most 
arthropod families, with the exception of Orthoptera (e.g. grasshoppers).  The less mobile, flightless 
arthropods and larvae are potentially at greater risk during the mowing process as they cannot easily 
move out of the way of the machinery. 

The other major impact of mowing on arthropods is on the structure of the habitats that they rely on.  
The cutting and removal of vegetation as part of the mowing process also results in a change in the 
structure of the sward and removes vegetation that provides food, shelter and also structures on 
which to build webs (spiders). As a result more mobile arthropods are liable to emigrate out of mown 
areas to find more suitable habitat, whilst those that are less mobile are exposed to greater levels of 
predation or a less suitable habitat 

The review by Berger et al. (2024), concluded that ‘Mowing represents a highly disturbing and iterative 
stressor with negative effects on arthropod abundance and diversity'. They proposed that modification 
of mower type or mowing height and width may help to reduce negative impacts, however they 
concluded that the best way to reduce the impact of mowing was to actually reduce mowing 
frequency, leave refuges or unmown areas or manage land using extensive grazing to ‘have the 
greatest potential to promote arthropod populations’.    
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However, there is also evidence that managing grassland through mowing rather than continuous 
grazing can promote more diverse plant structures and resultant ecological niches and food sources, 
which create greater opportunities for arthropods (Rosa García & Fraser, 2019). 

3.4.2 Spiders  

Acute impacts on abundance, diversity and biomass 

Most of the research collected looked at the impact of mowing on spider abundance and in most 
cases, spider abundance was lower in mown plots compared to unmown, refuge or delayed mowing, 
as shown in Table 3-4. Study duration varied from 4 months to 11 years, and reported outcomes 
ranged from no significant difference between mown and control treatments to three times higher 
abundance in unmown plots.  

Studies suggest spiders have a high sensitivity to grass cutting, with drastic impacts on species richness 
(Humbert et al., 2009). A meta-analysis by Bell et al. (2001) found that the intensity of habitat 
management in grasslands negatively impacts spiders. It is suggested with high intensity management, 
such as regular mowing, spiders lack diversity and are dominated by a few species (Bell et al., 2001). 
When compared to unmanaged meadows, the undisturbed grassland typically holds 10-50% more 
spiders than mown grassland (Lafage & Pétillon, 2014). Efforts to conserve spider populations by 
reducing or delaying mowing have positive impacts, with one study finding spider densities 1.8 times 
higher if even the first mowing of the season is delayed (Buri et al., 2016). The exception to this trend 
was for species associated with wetlands, whose populations increased following mowing. This 
difference was likely due to the opening of fens, allowing more light to reach the soil (Cattin et al., 
2003). 

Mowing impacts spider populations in several ways. There are immediate impacts to abundance, with 
one study finding 24% direct mortality of spiders from mowing when compared to the control  
(Thorbek & Bilde, 2004). Although the mower blades are expected to be the main cause of mortality, 
one study proposed that the tractor wheels where also a contributory factor (von Berg et al., 2024). 
Indirect impacts occur due to spider sensitivity to changes in vegetation and litter structure,  which 
mowing alters, causing migration or ‘chasing’ from the area after a mowing event, especially if the 
grass was removed (Thorbek & Bilde, 2004; von Berg et al., 2024).  For spiders that are web builders, 
mowing has negative effects because mowing destroys the structures necessary for web building, 
forcing them to migrate (Lafage & Pétillon, 2014). Studies have also looked at post mowing operations, 
such as whether the grass is left on site. In the case of forage harvesting (removal of grass for 
agricultural purposes), there is a considerable impact because the removal of the forage also picks up 
most of the organisms taking refuge in the windrows (Humbert et al., 2009). It is therefore suggested 
that avoiding biomass removal (baling) and instead leaving uncut grass strips is a simple and good 
practice that will benefit many organisms, including spiders, by providing refuge (Humbert et al., 2009; 
von Berg et al., 2024). 

However, the damage to spiders varies depending on the type of mowing, for example one review 
found spider populations reduced by 25% following the use of bar mowers and rotary mowers, and 
33% for flail mowers (Humbert et al., 2009) . Disc mowers (also known as rotary mowers) generally 
cause twice as much mortality as bar mowers (Humbert et al., 2009). Berger et al. (2024) suggested 
that the mulcher had the strongest negative impact, whilst von Berg et al. (2024) found a significant 
negative impact of disc mower treatments on spider populations. However, contrary to other studies, 
they also found bar mowers to be as damaging as disc mowers.  

There was variation in spider outcomes depending on their functional group. For example, Buri et al. 
(2016). found that delayed mowing specifically promoted species that build capture webs and mobile 
hunters. Stański et al. (2024) found there was no significant direct impact to epigeic spider's biomass. 
The study found a significant increase in small spider species populations in the unmown spots, and a 
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decreased proportion of large spiders in the mown plots (Stański et al., 2024). However, the paper 
suggests that the observed increase in smaller species on plots after mowing was likely due to these 
species beginning to balloon and disperse around the same time as the mowing event. Therefore, this 
pattern may be more related to the timing of mowing rather than the mowing itself.  

Table 3-11 The impact of mowing vs control on spider population health ￼. Orange=negative impact, 
blue=neutral or no change, green=positive impact.  

Tillage 
process 

+ or - 
change 

General change Abundance Biomass Species Richness 
Reference 
and study 
location 

Mown vs disc 
mower  -ve  

Significant 
negative effect of 

disc mower 
treatment on the 
number of spiders  

  
von Berg et 
al. (2024) 
Germany 

Mown vs 
refuge =  

Refuge mowing 
regime had no 

effect on 
abundance 

 
No statistically 

significant changes 
were detected for 
species richness 

and diversity 
(Shannon index) 
after 2 years of 
manipulations. 

Buri et al. 
(2016) 

Switzerland 

Mown vs 
delayed 
mown 

-ve  
Increased in 

abundance under 
the delayed 

mowing regime, 
with densities 3.5 

and 1.8 times 
higher than in 

control meadows 

  
Buri et al. 

(2016) 
Switzerland 

Mown vs 
recovery -ve  

Increase in 
arthropod 

abundance for up 
to 100 days post-

mowing 

  
Berger et al. 

(2024).  
Germany 

Mown vs 
unmown 

 

-ve  
1194 species 
captured in 

unmown vs 446  in 
mown 

  
Künast et al. 

(2025) 
Germany 

=  
No significant 

difference among 
plots for activity-

density  

 
 No significant 

difference among 
plots for species 

richness 

Lafage & 
Pétillon 
(2014) 
France 

-ve  
Abundance was 

three times higher 
on plots that had 
not been mown 

for 100 days 
compared with 

meadows where 
sampling took 

place on the same 
day the grassland 

was mown (day 0).  

  
Berger et al. 

(2024) 
Germany 
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Tillage 
process 

+ or - 
change 

General change Abundance Biomass Species Richness 
Reference 
and study 
location 

-ve Species prevailed 
in traps located in 
uncut conditions 

   
Cizek et al. 

(2012) 
Czechia 

=   
No clear, 

significant 
differences in 

body size patterns 
between mown 
meadows and 
unmown. No 

significant direct 
effect on mean 

body size. 

 
Stański et al. 

(2024) 
Poland 

-ve 50% reduction in 
species density 
resulting from 

mortality 
andmigration 

24% direct 
mortality of mown   

Thorbek & 
Bilde (2004) 

Denmark 

+ve  
Significantly higher 

in mown plots 
(218) vs unmown 

(146) 

  
Pech et al. 

(2015) 
Europe 

-ve  
Abundance 

decreased in 
mown. Particularly 

in less mobile 
spiders  

  
Cattin 

Blandenier 
(2004) 
France 

Recovery and transition times 

As previously discussed, spiders are immediately negatively impacted by mowing. However, they also 
have adaptative traits that allow recovery from population decline. If the landscape is fragmented, 
with areas of mown and unmown refuge sites, a study found the spiders could recolonise the grassland 
within two weeks (Stański et al., 2024). Spider groups that use ballooning for dispersal appear resilient 
to long term mowing effects (Cattin et al., 2003). However, for groups of spiders with difficulty 
recolonising or adapting to destruction of habitats, there are longer recovery times or sustained 
impacts (Cattin Blandenier, 2004).   

Weather impacts  

No research provided direct data linking weather conditions to the outcomes of spiders. However, 
seasonal climate changes did have an impact on spider outcomes. For example, during the spring and 
summer months, if the grass is removed following cutting, small spiders may be more negatively 
impacted because the drier habitat makes them lose water at a higher rate (Stański et al., 2024). 
Timing of mowing is important; the consensus being that summer cuts are more detrimental to spiders 
than autumn or spring cuts (Humbert et al., 2009).   

Knowledge gaps  

There was a good range of research sourced for this review, and most was studied or applicable to the 
EU zone.   
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Conclusions 

For many species of spiders although there are immediate population impacts following a mowing 
event, they are able to rapidly recover and recolonise mown areas. The greatest negative impacts are 
seen where grass is removed, or mowing occurs during summer months. Mitigations to reduce the 
negative impacts of highly mobile spiders are to increase refuge areas to allow recolonisation to occur 
more quickly, favour spring and autumn mowing, whilst avoiding summer mowing and where practical 
leave the mowings behind to retain cover and some habitat. For less mobile species the impact of 
mowing is greater as their populations are slower to recover following mortality as a result of mowing 
as they are not able to recolonise from refuges as easily. These species would need a greater frequency 
of refuge areas left to facilitate recolonisation. 

3.4.3 Carabids 

Acute impacts on abundance, diversity and biomass 

Mowing was generally found to negatively impact carabid beetles; however, due to carabids being 
ground dwelling, rather than vegetation dwelling, the findings were not as significant as other 
arthropods (Humbert et al., 2009) . Study duration varied from four months or single seasons in 
specific experiments to 11 years in extensive observational datasets. Reported outcomes on carabids 
ranged from non-significant differences in abundance and species richness between mown and 
control treatments to drastic population declines of up to 67% in one study.  

Künast et al. (2025), categorised carabids as a mowing sensitive taxon, showing significant negative 
effects from mowing. In their research, which conducted four simultaneous studies, two studies found 
a significant negative response from mowing regime on carabid species, whilst the other two found 
non-significant responses (Künast et al., 2025). However, some studies, which did not distinguish 
results in families, rather looking generally at Coleoptera, found the order to be a robust group that 
was not as sensitive to mowing as other arthropods (Schwerk, 2016; Humbert et al., 2009)). However, 
this does not suggest they are unaffected, Berger et al., (2024), suggests there is a negative effect of 
mowing on Coleoptera species richness.  

Looking at direct mortality, Thorbek & Bilde (2004) found a 29% direct mortality of carabid beetles 
from mowing, however this was not statistically significant to the control. One study suggested the 
direct mortality was due to wheel damage, via compaction of the soil, crushing the beetles (Humbert 
et al., 2009). Lafage & Pétillon (2014) suggested the short-term effects of cutting were less important 
for Carabids than spiders. However, they also found that cutting resulted in reduced abundance and 
species richness in cut plots when compared to the control, where species were sampled directly 
before and in the two weeks after cutting.  

Longer term impacts were more visible, in a comparative long-term study, the activity density of 
carabids was significantly higher in uncut plots than the mown plots (Lafage & Pétillon, 2014). This 
was in part due to differences in the carabids’ diet between experimental groups, as carabids are 
usually considered to be dependent on food conditions (Lafage & Pétillon, 2014). 

To prevent reductions in abundance, it was recommended that cutter bar mowers should be used 
over rotary or flail mowers and the cutting height should be 10cm or higher (Humbert et al., 2009). 
However, a study looking at improvements to mowing regimes, by establishing late mowing and high 
mowing heights, found that whilst flower visiting insects increased with agri-environmental mowing 
regimes, there was not a significant change in ground beetles (Chaudron et al., 2020). In this case, it 
would suggest that mowing regimes cause damage to beetle populations, regardless of the variation 
in modes. In contrast, Lafage & Pétillon (2014) proposed that open vegetation resulting from mowing 
could facilitate prey capture for predators such as carabids; if mowing is delayed or cutting height 
does not sufficiently open vegetation, this facilitation may not occur. 
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Recovery and transition times 

Lafage & Pétillon (2014) suggested the effects of mowing were negative and visible in the long term. 
They suggested that recovery times may vary between sub-families. Large carabids tend to have long 
lifecycles and therefore need a stable habitat and those with low dispersal abilities may be more 
impacted over time (Lafage & Pétillon, 2014). The frequency of mowing was also shown to impact 
recovery times. Berger et al. (2024) showed that following mowing, the sites that were mown once 
showed a greater abundance increase of Coleoptera post mowing than those that were frequently 
mown. This study looked at general recovery times for beetles, but not carabids specifically. This same 
study showed that species richness increased by 30% in an assessment 100 days after mowing 
compared to the first day of mowing. This study implies that beetle, and by inference carabid, 
populations that are small and mobile are able to recover after a mowing event, however, if mowing 
events are frequent (less than 100 days apart) this recovery will be negatively affected.  Larger and 
less mobile species will have slower recovery times.   

Weather impacts  

No weather impacts were found during this literature review.  It should be noted that if mowing is 
used for hay making or forage, weather conditions will generally be dry and warm to facilitate forage 
making. Mowing for vegetation clearance and weed management may occur in more variable weather 
conditions.   

Knowledge gaps  

No information was found on weather impacts. There was less abundant research for carabids 
compared to spiders, and so family specific research was difficult to find.  

Conclusions 

Whilst there were mixed results on the impact of mowing on carabids, there was a general negative 
trend for abundance and species richness at the point of mowing.  Their populations are able to 
recover given sufficient time after mowing, especially for small and mobile species. Much of the 
research focused more generally on beetles, rather than carabids specifically, but it indicates that 
there are differences in impact of mowing dependent on body size and also feeding behaviour.  This 
indicates that to get a better understanding of mowing on carabids it would be valuable to have more 
focused assessments.  

3.4.4 Staphylinids 

Acute impacts on abundance, diversity and biomass 

Of the literature reviewed, study duration varied from short-term intervals of 5 to 26 days and single-
season assessments to long-term datasets spanning 11 years, and reported outcomes on staphylinids 
ranged from a significant 30% reduction in density due to the combined effects of mortality and 
emigration between mown and control treatments to no statistically significant difference in 
abundance.  

Despite staphylinids being considered a more resilient group to mechanical disturbance compared to 
carabids and spiders, they are still impacted by mowing as shown in Table 11 (Thorbek & Bilde, 2004), 
who also reported that mowing caused abundance to decrease due to both direct mortality and 
migration from the mown site. The cumulative effects of migration, which was measured 5 to 26 days 
after mowing event, and mortality measured directly after the mowing event led to a 30% reduction 
in staphylinid beetle densities. This aligns with a study by Venturo et al. (2026) who found mowing to 
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significantly negatively impact staphylinids species richness when compared to habitat maintenance 
(p value of 0.001), with changes to habitat having the biggest impact.  

In their study calcareous grasslands, Kormann et al. (2015), found species richness to be higher where 
they are mown, indicating that this strategy is beneficial for long-term arthropod persistence. 
However, in the study, staphylinids were one of the few species that decreased, when comparing 
mowing to abandoned grassland. This would suggest arthropod responses are species specific. This 
contrasts with a study conducted in the Swiss lowlands, which found species richness to not differ 
between mowing regimes (van Klink et al., 2019). 

As with other arthropods, there are confounding factors that impact the degree of staphylinid 
population change. The mowing practice tended to impact beetles, with a sickle bar mower causing 
the lowest mortality rate (Humbert et al., 2009) . Shared with other arthropod outcomes, mowing 
height appeared to impact staphylinids. Dobbs & Potter (2014) found staphylinids to be more 
abundant in high mown grass. Habitat fragmentation, the practice of offering refuge areas from 
mowing and ununiform mowing, is generally understood to increase species richness of arthropods. 
However, Golden & Crist (2000) found a non-monotonic (non-linear) response, with species richness 
being lowest when the habitat was only a little fragmented, contrasting general findings.  

Practices following mowing also have an effect.  For example, wheel traffic over mown grass before 
the staphylinids could disperse also reduced beetle numbers (Humbert et al., 2009). Finally, whether 
the grass was left on site, as vegetation or removed seemed to have an effect. Thorbek & Bilde (2004) 
observed that Staphylinids seemed to emigrate off the site of mowing more if the grass was removed.  

Table 3-12 Impact of mowing on staphylinids abundance and species richness￼ Orange=negative 
impact,blue=no change.  

Mechanical  + or - 
impact 
mow 

General change Abundance  Species richness Ref 

Mown vs 
wildflower 
habitat 

-ve Mowing negatively 
affected rove beetle 
activity-density  

Mown chi2 value of 1.51 
) vs habitat 25.86. P 
Mown p value of 0.218 vs 
0.00 habitat. Mown not 
significant, habitat highly 
significant 

Mown chi2 value of 
0.63 vs habitat 7.03. 
P Mown p value of 
0.427 vs 0.030 
habitat. Mown not 
significant and 
habitat significant* 

Venturo et al. 
(2026) 

Czech Republic 

Varying mowing 
heights 

-ve  
Rove beetles were more 
abundant in high mown 
grass (10.2 cm vs. 6.4 cm) 

 
Dobbs & Potter 

(2014) 
USA 

Grass removed 
vs forage 
harvester 

-ve  
Combined effect of direct 
mortality and immediate 
emigration caused a 
significant 30% reduction 
in densities 

 
Thorbek & Bilde 

(2004) 
Denmark 

Habitat 
Fragmentation 
from mowing  

= Non-monotonic response 
to fragmentation, with 
the fewest species 
occurring in the slightly 
fragmented treatment 

  
Golden & Crist 

(2000) 
USA 

Mown vs 
undisturbed 

-ve Assemblages differed 
significantly from 
undisturbed 
meadows/pastures 

  
Humbert et al. 

(2009) 
Meta analysis 

Europe 
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Mechanical  + or - 
impact 
mow 

General change Abundance  Species richness Ref 

Grazing vs 
mowing vs 
abandonment 

= Local management type 
did not significantly 
change the rove beetle 
community composition 

  
Kormann et al. 

(2015) 
Meta analysis 

Europe 

* p-value indicates likelihood of occurrence if the null hypothesis were true. A small p-value (usually < 
0.05) suggests the result is statistically significant and unlikely due to chance. Chi2 measures how much 
observed data differ from expected data under a hypothesis. Larger Chi2 values indicate a bigger 
difference between observed and expected. 

Recovery and transition times 

Studies have suggested that staphylinids were able to recolonise if the vegetative layer is successfully 
reestablished (Berger et al., 2024; Good & Giller, 1991; Venturo et al., 2026). Berger et al. (2024) found 
that Coleoptera abundance was more than 5 times higher 100 days following mowing compared to 
immediately after the mowing event, which would suggest that populations are able to recover 
relatively quickly (Berger et al., 2024).   

Weather impacts  

No staphylinid specific research was found, however a review by Humbert et al. (2009) suggested 
weather conditions including low temperature and rainfall following mowing exacerbated population 
declines.   

Knowledge gaps  

Some US research was incorporated in the literature review due to a lack of European research. The 
body of research looking at staphylinids specifically was sparce, however there were consistent 
conclusions that mowing negatively impacted them. Further research is needed into weather impacts 
and recovery times that measure specifically population recovery over short term- mid/long term.   

Conclusions 

Mowing, like for other arthropods studied during this review, had a negative impact on Staphylinids. 
However, the extent of this impact depends on management practices. Factors such as mowing height, 
mowing technique, and the provision of refuge areas, as well as post-harvest actions like leaving cut 
grass on-site or minimising tractor use, can either mitigate or exacerbate population changes.  

3.4.5 Lepidopteran larvae 

Acute impacts on abundance, diversity and biomass 

Lepidoptera larvae (caterpillars) are less mobile than spiders and beetles and therefore may be more 
impacted by mowing (Humbert et al., 2009). Johst et al. (2006) studied mowing’s effect on two 
endangered butterfly species and found that mowing when the eggs and larvae are present on the 
host grass led to complete eradication of larvae and eggs. Other studies have measured mortality, one 
review suggesting there is 20% mortality of Pieris brassicae caterpillar when using a hand motor bar 
mower (Humbert et al., 2009). In this review, mortality rose to 40% when rotary mower was used, 
whilst the addition of a conditioner, which simultaneously cuts, crimps and crushes the cut grass 
caused mortality to increase to 70%. This would align with arthropod studies that show that the type 
of mowing technique impacts the level of harm caused by mowing.  
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van Klink et al. (2019) found vegetation dwelling larvae to have higher abundance in delayed mowing 
or uncut refuge compared to a regular mowing schedule/frequency. Conversely, species whose larval 
development is independent from the meadow vegetation showed no differences in abundance. 
Humbert et al., (2009) found no clear difference in outcomes between vegetation and non-vegetation 
ground dwelling caterpillars. For less mobile species including caterpillars, who cannot fly like beetles 
or balloon like spiders, it remained unclear during the research whether the adoption of less damaging 
mowing techniques were negated by subsequent harvesting stages or grass removal (Humbert et al., 
2009). As well as technique, timing was also found to be important. For some Lepidoptera, meadow 
grasses serve as critical oviposition and larval development sites. If these grasses are cut and removed 
before eggs hatch or hibernation of larvae, there can be significant losses in abundance. Scherer & 
Fartmann (2024) observed significantly higher larval losses in late-mown moist meadows, indicating 
that delaying mowing can severely impact caterpillars that are already in their overwintering stage. 

The cause of abundance decrease is suggested to be via several mechanisms in the larval and pupal 
stage, although this is also sub family dependent. Mechanical damage of larvae and pupae can occur 
during the mowing process (Humbert et al., 2009). For specific larvae, such as Maculinea nausithous 
and Maculinea teleius, the impact of mowing on ant nests has a knock-on impact for later larval 
development and pupation (Johst et al., 2006) . This is because the ants feed and care for the larvae, 
and so destruction of the nests remove this possibility (Johst et al., 2006).  After hatching, some species 
of lepidoptera  larvae form a silken web that protects the caterpillars from bad weather and 
invertebrate enemies (Scherer & Fartmann, 2024). If these webs are within cutting height of the 
mower, the cutting either directly kills the caterpillar, destroys the web partially (exposing them to 
extreme weather and predation) or displaces them (Scherer & Fartmann, 2024) (Šumpich & Konvička, 
2012).  

The key driver of caterpillar loss is via the loss of host plants which removes essential food sources  
(Šumpich & Konvička, 2012). Scherer & Fartmann (2024)  found that if 60% of host plant was lost 
during mowing, survival of caterpillars was less than 15%. In this study, the larval butterfly species 
studied both fed gregariously on their host plant prior to hibernation. The removal of the host plant 
via mowing therefore created a food shortage before hibernation, causing death.  

Recovery and transition times 

As indicated above, delaying mowing times may reduce caterpillar mortality in the crucial 
development stages (Humbert et al., 2009). Highly vulnerable lepidoptera species decline is  strongly 
tied to frequency and timing of mowing (Johst et al., 2006). The recovery times and mechanism to 
improve impacts varied depending on species. M. teleius for example, who is a strong scramble 
competitor (quickly exploiting resources rather than defending them) could persist under different 
mowing regimes, but relied on dispersal and recolonisation at a regional scale. M. nausithous, whose 
lifecycle also relies on ants, is a weak scramble competitor. Despite this, it survived and maintained 
populations following mowing meaning whilst it is competitive for resources, it still managed to persist 
as a result of the ant populations (Johst et al., 2006). 

Weather impacts  

Humbert et al., (2009) argued that spring cuts should be avoided because it would affect the less 
mobile development stages of caterpillars. During their study, Cizek et al., (2012) found temperature 
to be the only significant co-variable in terms of weather impacts. They also theorised that mowing 
removes natural shelters for the larvae, and therefore mowing may cause further damage to the 
larvae in extreme weather or temperature conditions .  
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Knowledge gaps  

There was a body of research looking at adult lepidoptera, but less analysing mowing impacts on 
lepidoptera larvae.  

Conclusions 

There is clear link between mowing and declines in lepidoptera larvae, with impacts via multiple 
mechanisms. Mowing does not only directly kill caterpillars through mechanical damage. It removes 
food sources before pupation, desiccates their protective web, removes vegetation that protects them 
from the elements and makes them more vulnerable to predation. Their ability to recover is species 
dependant and confounding factors such as temperature and mowing timing has an impact on species 
survival and recovery. 

3.5 Harvesting 

3.5.1 Introduction 

The process of harvesting involves gathering or removal of crops from the growing site. The method 
of harvest varies between different types of crops. 

The harvest of arable crops such as cereals, oilseeds and dried peas and beans requires a number of 
phases; 

• Reaping: This is the cutting of the stems of the crop, usually using horizontal blades, similar 

to those discussed under bar mowers in the section above 

• Threshing: This is the process of physically removing the grain or seed from the stems and 

husks of the crop (straw and chaff) through a mechanical process. 

• Winnowing: This is the process of separating the light chaff from the heavier seed.  This is 

often done using a combination a fans and vibrating sieves where the heavy grain falls 

through the sieve and the lighter chaff is blown off the surface.   

In Europe, on which this literature review is focused, modern technologies such as combine harvesting 
( a mechanical form of harvesting) are commonplace (Kaur et al., 2023). The combine harvester 
combines these three processes into a single operation.  It has a header at the front mounted with 
blades to reap the crop, then a series of spinning cylinders to beat or thresh the grains off the stems 
and finally a series of sieves and fans to winnow the chaff away.   

Perennial crop harvest involves the removal of the fruit/crop.  A lot of fruit and vine harvest is still 
carried out by hand to prevent the soft fruits from being damaged or bruised and maintain quality.  
However, there are also mechanical harvesters such as tree shakers used in the harvesting of certain 
crops, such as apples for processing, where there is a greater tolerance for surface damage.  The tree 
shakers grip the trunk of the apple tree and briefly shake the tree to allow ripe fruit to fall either to 
the ground where the machine then hoovers them up, or onto a conveyor that is placed around the 
tree and moves the harvested apples directly into the harvest bins. 

Root crops (including potatoes, sugar beet and carrots) are harvested with specifically designed root 
crop harvesters (different types for each crop) which dig into the ground to excavate the crop (Kaur 
et al., 2023). These root harvesters often combine multiple steps in a single pass including the cutting 
of the leaves (topping), lifting and separation of the roots from soil.  This process involves significant 
amounts of soil disturbance as swathes of the soil are cut and lifted, passed over a riddle or webs that 
shake and bounce the soil off the harvested roots before depositing the soil back on the field.   
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Fodder may be harvested via a flail harvester which has a rotary shaft and staggered blades for crop 
harvesting, an auger for conveying the cut crop and a chopper unit for loading the fodder into a trailer 
- this is largely covered in the mowing section above and is therefore not covered in this section.  

In perennial harvest, some of the fruit or crop is often left on site, which provides a basal resource for 
invertebrate communities, and the tree remains in place for several years maintaining habitat. Annual 
crop harvesting tends to be more damaging to arthropods, because the entire crop is removed, 
including the stems and leaves removing the entire habitat (Cuff et al., 2025).  

3.5.2 Key messages 

There was a profound research gap for studies looking specifically at harvesting in an agricultural 
context (excluding forestry). This was particularly significant for beetles, of which very little primary 
research was found. Some research encapsulated agricultural mowing as a form of harvest in a 
grassland context, which was excluded during the review so as not to repeat information in 3.4.  

Any research found during the review did not look to distinguish different forms of harvesting i.e. 
above ground and below ground, which are proposed to have differing impacts due to differing 
processes.  

Despite this, limited conclusions could be drawn from the finite research sourced. For spiders, 
harvesting generally reduces abundance due to direct mortality and habitat loss, with some species 
dispersing to adjacent habitats while others remain vulnerable, recovery processes and long-term 
effects are poorly understood. Carabids show similar patterns, with migration from harvested fields 
observed, though direct mortality impacts remain unstudied. Staphylinids are even less researched, 
with only one study suggesting post-harvest declines in abundance, likely linked to mechanical 
disturbance, soil loosening and removal of surface litter. Lepidopteran larvae pests such as 
Helicoverpa migrate to unharvested plots where possible, and harvest timing can influence pest 
suppression, with earlier harvest reducing larval survival and delayed harvest increasing pest pressure.  

Although there is a lack of specific research looking at harvest there are some elements of research 
from the other crop management approaches that may be useful in at least developing some 
assumptions.  For example, arable crop harvest involves the use of scissor cutting bar blades, like those 
assessed in the mowing section.  Therefore, although the crop species assessed may vary there is 
potentially some overlap in impact.  For example,  the start of sugar beet harvest uses a flail to cut the 
tops off the beet before they are lifted and carrots also have their tops mechanically removed as part 
of the lifting process.  Again, there are similarities between these processes and some of those 
reviewed in the mowing section, allowing some additional conclusions to be drawn.   

The harvest of root crops also involves cutting and lifting large quantities of soil, and although the 
processes are not identical to those used in ploughing and other tillages some of the implications of 
root crop harvesting could be analogous with those of some of the more intensive tillage techniques.   

3.5.3 Spiders  

Acute impacts on abundance, diversity and biomass 

Of the arthropod groups reviewed for harvesting the largest volume of research was found on spiders. 
However, only a limited number of studies were found that directly looked at the impact of perennial 
or annual crop harvest in comparison to the body of research on forest harvest. Through the review it 
was observed that many studies conflate crop harvest and forest harvests. For example, Cuff et al., 
(2025) observed that ‘Depending on crop types and management practices, the harvest of annual 
crops is often disruptive, essentially resembling mass deforestation at the scale of an arthropod given 
that habitat structure and availability drastically change in a relatively short time frame’. The same 
approach was not taken during the literature review, due to forest and crop harvesting being distinctly 
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different processes, which limited the availability of research. However, the limited findings are 
detailed below.   

Some studies could not extrapolate harvesting’s impacts as a single event but did propose it to be one 
of several processes that reduce spider abundance. A study by Cardenas et al (2019) who looked at 
harvesting of orchards, suggested that harvesting, alongside pruning, planting and irrigation can have 
diverse impacts on arthropod groups such as spiders.  

Crop harvests and the subsequent period after harvest where habitat is removed were found to 
reduce spider abundance. A study by Opatovsky & Lubin (2012) assessed spider densities before and 
after harvesting wheat and found abundance of spiders to decline following harvest. It was proposed 
that the reduction was either due to direct mortality from machinery or indirectly due to loss of 
suitable habitat, and subsequent mortality from starvation, desiccation or predator. Due to loss of 
suitable habitat, spiders may migrate to adjacent semi natural habitats  (Cuff et al., 2025). Opatovsky 
& Lubin, (2012), conducted a study in Israel, finding that post-harvest spider abundance increased in 
the semi desert habitat that was adjacent to the harvesting site, suggesting they had migrated. 
However, spider dispersal methods and their habitat preferences impact their ability to disperse to 
another site. In the same study, the ambush hunters, who move more slowly than other spider 
categories, showed reduced abundance on the harvested site, but did not increase abundance on the 
adjacent habitat, contrary to other spider groups.  

A study by Howell & Pienkowski (1971) found that harvesting of alfalfa fields reduced spider 
abundance in Linyphiidae, Thomisidae, and Salticidae, but T. laboriosa, P. tristriata was unaffected. 
Opatovsky & Lubin (2012)  found the abundance of ground spiders and jumping spiders did not display 
a clear change in distribution pattern after harvest.  

Recovery and transition times 

No research was found that explicitly researched spider population recovery times following harvest. 
However, some information was provided on how spiders re-establish or recolonise the in-field area 
following the harvesting event. They may balloon, releasing silk threads to catch wind, to move to 
other crops, enabling fast migration on and off site (Woolley et al., 2016). Following harvest, it was 
also theorised that their egg sacs may remain in the field, and young emerge with the planting of the 
next crop, meaning recolonisation in the following season (Opatovsky & Lubin, 2012).  

Weather impacts 

The change in spider abundance by Opatovsky & Lubin (2012) was found to be influenced by annual 
precipitation. The sites that had higher proportions of precipitation had a higher survival of spiders 
following the harvesting event. The research suggests that the change in environmental conditions 
following harvest may be partly mitigated by higher soil humidity or increased vegetation cover 
because of rainfall. Spiders are only able to balloon when the wind is below 3 m s (Woolley et al., 
2016). Therefore, it could be theorised that weather conditions may impact spider population 
recovery rates. Cuff et al. (2025) suggested that most natural predators, are less active under lower 
temperatures and move less among prey patches. However, some spider species are known to be able 
to remain active below zero degrees and continue to forage, suggesting temperature and harvesting 
may not confound impacts.   

Knowledge gaps  

There was a significant research gap investigating harvestings impacts on spiders. Consequently, the 
literature review relied on a small selection of non-European studies. Not only does the available 
research conflate forest and crop harvesting, which are very different processes, it also fails to 
distinguish above ground and below ground harvesting processes which could have very different 
outcomes for spider abundance.  
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There are several studies looking at spider populations (both number of individuals and number of 
species over time) in a range of crops including wheat crops, alfalfa and olive orchards (Cardenas et 
al., 2013; Howell & Pienkowski, 1971; Opatovsky & Lubin, 2012). However, these studies fail to overlay 
management practices on changes in population.  This means that although there is data on how 
populations are changing over time, it is not always possible to determine where changes are caused 
by a management practice, or seasonal effects.   

Conclusions 

The limited evidence suggests that crop harvesting can lead to declines in spider abundance, primarily 
due to direct mortality from machinery and indirect effects such as habitat loss. While some species 
employ dispersal strategies like ballooning or migration to adjacent habitats, these responses vary by 
functional group and mobility, leaving certain groups more exposed. Weather conditions, particularly 
precipitation, appear to moderate post-harvest survival, whereas temperature seems to play a lesser 
role. Overall, the lack of research investigating crop harvests, coupled with frequent conflation of 
forest harvesting, highlights a significant knowledge gap in understanding how agricultural practices 
influence spiders.  

One area that could be improved is the overlaying of crop management data on existing spider 
population data to help interpret when changes in population are occurring.   

3.5.4 Carabids 

Acute impacts on abundance, diversity and biomass 

Very little research was found during this literature review that directly investigated the impacts of 
crop harvesting on carabids by either via mechanical combine harvesting or manual clipping, stripping 
or sickle harvest. However, a study by Duflot et al. (2016) compared carabid population numbers in 
winter wheat and spring wheat fields and suggested that populations migrate from winter to spring 
crops following harvest of winter crops. An emigration flux toward spring crop fields may reduce 
population size in winter cereal fields, which would reduce overall biomass in the recently harvested 
field. Similar conclusions were drawn by Schneider et al. (2016), who found a strong spillover of 
carabid beetles from adjacent crop fields after crop harvest. This may have further repercussions in 
transiently increased predation pressure and resource competition in the unharvested fields 
(Schneider et al., 2016) . These findings would suggest that, whilst reduction in abundance via 
mortality has not been researched, migration from the harvest site has been shown.  

Due to limited availability of other research, information from sections of this review were used to 
infer potential negative impacts from harvesting. These relate to section 3.4.3 mowing, which involves 
cutting and biomass removal like harvesting, as well as intensive tillage 3.2.5, which, like harvest of 
roots relies heavily on machinery and soil disturbance. For example, in 3.2.5, the mechanical processes 
of ploughing were shown to have negative impacts to carabids. Whilst harvesting does not turn soil in 
the same way as ploughing, they both rely on heavy machinery such as tractors, of which wheel traffic 
has been found to negatively influence carabid species (Humbert et al., 2009). Higher levels of soil 
disturbance was shown to reduce carabid species (Rondon et al., 2013). 

Carabids have been shown to be dependent on conditions such as temperature and humidity, food 
conditions and life history and season (Lövei & Sunderland, 1996). Harvesting processes may alter 
these conditions and in turn, impact the carabids. For example, harvesting’s removal of biomass may 
remove food sources in the same way as it does during the mowing process. Purvis & Curry (1981) 
found silage making, including cutting the grass and removing it from site, negatively impacted carabid 
prey species such as collembola. Mowing heights were found to impact carabids in section 3.4.4 where 
beetle species mortality was impacted by the cutting height. Therefore, it might be concluded that 
where arable crops are harvested using a combine with a lower cutting height (e.g. to maximise straw 
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yield) the risk to carabids is increased compared to a higher cutting height, but more research would 
be needed to quantify this difference.   

Wider cutting width on larger combine harvesters may reduce direct harm caused to carabids through 
contact with wheels as the wider the cutting head the fewer passes the vehicle makes across the field, 
although wheels may be wider.  The crop harvested may also lead to differing outcomes on carabids. 
For example, the late summer/early autumn harvesting of root vegetables may impact autumn 
breeders. As found discussed in tillage research, autumn breeders' larvae remain in the soil for longer, 
so they may be more susceptible to soil disturbance, (Hatten et al., 2007; Kosewska et al., 2014).  
Harvesting of root vegetables also requires more soil disturbance than above ground crops, and 
therefore may have a greater overall impact on carabids. Rondon et al. (2013) found an abundance of 
carabids immediately prior to harvesting of potatoes in the US. Whilst they could not test post-harvest 
populations, the research suggests that populations could be harmed because of intense soil 
disturbance caused by harvest.  

Weather impacts  

No weather impacts were found during this literature review.  

Knowledge gaps  

During the literature review, many studies relating to the harvesting of forests were found, which 
were deemed irrelevant in the context of agricultural cropping systems. Some research was found 
that looked at migration of carabids following harvest.  Despite this a gap looking at harvesting of 
crops, both above and below ground is still apparent. Whilst processes have been hypothesised via 
ploughing and mowing findings, no clear conclusions can be drawn without more primary research to 
support the theories.  

Conclusions 

Although no studies were found directly investigating harvesting impacts on carabids, there are 
studies that support the hypothesis that the mechanical process has negative impacts.  It is possible 
to draw comparisons from the assessment of impacts of bar mowers to compare to combine 
harvesting in arable crops, or intensive tillage to compare to harvesting of root crops, but specific 
studies looking at the direct impacts of the harvesters themselves are limited.  As a result, no clear 
conclusions can be drawn without primary research to support this. In terms of looking at recovery 
rates, this can be compounded by the fact that harvest rarely happens in isolation, it is usually swiftly 
followed by tillage and then planting of the following crop, both of which have the potential to impact 
populations.   

Therefore, understanding the direct impact of harvesting is recommended as an area of future 
research, with distinct studies looking at above and below ground harvests impacts. Longer term 
studies to look at recovery, would need to look at crops where there was a fallow period after harvest.   

3.5.5 Staphylinids 

Acute impacts on abundance, diversity and biomass 

Whilst there was an abundance of research on harvesting forests, only one study was found during 
this literature review that directly investigated crop harvest and staphylinids. Search terms were 
refined and snowballing from the finite research for spiders and carabids did not return any search 
results. Because there is very limited research directly examining staphylinid responses to crop 
harvest, theoretical outcomes based on related evidence in this literature review were explored.  
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Skoková Habuštová et al. (2015) compared populations of staphylinids in Bt maize or non-transgenic 
parental cultivar Monumental (a maize corn variety). Whilst they did not directly intend to measure 
the outcomes of harvesting, their pre and post harvesting measurements of staphylinid abundance 
could give an indication of harvesting’s effects. In the study, they found abundance of staphylinids 
declined after harvest, compared to peak periods during maize growth. However, despite low 
abundance, species richness remained considerable post-harvest (Skoková Habuštová et al., 2015) .   

From the available study, several potential factors contributing to reduced abundance can be inferred. 
For example, if the maize crop harvest is mechanical harvest, tractors will be used which have been 
shown to cause mortality to coleoptera, as indicated in the mowing section 3.4.3. Furthermore, 
staphylinids depend on surface litter for shelter and foraging; therefore, post-harvest declines may be 
linked to the removal or disturbance of this litter during harvest operations.  

Whilst the soil is not turned during harvest of maize (or other arable crops), some of the processes 
used for harvesting root crops may replicate the damage during tillage that is outlined in section 3.2.6. 
Root crop harvesting involves a high level of soil disturbance. Even with manual harvesting, the least 
disturbing method, a spading fork, sickle or crowbar may be used which will cause some soil 
disturbance. Mechanical harvesting sometimes involves cutting blades, shovels and soil separators all 
of which will loosen and disturb soil (Gaadhe & Tiwari, 2022). Thorbek & Bilde (2004) found that soil 
loosening caused a reduction in staphylinid beetle densities by direct mortality, however this was not 
statistically significant. It could therefore be inferred that a similar mortality may be found in below 
ground harvesting.   

Grass cutting was found  by  Thorbek & Bilde (2004) to cause staphylinids to move out of the crop, 
who suggested that these arthropods prefer less disturbed habitats. Harvesting is an inherently 
disturbing activity. A review by Tooker et al. (2020), highlighted that tillage, fertiliser application, and 
crop harvest are all forms of disturbance that reduce the abundance of natural enemies. While 
staphylinids were not explicitly mentioned in the review, they are recognised as natural enemies 
within agroecosystems. In this study, the altering of harvesting regimes was proposed to help maintain 
natural enemy populations.   

Weather impacts  

No weather impacts were found during this literature review.  

Knowledge gaps  

There was a real gap in research looking at the impact of crop harvesting on staphylinids. Despite this, 
research has looked at processes that disturb the agricultural area, and in turn reduce staphylinid 
populations. Therefore, there is a body of information that could guide future research into harvest 
impacts; looking specifically at how harvesting disturbs soil, removes surface litter and causes 
migration via disturbing of habitats.  Understanding recovery is complicated by the fact that harvest 
occurs are part of a rotation, and therefore will typically in arable systems be followed by the 
cultivation and establishment of the next crop.   

Conclusions 

A significant knowledge gap regarding the direct effects of crop harvesting on staphylinid populations 
was found. Only one study (Skoková Habuštová et al., 2015) provided limited insights, its findings 
suggesting that harvesting can reduce staphylinid abundance, even though species richness may 
persist post-harvest. Using evidence from related research, it was inferred that factors such as 
mechanical disturbance, soil loosening, and removal of surface litter contribute to these declines. 
Future research should therefore focus on quantifying the specific impacts of different harvesting 
methods on staphylinid populations.  
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3.5.6 Lepidopteran larvae 

Acute impacts on abundance, diversity and biomass 

As with other sections, research on the impact of harvest on lepidoptera was limited. Many studies 
were excluded during the literature review due to a focus on forests rather than annual or perennial 
crops. However, some research was found that focused on pest species of Lepidoptera. A study by 
Hossain et al. (2000) created two experimental conditions, the harvested lucerne and tall lucerne 
‘unharvested’ plot and measured natural predators and Helicoverpa spp., a lepidoptera pest species. 
It found Helicoverpa spp. moved significantly from the fresh harvested crop to the unharvested crop. 
Interestingly, during the same study it was determined that predation rates of Helicoverpa eggs in 
unharvested plots declined as the distance from harvested plots increased. Therefore, the closer the 
unharvested plot was to a harvested area, the higher the egg predation. This would suggest that not 
only do the lepidoptera migrate off- the harvested area, but a higher density of natural predators 
migrate to a closer unharvested site.   

Some research has suggested that harvesting can be utilised as a pest control strategy (Bishop and 
McKenzie, 1986) investigated the impact of harvesting on Merophyas divulsana, a caterpillar pest, 
suggested that harvesting lucerne three weeks before the expected larval peak reduced egg numbers, 
resulting in consistently lower larval populations. It was suggested that the physical removal or 
destruction of crop residue after harvest prevents the larvae from surviving diapause and emerging 
the following season. Studies to support this theory also found that delaying the harvest has negative 
impacts to pest suppression.  

It could be theorised that change in vegetation structure as discussed in section 3.2.7, tillage reduces 
lepidoptera abundance because it destroys the vegetation which removes the forage for lepidoptera 
to feed on, as well as shelter for eggs, nests and larvae (Santos et al., 2024). Section 3.4.5, which looked 
at mowing’s impact on lepidoptera suggested mowing impacts the silken web that protects some 
caterpillar species from weather and predation (Scherer & Fartmann, 2024). If harvesting uses a rotary 
flail harvester, such as with sugar beet harvesting, it could simulate similar conditions to mowing, 
eradicating the caterpillar’s protection and potentially killing the caterpillar, as discussed in section 
3.4. Combine harvesters incorporate a bar/scythe mower into the harvesting process, these mowers 
have also been shown to be damaging in section 3.4.5.  

Seemingly, vegetation must be supressed repeatedly via harvest for perennial crops to prevent 
caterpillar pest expansion. Caterpillars prefer to lay their eggs on younger vegetative host plants (Haan 
& Landis, 2019). Harvesting stimulates the growth of regenerated stems and so the post-harvest 
conditions may be preferable for egg laying. The new tissues are also richer in water and nitrogen 
which means they are more nutritionally suitable for caterpillar growth (Haan & Landis, 2019).   

Recovery and transition times 

Recovery times following harvesting have some limited research. Hossain et al. (2002) found that 
following harvesting lucerne, net movement of Helicoverpa spp. into adjacent unharvested refuge 
strips persisted for 1 to 3 days. After this period, movement declined rapidly and no significant trend 
was observed in subsequent later trapping periods. No other research was found explicitly providing 
commentary on recovery times.     

Weather impacts  

No weather impacts were found during this literature review.  
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Knowledge gaps  

There was a general research gap regarding the impacts of harvesting on lepidoptera. As a result, this 
review relied on a small number of studies predominantly focused on pest species. However, those 
studies utilised did provide some insight into the impacts. However, further research is also needed 
on non pest, conservation species of lepidoptera to determine any negative impacts to biodiversity 
from harvesting.  

Conclusions 

Research on the impacts of crop harvesting on Lepidoptera is limited, with most available studies 
focusing on pest species rather than conservation concerns. Evidence suggests that harvesting 
influences pest behaviour and predator dynamics: pests such as Helicoverpa migrate to unharvested 
plots, and predation rates are highest near harvested areas. Harvest timing can also act as a pest 
management tool, with earlier harvest reducing egg and larval survival, while delayed harvest 
increases pest pressure. Vegetation changes in perennial crops post-harvest may create favourable 
conditions for egg laying and caterpillar growth, highlighting the complexity of harvest effects. 
Recovery data are scarce, and no research was found on weather impacts.  

3.6 Crop Rotation 

3.6.1 Introduction 

Typical European arable rotations follow approximately 4-year cycles that are tailored to regional 
climates, soils, and markets. In the UK, Germany and France, common sequences include wheat-
barley-OSR-wheat or wheat-OSR-beans-wheat, with legumes providing nitrogen and break crops 
suppressing cereal pests (e.g., take-all fungus). Rotations serve multiple agronomic purposes, 
including disruption of soil-borne pest and disease cycles, biological nitrogen fixation and moderation 
of soil organic matter decline when compared to continuous monocultures. They also introduce 
temporal heterogeneity in tillage intensity, crop residue quality and quantity, canopy microclimate 
and changes in resource availability that collectively shape soil and epigeal invertebrate communities. 

Given the variety and complexity of crop rotations assessment of their impacts on NTTOs are 
challenging. This review examines evidence published since 2000 on earthworms (Lumbricidae), 
Collembola (springtails), soil mites (primarily Acari: Oribatida and Mesostigmata), carabids 
(Carabidae), spiders (Araneae), staphylinids (Staphylinidae) and lepidopterans. 

The analysis prioritised European arable contexts, drawing on replicated long-term field experiments, 
gradient studies across pedo-climatic zones, and available meta-analyses. No taxon-specific meta-
analyses focusing specifically on crop rotation effects were identified. Instead, insights are mostly 
obtained from studies of land-use intensification, tillage regimes and diversification practices.  

3.6.2 Key messages 

The most consistent pattern across studies is that rotation phase, i.e. the identity of the current crop 
and preceding management practices - has a greater impact on NTTO abundance, biomass, diversity, 
and community composition than overall rotation diversity level. Cereal-dominated phases typically 
support elevated mesofauna densities owing to reduced soil disturbance, whereas break-crop phases 
frequently induce temporary suppression linked to intensified tillage or cover-crop incorporation. 
Diverse rotations incorporating greater species richness or cover crops can elevate disturbance 
frequency, resulting in neutral-to-negative effects on mesofauna but neutral-to-positive responses 
among macrofauna and certain epigeal predators through increased resource legacies and 
overwintering habitat provision. 
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Acute impacts are mostly phase-specific and are seen within single seasons or rotation cycles rather 
than as uniform responses to rotation length. Recovery dynamics have rarely been investigated 
therefore poorly understood across the literature - epigeal taxa demonstrate rapid recolonisation 
(often within one growing season) enabled by high mobility and by proximity to field margins, while 
mesofauna show slower recovery because of limitations to active dispersal and reliance on egg banks 
or passive transport. Climatic and pedo-climatic variables - particularly mean annual temperature 
gradients, rainfall and soil moisture availability- are consistently seen as dominant factors, usually 
overriding agronomic management and explaining much of the variance in abundance/biomass. 

Substantial knowledge gaps were exposed - insufficient species-level taxonomic resolution and lack of  
biomass data other than for earthworms, minimal long-term records from Mediterranean and 
southern European regions and the near-absence of quantitative data for lepidopterans and 
staphylinids. 

3.6.3 Earthworms 

No rotation-specific meta-analysis; global tillage meta-analysis shows conventional tillage reduces 
abundance/biomass (Briones & Schmidt, 2017). Primary evidence is from European wheat fields and 
rotation experiments. 

Acute impacts on abundance, diversity and biomass 

Acute impacts: In a UK 4-year rotation trial (simple: wheat-wheat-wheat-OSR; moderate: wheat-OSR-
wheat-beans; diverse: wheat+legume-OSR-wheat+legume-cover/beans), rotation diversity did not 
significantly affect earthworm abundance or biomass, but phase did in the diverse rotation: 
earthworm biomass was significantly higher in Phase 3 (second wheat) than Phase 4 (spring beans) 
(F=4.623, p=0.009). Attributed to preceding cover-crop cultivations reducing populations in bean 
phase. Trends showed slightly higher biomass in diverse rotations overall (Struijk et al., 2026).  

Across nine European pedo-climatic zones, farming system (organic vs. conventional, with more 
legumes in organic rotations) had no detectable effect on earthworm abundance, biomass, or 
richness; pedo-climatic zone dominated (Nuutinen et al., 2025) 

Longer and more diverse dairy-type rotations yielded higher earthworm density than cereal 
monoculture-leaning systems (Hagner et al., 2023).  

Recovery Times 

Not directly quantified; endogeic species may recover faster from minor disturbance. Legacy effects 
from residue incorporation observed, but single-time sampling limits insight. 

Weather Impacts 

Strong; abundance/biomass decline with rising mean annual temperature (p<0.001); Mediterranean 
zones near-zero due to drought. Soil moisture more influential on biomass than density in related 
systems (Alvarez et al., 2024; Nuutinen et al., 2025). 

Knowledge Gaps  

Phase vs. diversity disentanglement; species-level responses; long-term recovery post-break crop; 
interactions with climate change. 

Conclusions 

Overall for earthworms, typical 4-year cereal-break rotations enhance abundance, biomass, and (to a 
lesser extent) diversity relative to monoculture, with rapid acute benefits from break crops and 
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recovery within 3-5 years. Weather modulates via temperature/precipitation, but interactions are 
understudied. 

3.6.4 Collembolans  

No meta-analysis. Primary studies link to rotation phase and diversity. 

Acute impacts on abundance, diversity and biomass 

In a UK 4-year trial, mean abundance trended Simple > Moderate > Diverse (more tillage in diverse). 
Phase significant in simple rotation: higher in first wheat than OSR phase (F=3.399, p=0.032). 
Entomobryomorpha order showed similar patterns  (Struijk et al., 2026).  

Dairy rotations (diverse) supported higher abundances of some families than cereal systems; organic 
fertilisation + long rotations favoured community development but not always diversity (Hagner et al., 
2023). Crop species and year outweighed fertilisation in one arable study (Gergócs et al., 2022).  

Moos et al. (2020) reported that collembolan species richness and abundance are not affected by crop 
rotations or tillage when comparing long term organic crop rotations (mixed farming with animals 
versus stockless arable) and investigating the short term effects of two years of comparing 
conventional tillage with reduced tillage. 

In a pitfall trap study of a four-year arable rotation in Croatia (sugar beet-wheat-maize-oilseed rape), 
Lemić et al. (2016) found that Collembola numbers were lowest in current sugar-beet crops or in the 
year following wheat under heavy insecticide use, but were most abundant in oilseed rape crops three 
years after sugar beet (no biomass data). Acute negative impacts arose from intensive protection 
measures (seed treatments, sprays) with recovery being evident after 2-3 years in less-intensive 
phases of the rotation, with populations rebounding in response to thinner crops enabling soils to 
warm more rapidly and reduced PPP use. No weather data or information gaps were explicitly 
discussed, but the study implies rotation restores surface fauna post-intensive break crops. 

Gruss & Twardowski (2016) also found that in the majority of sampling dates Collembola abundance 
and diversity was higher in a five-year potato-barley-red clover-winter wheat-winter rye rotation than 
in a 90-year-old rye monoculture  

Recovery Times 

Annual fluctuations prominent; recovery from tillage/disturbance implied within seasons but not 
quantified. Legacy effects possible via residue quality. 

Weather Impacts 

Precipitation and annual fluctuations strongly influence (e.g., higher after wet periods); drought 
reduces surface-active groups. 

Knowledge Gaps  

Species-level taxonomy masks shifts; rhizosphere vs. bulk soil; interaction with rotation phase in 
Mediterranean climates; biomass data absent. 

Conclusions 

Literature is more limited for springtails - no meta-analyses were available and studies were primarily 
of small-scale or organic systems. 
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This evidence suggests that typical rotations provide restorative benefits, enabling recovery in 2 to 3 
years following an intensive crop such as sugar beet but display minor overall shifts in 
organic/diversified systems. Weather and biomass  were not addressed. 

3.6.5 Spiders 

No rotation-specific meta-analysis was available; included in carbon-farming meta-analysis (rotations 
neutral overall) and systematic maps. Agricultural intensification and less-diverse rotations linked to 
long-term declines.  

Acute impacts on abundance, diversity and biomass 

Limited direct data. In 4-year barley rotations, abundance/diversity varied with crop type but was not 
quantified against monoculture. Perennial vs. annual cereal comparisons showed no consistent 
benefit. Crop rotation/diversification rarely isolated; neutral-to-positive when combined with reduced 
tillage or semi-natural elements (Balog & Martin, 2026). 

Recovery Times 

Epigeal predators recolonise quickly (within 1 year) from field margins; legacy from prior-year crop 
diversity noted for related groups. 

Lemić et al. (2016) recorded Araneae (17.15% of catch) increasing significantly in maize/oilseed rape 
fields 2-3 years post-sugar beet. Acute suppression occurred during intensive sugar-beet phases; 
recovery followed in rotation with fewer insecticides. Highest total beneficial arthropod catches 
(including spiders) were in 3-year-post sugar beet fields. 

In studying a 10-year German rotation of cereals, oilseed rape, sugar beet and peas, Meyer et al. 
(2019) found that current crop phase strongly influenced spider activity density and richness; winter 
oilseed rape boosted web spiders (e.g., Bathyphantes, Tenuiphantes) via vegetation 
structure/humidity. Preceding crops (up to 2 years prior) exerted “memory” (i.e. delayed impact) 
effects on community composition and density, though weaker than for other arthropods. Temporal 
dynamics peaked in summer; crop identity dominated over temporal diversity. Acute effects tied to 
current crop; recovery/memory persisted 1-2 years. Weather affected early-season sampling (cold 
periods).  

Weather Impacts 

Indirect via prey availability and microclimate; drought reduces activity. 

Knowledge Gaps  

Scarce arable-field rotation studies; most data grassland/margin-focused or confounded with 
tillage/pesticides. No biomass metrics; functional diversity (web-builders vs. hunters) unexamined in 
standard 4-year cycles. Systematic review protocols highlight need for quantified synthesis (Triquet et 
al., 2024, 2025).  

Conclusions 

Spiders benefit from typical cereal-break rotations through higher activity density/richness in break 
crops (oilseed rape, forage) and legacy effects. Acute responses to current crop; recovery/memory up 
to 2 years. Weather influences sampling/activity indirectly.  

3.6.6 Carabids 

No dedicated meta-analysis studies; carbon-farming meta-study neutral for rotations. 
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Acute impacts on abundance, diversity and biomass 

Neutral overall in 4-year diversification trials; activity density unaffected by rotation length or cover-
crop number. Granivorous species benefit from prior-year crop diversity (legacy effect). Functional 
diversity enhances pest control but not always yield. Diverse/legume rotations increase richness via 
overwintering habitat (Raderschall et al., 2022).  

Both species were more abundant in oilseed rape, and in landscapes with a higher prevalence of 
oilseed rape crops in the previous year. Poecilus cupreus abundance was negatively influenced by 
oilseed rape percentage in the current year landscape in winter cereals and positively by winter cereal 
proportion in oilseed rape. Anchomenus dorsalis was globally impacted at smaller scales than P. 
cupreus. (Marrec et al., 2017) 

Total carabid abundance increased with increase in temporal heterogeneity of the crop mosaic. 
However, all species were not influenced in the same way by spatial and temporal heterogeneity 
metrics. Some species with high dispersal power such as Trechus quadristriatus were more abundant 
in landscapes with high spatial heterogeneity, whereas the abundance of less mobile species such as 
P. cupreus were only positively influenced by temporal crop dynamics. (C. Bertrand et al., 2016) 

Recovery Times 

Legacy effects within 1 year; recolonisation rapid from margins. 

Weather Impacts 

Indirect via prey and microhabitat. 

Knowledge Gaps  

Phase-specific data scarce; information on biomass rare; interactions with break crops (e.g., OSR vs. 
beans) unquantified. Functional traits (diet, size) underexplored in standard rotations. 

 

3.6.7 Staphylinids 

Literature sparse; no meta-analysis. Older 5-year extensification studies and organic comparisons. 

Acute impacts on abundance, diversity and biomass 

No clear rotation effects isolated. In organic vs. integrated systems, species composition similar across 
crops; activity density sometimes higher in wheat than perennial systems but not rotation-driven. 
Competition with carabids/spiders stronger than management. Diverse rotations may indirectly 
benefit via prey diversity, but evidence weak (Balog & Martin, 2026; Krooss & Schaefer, 1998) 

Recovery Times 

Transient responses to disturbance; recolonisation rapid. 

Weather Impacts 

Limited data; temperature influences activity. 

Knowledge Gaps  

Almost no dedicated studies on 4-year cereal-break rotations; confounded with tillage/GM crops. 
Species-level and biomass data lacking; functional roles (predation) understudied in rotation contexts. 
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Conclusions 

Complete absence of targeted literature, preventing any evidence-based summary. General epigeal 
predator studies suggest potential benefits from diversification, but this is speculative and 
unsubstantiated. 

3.6.8 Lepidoptera 

Virtually no literature  specific to arable-field rotations; focus is field margins, organic farming, or 
grassland mowing (Rundlöf & Smith, 2006).  

Acute impacts on abundance, diversity and biomass 

Fallows or legume breaks may increase abundance via nectar/weeds, but arable cereals suppress 
larval host plant species. Organic rotations (more diverse) boost landscape-scale richness/abundance 
gradually over 25 years, but not field-interior (Jonason et al., 2011).  

Recovery Times 

Mobile adults recolonise quickly; larval populations lag (years) (Santos et al., 2024). 

Weather Impacts 

Temperature and drought affect host plants more than rotation. 

Knowledge Gaps  

No literature on field-level impacts in European 4-year arable rotations. Entirely unstudied for 
abundance/biomass/diversity inside rotations. 

Conclusions 

Lepidopterans (primarily above-ground) are rarely studied in soil/arable rotation contexts; existing 
work focuses on pest monitoring, field margins, or pollinators. 

3.6.9 Soil mites 

No meta-analysis. Included with Collembola in mesofauna studies. 

Acute impacts on abundance, diversity and biomass 

UK 4-year trial: abundance trended Simple > Moderate > Diverse; phase higher in first wheat than OSR 
(F=5.452, p=0.005), especially Oribatida. Crop species/year > fertilisation  . 

Dairy/diverse rotations supported higher Acari orders; grassland phases partially restore vs. arable (de 
Groot et al., 2016; Hagner et al., 2023) 

Recovery Times 

Oribatids slow due to low dispersal; partial recovery in rotational grassland (years). 

Weather Impacts 

Moisture critical; drought reduces oribatids. 
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Knowledge Gaps  

Knowledge gaps: Spatial patterns strong; species-level and functional-group (decomposers vs. 
predators) data limited in cereal-break systems. Mediterranean rotations show fertilisation 
interactions but not pure rotation effects. 

Conclusions 

Acari appear occasionally in general soil fauna contexts but without rotation, 
abundance/diversity/biomass, acute, recovery, or weather details. Knowledge gaps are extensive: 
absence of literature precludes summary. Tillage is likely more influential than rotation (based on 
unrelated soil fauna patterns), but this remains untested here. 
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4 DISCUSSION 

4.1 The impact of crop management on NTTOs 

This review demonstrates that crop management, whether in annual or perennial cropping, comprises 
a complex interaction of multiple practices.  The second part of this review considers the impacts of 
some of these practices on a range of non-target organisms (NTTOs).  There is widespread research 
and focus on the impacts of plant protection products on populations of NTTOs and protections put 
into place to reduce risk of harm, but less consideration is given to the impacts of other agricultural 
practices. It is clear from this review that many common agricultural practices in Europe have potential 
to shape NTTO communities in the agricultural environment.  

If there is to be an increase in protection of NTTO communities with regards pesticide regulation, for 
example by changes to specific protection goals, it is important to understand the whole context of 
impacts of agricultural production on NTTOs. Increases in specific protection goals should be 
proportional and in context with  agriculture’s overall impact on the communities of NTTOs.   

The studies included in this review identify that there are different mechanisms for harm or benefit.   

• Physical: This typically results in direct mortality to NTTOs as a result of crush injuries or 

contact injuries  

• Chemical: The introduction of chemicals into the environment that can have longer term 

impacts on the physiological tolerance of the organism.  

• Habitat: The process of agricultural crop production changes and shapes the physical 

habitats in which NTTOs live.  Activities such as cultivation and mowing change the structure 

and resources available to the NTTOs, whilst applications of organic materials can increase 

food resources.   

The first part of the production process in both perennial and annual cropping is the establishment of 
the crop, often comprising soil disturbance of varying levels of intensity followed by the physical 
planting of the crop.  Different crops, climates, soil types and production systems will utilise different 
establishment techniques.  The frequency of establishment will be determined by crop type, with 
annual crops being established once or even twice a year (where double cropping is possible) whilst 
some perennial crops may be established every few years such as alfalfa and temporary grassland, 
right through to longer lived orchard crops which may have productive lives of 15-30 years.  In all cases 
there is some level of habitat disturbance during establishment that is likely to impact on non-target 
terrestrial organisms, either through removal of habitat, physical damage to the organism or loss of 
its food source. The more intensive the disturbance associated with crop establishment the greater 
the negative impact is likely to be, with reduced and no-tillage systems having significantly lower 
impacts for most species than plough-based tillage systems.  The more frequent the establishment 
phase is the less time populations have to recover before the next event.  The species or life stages 
that are most impacted by these events are the ones that are least mobile and therefore unable to 
escape the impacts of the activity, with earthworms being particularly vulnerable. 

The crop management processes differ considerably between different crops, especially between 
annual and perennial crops, however there are some consistent elements - plant protection and 
fertilisation.  There are also some elements that differ between different types of crops such as the 
requirement for pruning in orchard crops or the use of mowing for weed management used in some 
perennial crops, but rarely used in annual cropping.   

In conventional agriculture systems the application of plant protection products for the management 
of pest, disease and weed populations is widespread.  These applications have enabled the farmer to 
more predictably produce high quality crops, ensuring good yields in most years which in turns can 
lead to production of lower cost food for the human population.  These applications are widely studied 
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within the literature with detailed requirements for risk assessment and analysis of impacts on non-
target organisms required as part of the approvals process  

Most crops will also receive applications of nutrients to boost growth and ensure quality.  A significant 
proportion of this nutrition is provided as manufactured fertiliser products as these are easy to handle, 
widely available and can provide targeted nutrition to meet the specific needs of the crop.  This 
analysis has shown that small amounts of manufactured nitrogen fertiliser can prove beneficial to soil 
dwelling NTTOs, such as soil mites, earthworks and collembola, whilst higher rates can show 
detrimental impacts. There are some farms that are able to provide nutrition using organic materials 
such as composed livestock manures, livestock slurries, digestates from anaerobic digestion and 
composted green materials.  These are less targeted in the nutrition they provide to the crop, and 
tend to have a broader range of nutritional components than the specific blends created using 
manufactured fertilisers.  However, they also provide organic matter, which is a key driver of soil 
health providing food directly or indirectly for  soil dwelling NTTOs.  As a result, the overwhelming 
majority of studies on fertilisation with organic materials showed positive benefits to NTTO 
populations.  The exception was high rates of slurries, which resulted in high concentrations of 
ammonia, resulting in negative acute impacts on NTTOs immediately after application.   

In perennial crops such as orchards, mowing is often used as a method of weed management between 
the rows to reduce reliance on PPP use, enable a vegetive cover to be maintained over soil to protect 
from erosion and also provide habitat for beneficial insects.  In perennial grassland situations mowing 
is also used to harvest the crop for over-winter forage for livestock.  In addition, mowing is  used in 
the management of non-cropped areas such as field margins and verges to keep areas tidy and prevent 
succession to more scrubby vegetation.  This review has clearly shown that different mowing practices 
have different effects on surface and above ground dwelling NTTOs such as carabids, spiders and 
staphylinids.  The majority of studies show that mowing is harmful to these communities, resulting in 
acute mortality during the mowing event and  losses due to reduction in habitat structure, shelter and 
food resources.  The more aggressive the mowing practice (e.g. the shorter the vegetation is cut) the 
greater the acute impact.  Removal of vegetation e.g. forage harvesting will have greater impacts than 
leaving cut grass in place after mowing, due to a reduction in ,shelter and food resources.   

The other major activity that takes place in all crop production situations is harvesting of the crop.  
The approaches used for harvesting are highly variable and have the potential to impact NTTO 
communities in very different ways, however, the evidence for impact is limited with only a small 
number of studies directly considering how harvesting impacts NTTO communities.  For some 
harvesting techniques it is possible to make inferences from studies on other aspects of production, 
whilst for others there is almost no information.  Outlines below are different harvesting approaches, 
from least intensive to most intensive and considered impacts.   

• Hand harvesting: many fruits such as high value apples or grapes are harvested by hand.  

There will be some machinery travelling between the rows for collection of the fruit, however  

vehicle movement will be constrained by rows and hand picking will mean relatively little 

disturbance of the crop canopy.  At the end of harvest the tree habitat will remain in place, 

providing shelter and structure, although some food resources may have been depleted as a 

result of harvesting process.  Although there was no evidence found on the impact of hand 

harvest on NTTOs, assumptions can be made based on the principles identified for other 

studies.  The NTTOs that might be negatively affected include ground dwelling organisms, such 

as carabids and staphylinids that may be crushed by the collection machinery.  NTTOs that are 

soil dwelling are unlikely to be  impacted as the soil remains largely undisturbed.  Those 

dwelling in the canopy of the crop, such as some spiders, may be disrupted in the short-term, 

for example due to damage to webs, but since the habitat remains largely unchanged it is 

anticipated they would recover quickly. 
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• Mechanical harvesting of orchards: in some commercial fruit systems, especially those 

reducing costs of harvesting or producing fruit for processing where skin blemishes and 

surface bruising are less of an issue, mechanical harvesting is used.  Mechanical harvesting 

involves machines travelling between rows of trees and shaking the vegetation, fallen fruit is 

collected on a conveyor or similar. Again no evidence was identified specifically for the impact 

of this harvesting method on NTTO communities., The process is unlikely to have an impact 

on soil dwelling NTTOs as the soil remains largely undisturbed, however, it is likely to have a 

greater impact on NTTOs living on the soil surface such as ground beetles and Staphylinids as 

well as those living in the canopy such as spiders, causing physical damage to NTTOs. Since 

the habitat remains largely unchanged, population recovery is expected to be rapid. 

• Combine harvesting of arable crops: Cereals, oilseeds and pulses in Europe are primarily 

harvested using  combine harvesters.  There is limited available data on direct impacts of 

harvest on NTTO populations however  it can be assumed that the physical harmto surface 

and crop dwelling NTTOs associated with mowing would be similar if not greater with a 

combine harvester. Combine harvesting also results in changes in habitat structure, shifting 

from a standing crop to bare stubble (with or without residue removal).  Therefore, harvesting 

may be expected to have longer-term impacts on surface dwelling NTTOs due to loss of 

shelter, habitat structure and food sources.  Recovery rates from harvest will be influenced by 

the length of the fallow period after harvest before the establishment of the next crop and 

time of year.   

• Lifting and harvesting of root crops - Root crops such as potatoes, sugar beet and carrots all 

require significant amounts of soil disturbance in order to harvest them. They are harvested 

with specialist equipment that often combines mowing (sugar beet and carrots) to remove 

the tops, cutting into the soil to remove the roots or tubers and then riddling to remove the 

excess soil.  These processes therefore have the potential to impact all groups of NTTOs from 

surface and canopy dwelling spiders, carabids, and staphylinids to soil dwelling earthworms, 

collembola and soil mites.  The NTTOs are subject to similar levels of physical damage as is 

presented in the mowing and tillage sections of this review.   Due to the disturbance of the 

soil and destruction of habitat provided by the crop over the in-field area, it is assumed in this 

review that harvest of root crops may have a significant impact on NTTOs (although without 

direct supporting evidence in the literature), with associated longer term recovery rates due 

to habitat loss.   

 

In most conventional cropping systems, the processes highlighted above will reoccur on an annual 
basis with the timing and frequency differing between crops and rotations. It is anticipated that 
impacts on NTTOs could be compounded across the rotation, if multiple negative practices occur in 
close succession without allowing recovery times.  Provision of refuges, e.g. hedgerows and other 
uncropped areas may support recovery for mobile species that are able to utilise these spaces during 
periods of disturbance.   

4.2 Scientific review of impacts on NTTOs 

This literature review looked at population dynamics of seven NTTOs across five different practice 
areas, with over 170 studies included in the final review. Overall, the results of this review suggest 
that agricultural practices, both via structural and chemical amendments, change population dynamics 
of NTTOs. From the literature reviewed, mechanical disturbances such as cultivation and mowing have 
a generally negative impact, whilst fertilisation had a broadly positive impact, particularly where 
organic materials were use.  
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The difference between physical and chemical disturbance may be, in part, explained by Begon & 
Townsend (2021), who distinguish between the two processes. Physical disturbance of habitat, such 
a turning of the soil during ploughing, or removal of residues during mowing, removes organisms and 
their habitats. This is a high intensity, but short duration disturbance which leaves room for 
recolonisation by pioneer species well adapted to disturbance (see below for reference to agrobionts). 
Chemical changes to habitats directly impact the physiological tolerance of organisms as it alters 
environmental conditions and often leads to a shift in community type. Fertilisation with organic 
manures typically has a positive effect, linked to provision of organic matter, whilst manufactured 
fertilisers have a more mixed effect. At lower rates these tend to be positive for NTTOs, whilst at higher 
rates, sustained negative impacts to populations are seen. Further research could investigate whether 
the comparative change due to physical vs chemical disturbance aligns with this theory.  

Another key finding from this review is the divergence in outcomes from practice, not just between 
NTTOs, but functional groups within each NTTO category. If tillage is used as an example, studies 
clearly showed an overall negative impact on earthworms (14 negative vs 1 positive) however the 
impact on staphylinids was less clear (3 negative vs 4 neutral findings). These species have differing 
ecology and life histories and rely on different habitat structures, which may account for the 
divergence in outcomes. Staphylinids are predators that are capable of flight and therefore can 
disperse between habitats. Earthworms cannot disperse during a tillage event and their food source 
is the organic matter which is disturbed by the event. This distinct difference in outcomes based on 
behaviour, habitat and phenological traits also applies to subspecies within an NTTO group.  For 
example, in section 3.2.5, which looked at the impact of tillage on carabids, larger species were less 
able to respond to tillage so were negatively impacted whereas smaller species were able to tolerate 
the disturbance better. Section 3.2.1 found anecic earthworms burrowing meant they were less 
impacted by deeper tillage than epigeic earthworms, who did not burrow.  

Therefore, the review has shown that agricultural practices influence NTTO populations, with physical 
disturbances generally causing negative impacts while chemical amendments produce more variable, 
context‑dependent effects. Species specific ecological traits such as mobility, habitat use, and 
phenology strongly shape these responses, meaning NTTOs cannot be treated as a uniform group in 
assessing agricultural impacts. More work is needed to build databases of ecological trait information 
for NTTOs, which would then enable vulnerability analysis to understand which taxa are most at risk 
from different processes in the agricultural environment.  

4.3 Limitations of the review and available literature  

During the review, several research gaps were identified. The most significant being the limited 
available research on the impacts of harvesting on arthropods. Of all the practices studied, harvesting 
is the only practice that cannot be removed entirely - mowing may be replaced by grazing, tillage can 
in many situations transition to no till and manufactured fertiliser. Good nutrient planning can be used 
to mitigate the impact of manufactured fertilisers. Whilst precision harvest, or manual harvest may 
reduce damage - the harvest must occur for the agriculture to be a profitable venture.   

There were also limitations in study design that reduced the clarity of the findings. For instance, the 
literature review aimed to explore NTTO recovery times and identified some studies that reported 
when populations appeared to return to baseline levels. However, most studies did not include 
continuous monitoring of population dynamics. Instead, populations were measured at discrete 
intervals. As a result, although the data indicated that NTTOs eventually recovered from disturbance, 
the precise timing of recovery could not be determined. In only a small number of studies, such as  
Thorbek & Bilde (2004), there was an attempt to distinguish between direct effects (e.g., mortality or 
migration) and longer term, indirect effects (e.g., habitat alteration, changes in food availability, or 
resource competition). Many authors proposed multiple mechanisms to explain population changes, 
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but these could not be verified because they did not measure the short‑term and long‑term effects 
separately. 

The context of each study is important, however results in the literature review were not adjusted 
according to context. For example, Bertrand et al. (2015) highlighted that land use history is important 
for outcomes of tillage on earthworm populations. If the land has recently been converted for 
agricultural purposes, earthworm mortality will be higher because they are not adapted to cultivation 
practices. The frequency of ploughing would have similar effects. The concept, referred to as 
agrobionts by Samu & Szinetár (2002) would suggest that NTTO communities in established 
agricultural systems are adaptative, and contain more species that are resilient  to the practice.  In 
established systems these communities would recover quicker than communities that are not adapted 
to disturbed habitats.  

Between species, there was divergence of outcomes that were not fully discussed during the review. 
While reductions pest lepidoptera via cultivation may be beneficial for a farmer, reductions in the 
conservation species would be a negative outcome. As discussed by  Cozim-Melges et al. (2024), in 
some cases, practices that enhance above ground diversity can simultaneously reduce below ground 
biodiversity, highlighting the potential conflict in management goals.  

4.4 Application of findings in real world settings  

Although practices were researched and presented individually, it must be noted that in real farming, 
a practice is seldom used in isolation. Rather, practices such as tillage and fertilisation may occur in 
very short succession (Cozim-Melges et al., 2024). An arable farmer may plough their field in 
preparation for seeding, apply fertiliser to support high yields, harvest the crop, all the while mowing 
the perimeter to maintain field health and prevent weeds.  Therefore, most studies cannot precisely 
quantify how much a specific practice affects individual species. Farming practices occur as part of a 
wider system, making it difficult to attribute mortality or population changes to one action alone. 

Through the interconnected nature of practice, the amendment of one practice often creates a knock-
on effect, either positive or negative, across the whole system (Betancur-Corredor et al., 2022). For 
example, reducing herbicide use may result in increased cultivation as farmers seek to control weeds 
that impact on crop yields. Impacts of crop management practices used together may not have 
cumulative effects, as one may outweigh or alter population exposure to another, e.g. Johnston et al. 
(2015) propose that wet soil conditions increase pesticide exposure by encouraging earthworms to 
occupy surface soil layers. As tillage dries these layers, earthworm exposure decreases, allowing 
populations to recover more rapidly.  

The impact of fertilisation on NTTOs is often confounded by the simultaneous effects of tillage and 
irrigation masking benefits of amendments (Betancur-Corredor et al., 2022).  In practice, external 
factors that cause farmers to alter their practices, such as legislation or funding opportunities, may 
have unintended consequences by amending frequencies of another practice. Therefore, decisions to 
alter a tool or practice should always consider system-wide impacts ranging from the specific cropping 
system to neighbouring land use and wider environmental interactions.  
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5 CONCLUSION 

 

This review identifies that there are a wider range of complex and interacting practices that are used 
in the management of annual (e.g. wheat) and perennial crops (e.g. apples). These practices are largely 
consistent between European geographies, with small regional differences, but can differ largely 
between crop types.  The management processes integrate a combination of physical and cultural 
practices alongside chemical use for plant protection and provision of nutrition.  European farmers 
are already utilising many of the tools of integrated pest management, such as scouting, used of 
decision support tools, thresholds, pheromone traps and in places use of mapping to support crop 
management, but are still largely reliant on chemical crop protection tools to facilitate production of 
sufficient volumes of high quality, relatively affordable food to support the European population and 
for trade outside of Europe.   

Changes in regulation of plant protection products, with the aim of enhancing protection of the 
environment including NTTOs, have the potential to impact the frequency and intensity of the other 
crop management practices used on the farm.  These other practices are not without their impacts on 
NTTOs and therefore is important in a regulatory context to look at the impact of farming systems on 
NTTOs in a more holistic manner when looking to increase protections of NTTOs, to avoid unintended 
consequences, both for the NTTOs and European food production.   

The literature provides evidence regarding the impacts on NTTOs from tillage, fertiliser and mowing 
with more limited but still valuable inferences on harvesting impacts. Drawing on classic ecological 
theory, such as Begon & Townsend (2021), the degree of habitat disturbance plays a central role in 
impacts to biodiversity. Therefore, farming practices that alter habitat generally have more significant 
and persistent ecological impacts than plant protection products alone, provided the chemicals do not 
exhibit high environmental persistence. 

Research on disturbance and biodiversity consistently shows that increased disturbance intensity 
leads to less abundant and less diverse arthropods. Studies such as Sunderland & Samu (2000) on 
spider abundance demonstrate that agricultural fields in Europe can support high numbers of 
arthropods, but these communities are dominated by species adapted to frequent disruption. Work 
by Samu & Szinetár (2002) shows that organisms living in agricultural fields—often described as 
agrobionts—possess life-history traits, including high mobility and high reproductive output. These 
traits allow them to persist in environments that are repeatedly disturbed.  

Overall, disturbance appears to be more ecologically damaging than chemical inputs, particularly 
when it involves repeated or large-scale habitat modification. This is demonstrated by fertiliser 
application tending to increase abundance of NTTOs, rather than decrease. Reduced tillage is generally 
beneficial for NTTOs, while mowing and harvesting—although essential to farming—remove 
vegetation and therefore eliminate habitat. This loss of habitat is an integral feature of agriculture 
rather than an accidental by-product.  

All farming activities have some level of impact, ranging from mild to substantial. This is an inherent 
element of agricultural production, as the habitat is continually modified to produce food. The key 
issue is therefore not whether farming affects ecosystems, but how the intensity and frequency of 
disturbance impacts NTTO’s. With this in mind, the impact of reductions in PPP must be considered, 
because their applications will be replaced with another agricultural processes, and as demonstrated 
in this review, this may have resulting consequences.  
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7 APPENDIX 

Figure 7-1 Spreadsheet containing assessment of references including scoring methodology 

 

 


