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Societal Impact Statement

Reusing organic waste materials, such as animal manure, as soil amendments reduces
water and fertiliser demand, contributing to achieving the Sustainable Development
Goals. However, organic wastes may contain contaminants of emerging concern
(CECs), posing potential ecosystem and human health risks. Despite the importance
of this issue, there is a lack of open dialogue between researchers studying CECs and
the farming community, limiting farmers' awareness of potential risks and
researchers' understanding of realistic agricultural scenarios and constraints. Further-
more, farmers face financial, practical and policy challenges when deciding whether
to use organic amendments; decisions are often made without a shared understand-
ing of broader environmental concerns.

Summary

e The aim was to address the lack of communication between farmers and
researchers from various disciplines by integrating research on contaminant of
emerging concern (CEC) presence and their effects on arbuscular mycorrhizal
(AM) colonisation, with insights from social anthropology.

e A UK farm using a combination of wastewater biosolids, farmyard manure and
synthetic fertiliser as soil amendments on three fields served as a case study. CEC
presence and impact on AM colonisation was evaluated for soil from each field.
The farmer and farm manager were interviewed to understand financial, practical
and policy challenges around organic amendment use. Finally, a UK-wide stake-
holder workshop presenting the case study results to farmers, and other stake-
holders was undertaken.

e The presence of 16 chemicals, including human and veterinary pharmaceuticals,
pesticides and industrial chemicals across the three fields was confirmed. There
was no significant effect on AM colonisation depending on which field the soil
was from. A recorded interview of the farmer and farm manager demonstrated
that their are motivated by both environmental

agricultural practices
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1 | INTRODUCTION

Pressures on the food system, such as an increasing population and
climate change, call for a critical analysis of existing food systems
and exploration of alternatives within frameworks such as the circular
economy (Mosnier et al., 2022; Rodias et al., 2020). Alternative
approaches to intensive agriculture, such as decreasing the use of
synthetic fertilisers, are rooted in ancient practices and are now
encompassed within the concept of regenerative agriculture
(Beacham et al, 2023; Rebanks, 2021; Sands et al., 2023). This
approach broadly refers to ‘a suite of principles, practices, or out-
comes which seek to improve soil health, biodiversity, climate, eco-
system function, and socioeconomic outcomes’. However, this is
open to interpretation, resulting in varied agricultural approaches
being employed under the regenerative agriculture banner (Sands
et al., 2023). Despite this variability, there is a general consensus on
the need to reduce synthetic fertilisers, driven largely by the poten-
tial for pollution through over-application and leaching, and the pro-
duction costs associated with these products (Sud, 2020). An
alternative to synthetic fertiliser usage is the reuse of organic
‘wastes’, including wastewater sludge, animal manures and slurries,
as soil amendments. This practice has the potential to reduce carbon
emissions associated with the production and application of fertilisers
and landfill requirements (Urra et al., 2019).

The UK's Circular Economy Package, a legislative framework
introduced in 2019 to reduce and improve the management of waste,
aims to achieve a 65% reduction in municipal waste by 2035
(Department for Environment Food & Rural Affairs, 2022). As part of
this initiative, wastewater treatment companies are incentivised to
reuse wastewater biosolids, aligning with the principles of the circular
economy. This approach seeks to reduce pressure on natural
resources by reutilising and reducing waste, contributing towards Sus-
tainable Development Goal (SDG) 11: Sustainable Cities and Communi-
ties and SDG 12: Responsible Consumption and Production (United
Nations Environmental Assembly, 2019). However, wastewater bio-
solids may contain contaminants of emerging concern (CECs), such as

human and veterinary pharmaceuticals, other chemicals, microplastics

consciousness and economic pragmatism. During the workshop, seven research
guestions were identified. Topics included what information is or should be avail-
able for farmers to make decisions on waste reuse in agriculture, for example, CEC
presence. In addition, concerns were raised on how specific farming practices
affect CEC fate and effects and how adequate policy on waste reuse is.

e This work integrates chemical, biological and social considerations surrounding soil
amendment choices, emphasising the need for interdisciplinary collaboration and

informed decision-making in sustainable agriculture.

arbuscular mycorrhizal fungi, biosolids, contaminants of emerging concern, organic soil
amendments, soil health, stakeholder engagement, sustainable agriculture

and bacteria harbouring antimicrobial resistance (AMR) genes (Carter
etal, 2019; Urra et al., 2019).

The presence of CECs in agricultural soils poses a risk to ecosys-
tem and human health. For example, research has demonstrated that
CECs can contribute to AMR, a global health emergency that
threatens the efficacy of antibiotics, potentially increasing disease
transmission and contributing to an estimated five million deaths in
2019 (EFSA Panel on Biological Hazards [BIOHAZ] et al., 2021,
UNEP, 2023). AMR occurs when bacteria, viruses, parasites or fungi
develop resistance to antimicrobial treatments, either intrinsically or
through mutations or the transfer of mobile genetic elements. Expo-
sure to CECs at sublethal concentrations, including antimicrobials and
other microbial stressors like other pharmaceuticals, heavy metals and
biocides, creates conditions that favour the development of AMR
(James et al., 2023; Murray et al, 2024; Stevenson et al., 2022;
UNEP, 2023). If left unaddressed, AMR could significantly impact agri-
cultural production due to antimicrobial use in crop and animal pro-
duction and labour shortages due to the human health burden,
threatening food security, particularly in the Global South, which is
expected to bear the greatest burden (UNEP, 2023).

The negative consequences of CECs are not limited to AMR; it
has been demonstrated that CECs can also negatively affect soil
health (Mohapatra et al., 2016; Urra et al., 2019) and plant health
(Gardufio-Jiménez & Carter, 2024; Mansilla et al., 2021). Environmen-
tally persistent human-use pharmaceuticals such as carbamazepine
and verapamil have been found to alter plant hormone levels and
nutrient content in zucchini (courgette—Cucurbita pepo) when present
in soils at concentrations ranging from 0.005 to 10 mg kg™?* (Carter
et al,, 2015). Another study observed the expression of stress-related
genes in lettuce (Lactuca sativa) grown in a hydroponic system con-
taining diclofenac (20,000 ng L™) (Bigott et al, 2021). Recent
research has also demonstrated that human-use azole antifungals (clo-
trimazole, miconazole nitrate and fluconazole), detected in wastewa-
ters and biosolids and subsequently in agricultural soils, disrupt
phosphorus transfer from arbuscular mycorrhizal (AM) fungal net-
works within the soil to Triticum aestivum (Sallach et al., 2021) and

other food crop (Durant et al, 2025) host plants. AM fungi are
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symbiotic soil organisms that form mutualistic associations with the
roots of most terrestrial plants. They can enhance nutrient and water
uptake, particularly phosphorus, of their host plant while also improv-
ing plant resilience to stressors such as drought and disease (Smith &
Read, 2010). In agroecosystems, AM fungi can play an important role
in maintaining soil health, reducing the need for synthetic fertilisers
and promoting sustainable crop production. However, intensive man-
agement can disrupt AM fungal communities (Helgason et al., 1998).
In regenerative and low-input agricultural systems, where soil distur-
bance is lower and the application of synthetic fertilisers and pesti-
cides is limited, AM fungi have a greater potential to play a crucial role
in supporting biodiversity and contribute to long-term soil health and
fertility. This is especially true in degraded soils, as AM-mediated ben-
efits to crop yield are generally limited in healthy soils (high microbial
carbon, high AM fungal richness, lower pathogen abundance and high
organic carbon and plant-available phosphorus and nitrogen) (Rog
et al., 2025). CEC-driven disruption of AM-mediated phosphorus
transfer to crops highlights potential disruption to nutrient uptake by
crops via microbial pathways, ultimately undermining the goals of cir-
cular and regenerative agriculture. Collectively, these studies demon-
strate that CECs in organic wastes in agriculture can negatively impact
both crop and soil microbiome health and function. Thus, a deeper
understanding of these effects is essential to ensure that the reuse of
organic waste enhances soil fertility and crop growth rather than inad-
vertently hindering them. In England, Wales and Northern Ireland,
regulations set in 2018 state that biosolids must be tested for dry
matter, organic matter, pH and nutrient content (phosphorus and
nitrogen) and for seven potentially toxic elements (chromium, zinc,
copper, nickel, cadmium, lead and mercury). In addition, there are
limits for the concentration of molybdenum, selenium, fluoride and
arsenic that may be present before application to land. Finally, there
are restrictions on biosolids application to land in terms of treatment
processes (pre-application), application method and timing depending
on the crop to protect consumers. However, there are no required
measurements or restrictions in terms of CECs or considerations on
how these may impact the environment (Biosolids Assurance
Scheme, 2019; DEFRA, 2018).

Advances across the chemical, biological and environmental sci-
ence disciplines are key to building the deeper understanding required
on the effects of using organic materials as soil amendments. This
knowledge is crucial for broader adoption of such practices and for
achieving the goals outlined in the UK's Circular Economy Package, as
well as broader agricultural sustainability aims. However, this knowl-
edge published in scientific papers rarely reaches those faced with
implementing the use of organic soil amendments. There is a critical
lack of dialogue between the researchers generating this knowledge
and the farmers who are faced with the decision and practicalities of
choosing the most appropriate soil amendment for their fields. For
research to have a long-lasting impact on agricultural practices,
farmers must be involved from the onset, their views, observations
and knowledge being valued in equal measure to empirical chemical
and biological data. Here, we present a case study involving chemical,

biological and social expertise as well as stakeholder involvement to
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analyse the use of different soil amendments in a farm. The study site

People P

was a farm located in the south of England in which three fields have
been amended with a combination of wastewater biosolid waste,
farmyard manure slurry and synthetic fertiliser. Soil samples were ana-
lysed from each field for CEC presence, particularly pharmaceuticals,
as well as their impact on AM fungal colonisation of crop roots. An
interview of the farmer and farm manager outlining the drivers, bar-
riers and practicalities of utilising different soil amendments in the
participant farm was recorded. Results from the fieldwork were dis-
cussed in a workshop involving researchers, farmers and key policy
stakeholders, leading to the identification of crucial research questions
for the sustainable use of organic soil amendments.

2 | METHOD

21 |
sampled

Case study farm and agricultural soils

The farm is a 100-ha arable operation in Gloucestershire, South West
England, with a block system growing wheat, oilseed rape, barley and
beans. Wastewater biosolids from a local wastewater treatment plant
and farmyard manure are regularly used on this farm as soil amend-
ments. Grab samples, a single sample from one location in the field
collected by removing top vegetation and collecting approximately
4 kg of soil from the top 10 cm, were collected from three fields (Soils
1, 2 and 3) in May 2023. The most recent soil amendment for Soil
1 was biosolids from a local wastewater treatment plant in autumn
2022, and the most recent crop was winter barley (Hordeum vulgare).
For Soil 2, these were farmyard manure in August 2021 and winter
wheat (T. aestivum). For both Soil 1 and Soil 2, straw residues are reg-
ularly incorporated post-harvest from winter oil seed rape, bean and
wheat, but winter barley straw is given to a neighbouring farm in
exchange for farmyard manure. Both Soil 1 and Soil 2 also receive
synthetic fertiliser (YaraBela SULFAN) but in a lower quantity when
biosolids or farmyard manure are applied. Soil 3 was from a field that
had been used historically for grazing, and since 2020, it was included
in the cropping rotation. Since 2020, it had been fertilised using syn-
thetic fertiliser (YaraBela SULFAN), and no organic amendments had
been added for at least 5 years. Further details of the fertilising and
crop history of each soil can be found in Table 1.

2.2 | Soil preparation and analysis

Soil samples were transported in a cool box (4°C) from the farm to the
laboratory. One kilogram of soil per field was freeze-dried, ground and
sieved through 2 mm prior to chemical analysis to determine soil char-
acteristics (analysed in triplicate). The remaining soil was air-dried and
sieved (2 mm) and used for assessment of AM colonisation bioassays
using spring onion (described in Section 2.3). All soil property and CEC
content analysis on the three soils was carried out on the soil before

and after the AM colonisation trial and was conducted in triplicate.
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TABLE 1 Amendment received and crops harvested in each soil (red for Soil 1, green for Soil 2 and yellow for Soil 3).
Harvest year 2015 2016 2017 2018 2019 2020 2021 2022
Soil 1
Amendments First biosolid Farmyard Biosolids from a local
received application in manure in wastewater
May 2018 (ahead September treatment plant in
of w. OSR for 2020 (for August 2021, for
harvest 2019) harvest 2021) gravest in 2022
Crops Winter Winter oil Winter Cover crop Winter oil  Summer Winter Winter barley (H.
harvested barley seed rape wheat seed rape wheat wheat (T.  vulgare)
(Hordeum (Brassica (Triticum (B. napus aestivum)
vulgare) napus aestivum) subsp.
subsp. napus)
napus)
Soil 2
Amendments First Farmyard manure Biosolids in Farmyard
received biosolid in August September manure in
application August
in August 2021
Crops Winter oil Winter Winter oil seed Winter Summer winter and winter wheat (T.
harvested seed rape barley (H. rape (B. napus wheat (T. barley linseed aestivum)
(B. napus vulgare) subsp. napus) aestivum)
subsp.
napus)
Soil 3
Amendments Synthetic fertiliser (YaraBela SULFAN) with total
received nitrogen content of 26% (19% ammoniacal nitrogen
and 7% nitric nitrogen) and 35% sulfur trioxide
Crops No crops (used for grazing)
harvested
2.2.1 | Soil characteristics 2.2.2 | Detection and quantification of CECs in soils

pH was assessed in 0.01 M CaCl, using a Hanna Groline field pH
probe. Cation exchange capacity for calcium, potassium, magnesium
and sodium was measured using standard methods (Cappo
et al., 1987). Briefly, 2.5 g of soil and 25 ml of 1 M ammonium chlo-
ride were mixed prior to shaking for 2 h at 150 rpm. Samples were
centrifuged for 15 min at 4350 rpm, filtered through Whatman paper
42. Filtrate was diluted by 50% and analysed using inductively
coupled plasma-optical emission spectrophotometer: iCAP 7600 Duo
ICP-OES Analyser (Thermo Scientific). The ICP-OES was calibrated
using commercially prepared stocks of cations and checked using cer-
tified reference material (CRM) ERM Ca011a. All samples, blanks and
CRMs were spiked with 2 ppm gallium as an internal standard. A ref-
erence clay soil from AgroMAT (SPC Science, Canada) was used to
confirm that values were within the tolerance intervals. Organic car-
bon was measured by finely grinding the soil using an agate pestle
and mortar, followed by analysis using an Elementar vario MICRO
cube and comparison against CRM. Soil type was determined after
removing organic matter by slow addition of hydrogen peroxide to
the soil samples in a hot plate. Soil was then dried in an oven at
60°C and analysed using a Beckman Coulter LS230 laser diffraction
particle size analyser.

The method validated in Nightingale et al. (2025) was used. Briefly,
2.5 g of freeze-dried and ground (<2 mm) soil was weighed into 15-ml
centrifuge tubes. Five millilitres of acetone was added; samples were
vortexed for 30 s and sonicated for 10 min. Samples were then
shaken at 250 rpm for 16 h, followed by centrifugation at 2500 rpm
for 10 min, and then the supernatant was collected. The procedure
was then repeated using methanol/Mcllvaine buffer (50:50 v/v) and
then 50 mM phosphoric acid in acetonitrile, with just a 30-min shake.
Extractants were pooled and frozen at —20°C for 24 h prior to solid-
phase extraction (SPE). Oasis HLB 500 mg, 6 cc (Waters, Elstree) car-
tridges were conditioned with 3 ml ethyl acetate, followed by 3 ml
methanol and finally 3 ml of deionised water. Extractants were diluted
in 285 ml of deionised water to achieve <10% solvent. Samples were
loaded on to the cartridge at 5 ml min~! and then dried under vac-
uum. Cartridges were stored at —20°C until analysis. Elution was done
the day prior to liquid chromatography-mass spectrometry (LC-MS)
analysis using consecutively 1.5 ml of methanol and 1.5 ml of 0.1%
formic acid in methanol/acetone (50:50,v/v). Samples were dried
using a Genevac Evaporator (Biopharma, UK) at 30°C and 500 rpm.
Reconstitution was done by adding 100 ul of methanol, vortexing for
30 s and sonicating for 10 min at 25°C, followed by addition of 400 pl
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of deionised water and vortexing and sonicating under the same
conditions.

Samples were analysed by LC-MS using targeted and non-
targeted approaches (Nightingale et al., 2025). Targeted analysis is
performed using a reference standard and provides a concentration in
the sample, as well as level 1 confidence (Schymanski et al., 2014).
Untargeted analysis provides a ‘fingerprint’ of the chemical presence
within a predefined mass range; the mass spectrum obtained for each
chemical is compared against a database, and so it is possible to ascer-
tain with level 2a confidence (Schymanski et al., 2014) whether the
chemical is present in the sample, but not to quantify its concentra-
tion. For both methods, the same chromatography column was used:
Acquity HS T3 Cig ligand bonded column (1.8 um particle size,
2.1 x 100 mm) (Waters, Elstree). For the targeted approach, quantifi-
cation was achieved using a 10-level calibration curve in the range of
0.01-25.7 ng mL™! and by calculating recoveries based on the addi-
tion of 3 ng g~ in methanol of analytes of the highest purity available
(<98%) an hour prior to extraction in samples of all soils extracted.
Selected analytes included lamotrigine, sulfamethoxazole, trimetho-
prim, ofloxacin, carbamazepine, metformin, oxytetracycline, tylosin
(Sigma Aldrich), clotrimazole and diclofenac (Cayman Chemicals).
Recoveries were 80%-110% for at least two of the three soils for all
analytes, except clotrimazole, enrofloxacin, lamotrigine and ofloxacin
(recoveries for all analytes for each soil are available in Table S1). Age-
ing the spiked soils for an hour was done to ensure methanol had
evaporated and to obtain recoveries that better approximate field
conditions, where the analytes would have had time to sorb to the
soil. Therefore, it is expected that recoveries would be lower as com-
pared to if they had been extracted immediately after spiking. Individ-
ual stock solutions were made up in methanol (LC-MS grade) and
stored at —20°C for <3 months. Diluted mixed stock solutions were
also made up in methanol. The chromatographic conditions used for
the targeted method comprised mobile phase A: 1 mM ammonium
formate, 0.1% formic acid in water and mobile phase B: 1 mM ammo-
nium formate, 0.1% formic acid in methanol/acetonitrile. The reversed
phase gradient was composed of the following organic percentages:
0%-80% (0.5-8 min), 80%-99% (8.5-9.5 min), 99% (9.5-11.5 min),
99%-1% (11.5-12 min), 1% (12-15 min). Source conditions were as
follows: ionisation spray 5000 V, ion transfer tube 350°C and the
inert gases were set to 50.7, 18 and 23 for sheath, aux and sweep,
respectively. Blanks were run every three injections to ensure the
absence of carryover, and a calibration curve was run at the start and
end of the run. Thermo Scientific Vanquish and Quantiva software
were used for peak integration. Limit of detection and quantification
were calculated based on signal-to-noise ratio of 3 and 10, respec-
tively. Limit of quantification was below 1 ngml~* for all analytes,
except for ofloxacin, for which it was 4.7 ng ml~t (details of all limits
of instrumental quantification, detection and linearity can be found in
Table S2).

For non-targeted screening chromatography composed of a
mobile phase A: 0.1% formic acid in aqueous solution and mobile
phase B: 0.1% formic acid in methanol. The gradient lasted for 15 min;

it started at 99% mobile phase A and was decreased to 1% over
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8 min, which was maintained for 2 min and then returned to initial

People P

conditions over 0.5 min and kept at these conditions for 3 min. Scans
were run using the full scan mode with a resolution of 120,000, in the
scan range (m/z) 200-1000. A 20 data-dependent product ion scan
(ddMS?) scan cycle was selected based on monoisotopic precursor
selection, intensity exclusion, dynamic exclusion and apex detection.
The RF lens was set to 70, and the polarity was positive at 3500 V.
The ion transfer tube and vaporiser temperatures were 320°C and
350°C, respectively. To process spectra, Compound Discoverer
(V 3.3.200) was used. The workflow consisted of the following cri-
teria: retention time tolerance of 0.3 min, peak threshold of 104
signal-to-noise ratio >3 and a mass accuracy of 5 ppm. Presence was
identified where the peak rating was above 5 and the confidence
was higher than 70%. Comparisons were made to a blank control;
presence at the specific soil was confirmed when 67% of the samples
had confirmation and any signal in the controls was below 20% that
of the samples. The workflow contained compared spectra against
the mZCloud database. Results were further screened by removing
any chemicals that are naturally occurring in soils, namely, ethyl ole-
ate. The confidence level that was achieved using this methodology
was level 2b (MS/MS) (Schymanski et al., 2014).

2.3 | Assessment of AM colonisation in plants
frown from farm soils

Plant pots (1 L) were prepared with each of the three agricultural
soils (n = 6). Three ‘White Lisbon’ spring onion seeds (Allium fistulo-
sum) from Marshalls Garden were planted in each pot. Pots were
maintained at 24°C, an 8-h dark cycle, and 40%-60% humidity for
6 weeks. During harvest, shoot and root tissues were separated, and a
sub-sample of roots (roughly 50%) were taken for root staining to
assess AM colonisation using the method of Vierheilig et al. (1998).
Briefly, sub-samples were cleared in 10% KOH for 40 min at 80°C,
stained in acidified ink (Pelikan brilliant black) for 1 h and then
destained in 1% acetic acid overnight. After this, roots were mounted
on glass slides using 1% acetic acid. One slide was made per pot with
10 root fragments each (roughly three root fragments from each plant
per slide). Finally, the intensity of AM colonisation of plant roots was
quantified under a light microscope using 20x magnification as per
Trouvelot et al. (1986). Following AM fungal colonisation quantifica-
tion, a one-way ANOVA was performed using R (R Core Team, 2024)
and RStudio (Posit Team, 2024).

24 | Interviews

We conducted a field visit consisting of a semi-structured interview
walking in the fields with the farmer and farm manager at our case
study site to understand the practicalities, drivers and barriers of using
different soil amendments. The interview, conducted in the summer
of 2023, was video recorded and edited into a short video. Discussion

was initiated using the following guiding questions, aiming to elicit
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both general knowledge of the farm and their specific experiences

using organic soil amendments:

1. Can you explain your farming system?

(Size, type of farm, number of people working, machinery, crop
rotation, animals, use of fertilisers and herbicides, market)

Do you use synthetic fertiliser?

Why did you choose to use synthetic fertilisers?

When did you start using synthetic fertiliser?

S I SR

Why did you choose to use (or not) organic soil amendments as an

alternative to synthetic fertiliser?

o

When did you start using organic amendments?

7. Have you noticed any change in your soil and/or elsewhere from
using these organic amendments? Where and how?

8. Have you noticed any change in your yield from using organic
amendments?

9. What do you think is a good way in which farmers can share

among them their knowledge and concerns about soils?

25 | Workshop

A 1-day workshop was held at the University of Leeds research farm.
Key stakeholders including farmers, non-profit organisations, govern-
ment bodies and academics were invited, with a total of 15 attendees,
in addition to seven researchers from our team. The final attendant
composition was three non-profit environmental organisation members,
five farmers, six academics and one person from the private waste man-
agement sector. The day consisted of research presentations, a farm
tour, results discussions and break out groups to discuss concerns over
the reuse of waste as fertiliser. The workshop started with four aca-
demic presentations: (1) introduction to mycorrhizal fungi, (2) science
behind chemical analysis of soil, (3) sustainable agriculture and greenhouse
gas emissions and (4) the impact of pharmaceuticals in slurry and impact
on mycorrhizas. This was followed by a presentation on preliminary pro-
ject results (obtained by the research authors), namely, initial contami-
nant of concern identification in the soils studied and mycorrhizal study
results. Finally, the videoed interview was screened for all attendants to
see. Four breakout groups, each led by a project member, were orga-
nised in advance to achieve a balance of disciplines and backgrounds,
and three questions were used to initiate discussion: (1) What benefits
do you see from the reuse of waste as fertiliser? (2) What challenges/
fears do you see relating to the reuse of waste as fertiliser? (3) What
research questions do you think still need to be addressed? Finally,

there was time for general discussion on results presented.

3 | RESULTS
3.1 | Soil properties

As can be seen in Table 2, all three soils had a similar silty clay loam

texture, with organic carbon content between 2.165% (Soil 1) and

2.876% (Soil 2). Soil pH was between 6.5 (Soil 1) and 6.7 (Soil 2). It
increased for both Soils 1 and 2 following the AM colonisation study
but decreased for Soil 3 (from 6.6 in field conditions to 5.9 following
the AM study). Cation exchange capacity and nutrient content were
similar across all soils; however, variability was observed for phos-
phate and nitrate. Phosphate content ranged from 35.8 mg kg™ ! in
Soil 1, followed by 15.3 mg kg™t in Soil 3 and 6.6 mgkg™! in Soil
2. Nitrate followed the same trend with Soil 1 > Soil 3 > Soil 2, with

concentrations of 9.2, 6.8 and 2.5 mg kg%, respectively.

3.2 | CEC presence in case study farm soils

A total of 16 chemical pollutants were detected across the soils. Phar-
maceuticals used exclusively by humans and both by humans and ani-
mals were the most prevalent chemicals present in all soils (Figure 1).
They were followed by chemicals of agricultural use and, finally, by
the plasticiser stearamide. Soil 3 had the greatest number of chemicals
from agricultural use, followed by Soil 1 and then Soil 2 (three, two
and one, respectively). All soil samples taken from the farm (i.e. ‘field
conditions’) had the same number of chemicals from other categories
(human-only = 4, human and animal = 4 and plasticiser = 1). In Soil
1, one less human-only pharmaceutical and one more human and vet-
erinary pharmaceutical were detected after spring onion harvest. In
Soil 2, after spring onion harvest, the human-use pharmaceuticals
detected decreased by one, whereas they decreased by two in Soil

3, along with human- and veterinary-use pharmaceuticals.

3.21 | Targeted quantified CECs

Of the identified CECs, a total of six were quantified in the soils stud-
ied through targeted LC-MS using reference standards as can be seen
in Table 3. Of these, diclofenac, the non-steroidal anti-inflammatory
drug used to treat pain and swelling, and the anti-epileptic lamotrigine
are of exclusive human use. The antibiotic used to treat bacterial
infections, ofloxacin, is not licensed for veterinary use (although it can
sometimes be used to treat eye infections in animals). Trimethoprim
(an antibiotic used to treat bacterial infections) and clotrimazole
(an antifungal used to treat yeast-caused infections) are used both for
humans and animals. Finally, the broad-spectrum organophosphate
insecticide diazinon is of agricultural use.

The presence of four CECs was outside the calibration range of
the targeted method. Therefore, their presence was confirmed with
analytical reference standards, giving the maximum confidence of
level 1 (Schymanski et al., 2014), but quantification was not possi-
ble. Of these four identified chemicals (Table 4), two are exclusively
of human use: the antiepileptic carbamazepine and the antidiabetic
metformin. Oxytetracycline, the antibiotic of human and veterinary
use, was also identified, as well as tylosin, a bacteriocyte and feed
additive.

The antibiotics sulfamethoxazole and enrofloxacin were not

detected in the soils studied. Enrofloxacin recoveries were low
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TABLE 2 Characteristics of the three farm soils studied (Soil 1 [red]: most recent biosolid application, Soil 2 [green]: most recent farmyard manure application, Soil 3 [yellow]: no organic

amendment in the last 5 years).

Soil texture Cation exchange capacity (meq 100 g~ %)
Organic pHcaci2 Total (Ca%t, K,

Soil Clay (%) Silt (%) Sand (%) carbon (%) (n=3) Mg?t, Nat) Calcium (Ca?t) Potassium (Kt) Magnesium (Mg?") Sodium (Na*)

Field conditions 1 30.80+240 6150+480 7.74+0.06 2876 6.5+0.0 16.29 + 0.33 14.16 £ 0.26 0.58 £ 0.02 1.51 +0.04 0.05+0.01

2 2948 + 147 61.30+307 925+046 2556 6.7 £0.0 15.82 + 0.08 13.15 + 0.05 0.53 £0.01 2.10 + 0.02 0.04 + 0.00

3 32.33+1.20 66.00+244 1.67+0.06 2.165 6.6 0.1 14.21 £ 0.33 11.26 £ 0.21 0.50 £ 0.02 2.39 £ 0.06 0.06 + 0.02

After spring onion 1 — — — 7.0+0.0 16.12 £ 0.38 12.83 £ 0.23 0.91+£0.03 2.18 £ 0.05 0.20 £ 0.06

harvest 2 - — — 2.353 6.9 £0.0 15.56 + 0.08 13.00 + 0.05 0.62 £ 0.01 1.76 +0.02 0.20 + 0.00

3 — — — 1.971 59+0.0 14.56 + 0.27 9.29 +0.17 0.54 £ 0.02 1.73 £ 0.04 0.16 + 0.04

TABLE 2 (Continued)
Nutrients (mg kg™ ?)

Fluoride Acetate Chloride Nitrite Nitrate Sulphate Phosphate
Field conditions 1.73 £ 0.03 0.35 6.46 + 1.38 3.03 + 0.03 9.17 + 2.08 23.10 £ 0.52 35.77 £ 214
3.60 + 0.05 <DL 5.13+1.09 1.66 £ 0.01 2.54 £ 0.58 26.54 + 0.60 6.58 + 0.39
2.86 + 0.04 <DL 6.64 + 142 3.78 £ 0.03 6.77 £ 1.54 24.18 + 0.55 15.27 £ 0.92
After spring onion harvest 3.44 + 0.05 0.25 62.15 +13.27 14.53 £ 0.12 162.14 + 36.84 137.0 £ 3.10 24.66 + 1.48
3.07 £ 0.05 <DL 51.34 + 10.96 71.18 + 0.60 209.35 +47.57 177.89 + 4.03 34.32 £ 2.06
2.79 £ 0.04 <DL 16.24 + 3.47 15.94 £ 0.14 50.31 +11.43 87.00 + 1.96 20.31 + 1.22
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FIGURE 1

Soil 2 After spring Field

Soil 3 After spring
onion harvest

onion harvest conditions

- Agricultural use Various uses (plasticiser)

Number of contaminants of emerging concern categorised by chemical origin (exclusive human use; human and veterinary use;

agricultural use and plasticiser) found in each soil (Soil 1: most recent biosolid application, Soil 2: most recent farmyard manure application, Soil 3:

no organic amendment in the last 5 years).

TABLE 3

Results from the liquid chromatography-mass spectrometry targeted analysis, contaminants of emerging concern identified with

level 1 confidence and quantified in the soils studied (Soil 1 [red]: most recent biosolid application, Soil 2 (Green): most recent farmyard manure

application, Soil 3 (Yellow): no organic amendment in the last 5 years).

Diclofenac Lamotrigine Ofloxacin Trimethoprim  Clotrimazole Diazinon
Human use non- Human and Human and
Chemical steroidal anti- Human use veterinary veterinary
class Soil inflammatory drug anti-epileptic = Human antibacterial antibiotic antifungal Agricultural insecticide
Field 1 0.2977 £ 0.0256 0.011 £0.002 11.919 +1.978 0.014 £ 0.004 0.419 +£0.073 0.0019 + 0.0001
conditions 2 BLD 0.019 (0.013, 7.935+1.724 0.044 +0.027 1.053 +0.195 0.0031 + 0.0002
BLQ,0.025)
3 0.4325 + 0.0850 BLD 8.205 + 2.662 0.020 £ 0.003 1.594 +0.1000 0.0022 (0.0021, 0.0024)
After spring 1 BLD BLQ 52.532 (48.121,56.943) 0.041+0.005 0.261+0.080 0.0016 + 0.0006
onion harvest BLD BLD 52.154 + 3.783 0.063 £0.004 1.118+0.250  0.0015 + 0.0006
8 BLD BLD BLD 0.294 +0.021 0.392 +0.019 0.0383 + 0.0141

Abbreviations: BL, below limit of detection; BLQ, below limit of quantification.

(19.0%-25.1% across the three soils), which may be the reason this
pollutant was not detected. However, sulfamethoxazole recoveries
were 68.7%-107.5%.

3.2.2 | Untargeted CEC results

The untargeted screening of the chemicals found in the soils revealed
the presence of six pollutants with confidence level 2a, meaning that
they were identified by library spectrum match (Schymanski

et al, 2014). Three of the chemicals identified were of agricultural

use, one was a veterinary anthelmintic, and another was the digestion
metabolite of liquorice, which is used widely as a sweetener and
human and veterinary pharmaceutical ingredient (Zhang et al., 2020).

Full details can be found in Table 4.
3.3 | AM colonisation evaluation across the three
soils studied

All plant roots were well colonised by AM fungi, with >80% root

length colonisation in some cases (Figure 2). The lowest values
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TABLE 4

Plants People Planet PPP

Results from the liquid chromatography-mass spectrometry targeted analysis, contaminants of emerging concern identified with

level 1 confidence in the soils studied (Soil 1 [red]: most recent biosolid application, Soil 2 [green]: most recent farmyard manure application, Soil

3 [yellow]: no organic amendment in the last 5 years).

Carbamazepine Metformin Oxytetracycline Tylosin
Soil Human Human Human and veterinary Human and veterinary
Chemical class number antiepileptic antidiabetic antimicrobial antibiotic and feed additive
Field conditions 1 Present Present Present Present
2 Present Present Present Present
3 Present Present Present Not detected
After spring onion 1 Present Present Present Present
harvest 2 Present Present Present Present
3 Present Present Not detected Not detected
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FIGURE 2 Arbuscular mycorrhizal fungi colonisation in spring onion roots. Red = Soil 1, green = Soil 2, yellow = Soil 3 (Soil 1: most recent
biosolid application, Soil 2: most recent farmyard manure application, Soil 3: no organic amendment in the last 5 years, n = 6). Boxes extend from
the 25th to 75th percentile, and whiskers extend to maximum and minimum data points. Lines in boxes indicate median values, and X's indicate
mean values. Significant differences are represented by different letters (one-way ANOVA).

recorded were in plants grown in Soil 3 (synthetic amendments); how-
ever, differences between soils were not significant (p = 0.09922,
df = 2, F = 2.737, one-way ANOVA; Figure 2).

3.4 | Interview with farmer and farm manager

The interview with the farmer and farm manager is available to watch
in Video 1. Their decision to use organic amendments as alternatives
to synthetic fertilisers stemmed from a combination of hope for
improving soil fertility, soil structure and organic matter while also
reducing fertiliser costs and enhancing production. To achieve this,
they use different amendments on different fields across their farm,
including organic (biosolids and farmyard manure) and inorganic (syn-
thetic fertilisers), dependent on the crop: ‘We're trying to use the

combination of all the different sorts of fertiliser together to bring our

crops to harvest’, they explained. In their farm system, biosolids sup-
ply phosphates, farmyard manure provides potash and synthetic ferti-
lisers add the main source of nitrogen.

In addition, they consider farmyard manure as the most effective
for enhancing soil structure and organic matter, while biosolids offer
less organic content. As part of their farm system, they also incorpo-
rate straw residues post-harvest for winter oil seed rape, bean and
wheat, which returns organic matter and nutrients to the soil and pro-
motes microbial populations (Ninkuu et al., 2025). Overall, this
approach reduces fertiliser costs and gradually improves soil structure,
also thanks to the adoption of reduced tilling methods such as mini-
mum till and direct drilling. Although they say that yield improvements
are challenging to measure due to variable weather patterns, they
have perceived improvement in soil structure and machinery handling
over time: ‘Over the years we're not noticing huge differences in yield

either way because of the weather patterns that we're getting are
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upsetting our averages ... [The fields are] carrying the machinery bet-
ter because the soil has not been cultivated so much. We are using
min-tilling, so the soil is not slumping’.

When the field from Soil 3 was brought back into cropping after
being used for grazing in 2020, synthetic fertiliser was used to bring
the nitrogen content of the soil up for the requirements of the milling
wheat crop, and no organic amendment had been used for over
5 years. However, since August 2023, they have applied biosolids
(after our sampling took place) and hope to continue applying organic
amendments (biosolids and manures) instead of synthetic fertilisers.

However, they are cautious about the environmental impact of
biosolids and manure applications, as they desire to improve the soil
without causing harm: ‘There are always concerns [when applying
organic amendments]. We apply it with the best of intentions, and it
would be upsetting to learn that actually we are doing harm rather
than good’. Considering the array of uncertainties farmers experience
day by day, it is crucial that research into the fate and effects of CECs
can provide certainty of how biosolids impact the fungi and soil health
of the farm. In this way, farmers' intentions of using biosolids can at

least be aligned to their expectations.

3.5 | Workshop with stakeholders

There was consensus that the reuse of organic waste as fertiliser has
the potential to provide a vital resource within the farming community
provided key research questions are answered to identify and prevent
any risks posed by chemicals found in it. Benefits of the reuse of

waste as fertiliser were identified as:

o Decreasing reliance on synthetic fertilisers and therefore depleting
finite resources, thus increasing farm security.

e Improving soil health and stabilisation by returning nutrients,
organic matter and carbon into the agri-food system.

o Offering an option for waste reuse aligning to the principles of cir-
cular economy.

e Reducing overhead costs for farmers by decreasing the need to
buy synthetic fertiliser and instead either reusing their own or
other's waste or through the exchange of resources, for example,

straw for muck (farmyard manure) arrangements.

Alongside the benefits of the reuse of waste as fertiliser, concerns

and challenges identified included:

e The risk of applying a material with unknown properties, for exam-
ple, CEC content and concentration.

e The lack of guidance and regulation around waste reuse, particu-
larly on requirements to assess and disclose content of chemicals
of non-farm derived waste (e.g. sludge).

e There is increasing pressure on the agriculture sector to reduce its
carbon emissions and the reuse of organic wastes as fertilisers
enables alignment with the principles of a circular economy and

reducing overall carbon emissions. While this currently is not a

main driver of the reuse of waste as fertiliser, it is expected to play
an increasing role as we tackle the challenges of climate change.

e Lack of long-term scientific monitoring and research of chemical
environmental presence and effects leading to environmental
issues being identified until it is too late and soil has been irrevers-
ibly contaminated.

e Social concerns around the use of wastes on soil including smell
and sanitation concerns.

e The misalignment with the regenerative agriculture practice of no-
till as it is not possible to use waste as fertiliser and use a no-till
approach.

e Timing and logistical challenges in terms of waste location and time
production not aligning to when or where it is needed in the crop
cycle. For example, in the farm from this case study, the amend-
ment choice depends the on crop calendar: Biosolids are used
before planting oil seed rape and farmyard manure is applied prior
to winter wheat and synthetic fertiliser and before beans and bar-
ley. Crop choice is also dependent on environmental conditions,
for example, oil seed rape in 2021 was not possible so winter lin-

seed was planted instead.

Key research questions identified for further research in the inter-
section between farmer needs and constraints around soil amend-
ments, waste regulation and the unknowns around the risks posed by
CECs found in organic wastes with the potential to be used as soil
amendments are detailed below:

1. Which waste parameters should be measured and reported to
inform on-the-ground farmer decisions as well as inform (or meet
future) policy and reporting regulations? Should CECs be routinely
monitored before a waste is used as fertiliser? If so, which CECs?

2. How can farmers decide which waste, with a given CEC profile,
would present a higher risk depending on their soil type and crop?
How would this link to other factors considered when choosing a
waste such as nutrient content, cost, availability, crop needs and
carbon footprint?

3. What are the impacts of different organic waste storage methods
on CEC presence and fate?

4. What are the long-term effects to soil health of using a variety of
wastes with a varying CEC profile? And what are the impacts on
differing soil types on this?

5. What are the multi-stressor effects on crops or soil health, for
example, of CECs and drought?

6. Are incentives for the reuse of waste as fertiliser appropriate at
the regulatory level?

7. How does CEC presence and fate vary depending on waste man-
agement and application practices, in particular:

a. Solid (organic fertilisers such as farmyard manure, anaerobic
digestate or sludge) versus liquid (farmyard slurry or compost
tea).

b. Dewatering of solid organic fertilisers. Dewatering is the pro-
cess in which the liquid is removed from the solid organic fertili-

ser to produce a dry fibre compost. This process has the
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benefits of enabling water reuse, increasing the nutrient con-
centration within the fertiliser and decreasing the bulk of the
fertiliser, making transport and storage easier. However, there
is little research on how CECs are partitioned within this pro-
cess and how this effects their fate within the agri-

environment.

Organic fertiliser can be applied to the soil via broadcasting (with
or without incorporation into soil), which is where the manure is
spread onto the surface of a field, then mixed into the soil if incorpo-
rated or if liquid manure, it can be injected directly below the surface
of the soil. Each process is known to have different impacts on nutri-
ent availability, but there is limited research into the impact on the
fate of CECs within the soil.

4 | DISCUSSION

4.1 | Identified benefits of the use of organic soil
amendments

The benefits of the reuse of waste as fertiliser were acknowledged by
the workshop participants, from an academic, environmental and
farming point of view. It was agreed that the reuse of waste as fertili-
ser has the potential to play an important role in improving soil health,
increasing farm financial security, reducing pressure on finite nutrient
resources and reducing synthetic fertiliser production. Farmers in our
study (interview and workshop) demonstrated genuine interest in
understanding the composition and effects of the biosolid fertilisers
they use, actively welcoming further research in this area. Their atten-
tiveness to soil conditions and eagerness to learn reflect a deep
engagement with soil stewardship.

The soil property results demonstrate an alignment between the
nutrients measured and the farmer's expectations on nutrient contri-
bution depending on the soil amendment history of each field. The
significantly higher (p <.001) phosphate concentration found in Soil
1 (35.77 + 2.14 mg kg™ 1), over double that in Soil 3 and over five
times that of Soil 2, is in line with the farmers' description of using
biosolids to supply phosphates, as Soil 1 had been the one most
recently amended with this material. Potassium content was described
by the farmer to be obtained from farmyard manure, and it was signif-
icantly lower (p < .05) in Soil 3 (0.50 + 0.02), which had not received
farmyard manure in recent farming history (Table 1). The other two
soils, which had received farmyard manure in recent farming history,
had significantly higher potassium, with 0.58 + 0.02 and 0.53
+0.01 mg kg™ in Soil 1 and Soil 2, respectively. Finally, the farmer
indicated that synthetic fertilisers are the main source of nitrogen,
and this trend was observed for nitrite, where the significantly higher
(p <.001) concentration was found in Soil 3 (3.78 + 0.03 mg kg™?%),
which had received synthetic fertiliser most recently, followed by Soil
1 (3.03 + 0.03 mg kg™?) and Soil 2 (1.66 + 0.01 mg kg™%). However,
nitrate was not significantly different between Soil 1 (9.17 + 2.08) and
Soil 3 (6.77 £ 1.54) but was significantly (p < .05) lower for Soil

kg 1 =n

2 (2.54 + 0.58). The balance in nutrient contribution arising from the

People P

different types of soil amendments used speaks to the farmer's and
farm manager's knowledge and understanding of these organic waste

resources.

4.2 | Identified drawbacks of the use of organic
soil amendments

The main drawback we identified from this case study was the uncer-
tainty around the use of organic amendments. This uncertainty was
identified in two senses: firstly as expressed by the farmers and work-
shop attendants in terms of uncertainty about the effects on soil and
the wider environment and secondly by the lack of conclusive infor-
mation about the presence and effects of CECs in these materials.
The positive engagement observed from the farmers and wider envi-
ronmental community in this study is potentially undermined by the
aforementioned uncertainties. The implications are significant: While
farmers' intentions to adopt more sustainable practices are strong, the
success of soil care initiatives depends on complete transparency
around the effects on the soil and wider environmental systems of the
materials introduced into agricultural systems. Without clear informa-
tion about the composition (including CEC content) and effects of
organic soil amendments, farmers' efforts to care for soil and the
wider environment may be compromised. This suggests that the tran-
sition to circular economy practices requires not just farmer buy-in
but also robust systems for research, information sharing and quality
assurance of alternative fertiliser products. CEC soil presence in this
study was intended as a snapshot and discussion point with the
farmers and workshop attendants. It consisted of a single grab sample
per field and, as such, is not comprehensive of physical or temporal
variability in terms of field topography and the history of varied soil
organic amendments used in each field.

The only chemical recognised as being used in the farm by the
farmer and farm manager was clothianidin as being used for ‘seed
treatment only and in small quantities prior to the substance being
banned in 2018’. Clothianidin has a half-life in soil ranging from
144 to 7000 days, which means it is possible its presence is from the
use prior to 2018 (Vickneswaran et al., 2023). The farmer and farm
manager stated that the other identified chemicals of exclusive agri-
cultural use had not been used recently (at least not since 2015).
These were the insecticide diazinon, the anthelmintic veterinary phar-
maceutical fenbendazole sulfoxide, the derivative of difenzoquat her-
bicide difenzoquat metilsulfate (Kim et al., 2019) and the toxic
fungicide flusilazole (Sudoma et al., 2019). Diazinon has been banned
in the EU since 2007 (European Food Safety Authority [EFSA]
et al, 2023). However, diazinon is the most commonly used active
ingredient in the United Kingdom to treat and prevent sheep scab
(Smith et al., 2023), and the farmer has stated the farmyard manure
obtained from the farm next door is from sheep, so it would likely
come from this source. However, this does not explain why higher
concentrations were found in Soil 2 where farmyard manure had not

been used in the past >10 years prior to sampling; this may be due to
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runoff from the neighbouring farm but would necessitate further
investigation. Fenbendazole sulfoxide may be present for a similar
reason in Soil 3, as it has not been used in the farm since the 1970s
when they last had livestock. Difenzoquat has been banned in the EU
since 2002, so its presence must be from historic use, which is possi-
ble given its high soil half-life of 6810 days (Pateiro-Moure
et al,, 2010).

However, the reported presence of five chemicals of exclusive
human use (Figure 1 and Tables 3 and 4), ubiquitous in wastewater-
derived biosolids (Gottschall et al., 2012; Mejias et al., 2021; Sellier
et al.,, 2022), is indicative of them entering the environment via bio-
solids application. These included the anti-epileptics lamotrigine and
carbamazepine, the non-steroidal anti-inflammatory drug diclofenac,
the antidiabetic metformin and the antibiotic ofloxacin. Despite the
relatively low recoveries of ofloxacin (Table S1), it was quantified at
the highest concentration across all soils (7.9-52.5 ng g2, as can be
seen in Table 3). This is in line with previous research acknowledging
it as persistent and prevalent in sludges (as other quinolones) (Sellier
et al,, 2022), as well as its particularly high DTso of 1.10-2.01 years
(Yang et al., 2018). It is important to note that diclofenac, carbamaze-
pine and metformin were also detected in Soil 3 (Tables 3, 4 and 5),
which is unexpected given that this soil has not had biosolids applica-
tion in recent years (<5 years). All three of these pollutants have been
reported to be persistent in the environment (Ambrosio-Albuquerque
et al., 2021; Baldasso et al., 2024; Mejias et al., 2021; Thelusmond
et al., 2018), the DTsq in soil for carbamazepine of 533.2 days (Lautz
et al., 2017). Despite their reported soil persistence, the reported
DTso values for diclofenac and metformin are <5 (Al-Rajab
et al., 2010) and 5 days (Mrozik & Stefanska, 2014), respectively. Their
presence in Soil 3 may be due to surface runoff from fields where bio-
solids were applied. Diclofenac and lamotrigine were not found in
soils following spring onion harvest, possibly due to plant uptake
(Bigott et al., 2021; Siemieniuk et al., 2021), soil sorption or microbial
degradation (Mosharaf et al., 2024). In addition to chemicals of exclu-
sive human use, six chemicals of human and veterinary use were iden-
tified across all soils. These included three antibiotics (trimethoprim,
oxytetracycline and tylosin), two antifungals (clotrimazole and flusila-
zole) and one metabolite of a food additive (18--glycyrrhetinic acid).
The presence of these pharmaceuticals can be explained by the appli-
cation of biosolids and farmyard manure. In particular, tylosin has
been reported by the farmer to be likely present due to use in sheep
(therefore presence in farmyard manure) or from slurry from livestock
(also exposed to this chemical), as confirmed by wide UK usage figures
of these chemicals (Davies et al., 2023).

The concentrations of human and veterinary pharmaceuticals
measured are comparable to those reported in the literature (Baldasso
et al., 2024; Martin & Hart, 2023; Mejias et al., 2021; Wu et al., 2023),
accounting for expected differences based on many factors such as
initial sludge content (which may depend on population consumption
and wastewater treatment method), method of application and poten-
tial agricultural runoff, soil type, crop grown and other environmental
factors (such as catchment-specific characteristics), all of which mean

a wide variety is not unexpected. For example, lamotrigine has been

quantified in other agricultural soils ranging from 1500 to 9000 ng g~ !
(Baldasso et al., 2024), concentrations higher than those found in this
study (>0.01 ng g%, as can be seen in Table 3), and trimethoprim con-
centrations found in this study (0.014-0.294 ng g~*; Table 3) are at
least an order of magnitude lower than those reported in other sludge
amended soils (0.64-2.15ngg ') (Mejias et al, 2021). Previous
research indicates that antimicrobials are found to be at higher con-
centrations in soils receiving cattle, chicken and swine manure, com-
pared to biosolids (Wu et al., 2023). The presence of trimethoprim
seems to follow this trend, with higher concentrations found in Soil
2 (most recently having received manure) than Soil 1 (most recently
having received biosolids). It is important to quantify and understand
the variability in CEC concentrations in agricultural environments as
this will directly link to the local environmental risk posed by these
chemicals.

One of our results for the spring onion trial speaks to the impor-
tance of the link between chemical pollution concentration and other
environmental and agricultural factors, such as crop affecting soil
pH. The concentration of trimethoprim increased following the har-
vest of spring onion, potentially due to the increased pH in all three
soils following harvest (Table 2). Trimethoprim has a pK, of 7.2, which
means that it is found in a greater proportion in its ionised state at
higher soil pH, meaning it has less affinity for solid matter, making it
more available for extraction of soil and analysis. For both Soil 1 and
2, the concentration of ofloxacin, like trimethoprim, was greater fol-
lowing the harvest of spring onion. Again, this may be due to the pH
of the soil being more acidic pre-harvest, meaning ofloxacin would be
found in its protonated form, in which it is known to have strong elec-
trostatic interactions with the clay and organic matter in the soil
(Parente et al., 2019), making it less available for extraction (and less
bioavailable in the environment).

The presence of four antibiotics, namely, trimethoprim, ofloxacin,
oxytetracycline and tylosin, evidences the need for further research in
terms of potential AMR threats. Further studies to determine the
presence of AMR genes in this farm would elucidate the extent to
which current agricultural practices are leading to potential AMR. Pre-
vious research has already demonstrated oxytetracycline (and other
antimicrobials) presence alongside antibiotic-resistant genes including
tetA and tetB, related to tetracycline resistance, following manure
application in soils (Wei et al., 2019). Previous research indicates that
compared to single manure applications, mixed manure/biosolids
application may cause more severe enrichment of AMR genes (Wu
et al., 2023), which could be of concern in an agricultural scenario
such as the one studied here.

In addition to AMR, antifungal resistance is of growing concern,
including the role of environmental selection (Environment
Agency, 2022). In this study, the human and veterinary antifungal clo-
trimazole was quantified in all soils, in line with its reported environ-
mental persistence (Mejias et al., 2021) and a recent UK study which
quantified it in wastewater biosolids from seven sites, with a median
concentration of 1.32 mg kg™ (dw) (Martin & Hart, 2023). In the pre-
sent study, the highest concentration was found in Soil 3, as the

farmer reports no recent (since at least 2015) use of this chemical; this
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indicates likely presence from farmyard manure from a neighbouring
farm. Clotrimazole, alongside other azole antifungals, was also added
to the 3rd EU Water Watch List in 2020, which includes the top
10 priority substances or groups of substances that are potentially
detrimental to the aquatic environment and require better monitoring,
including their potential to select for resistance.

Finally, the untargeted approach highlighted the need to under-
stand the presence of previously understudied chemicals in soils, such
as streamide, which was detected in all soils (Table 4). Streamide is
used in the manufacture of plastics such as polyvinyl chloride (PVC)
and has been previously detected as a pollutant in aquatic environ-
ments (Selwe et al., 2024); however, little is known about its presence
in agricultural soils.

4.3 | Unknowns to be addressed for a safe use of
organic wastes as soil amendments

In addition to the specific research questions identified by the work-
shop participants (detailed in Section 3.3), we outline below areas

identified from the analysis of the results of this case study.

43.1 | Whatdo the measured CEC concentrations
mean in terms of environmental risk?

It is difficult to assess the potential environmental impacts of the
CECs detected in the farm soils, as our current understanding of CEC-
induced toxicity is limited by a focus on understanding their impacts
in aquatic species (Carter et al., 2025; Maddela et al., 2022; Masinga
et al., 2024; Wang et al., 2024). A more comprehensive evaluation of
potential risks in the agricultural environment necessitates assessing
toxicity at environmentally relevant concentrations, considering long-
term effects and considering the soil compartment (as opposed to
hydroponic assessment). In addition, chemical toxicity must be evalu-
ated as a mixture (as this work shows there are a wide variety of che-
micals present, from human, veterinary, industrial and agricultural
sources, which may act synergistically or antagonistically) (Carter
et al., 2025; Gardufio-Jiménez & Carter, 2024). In addition, it is neces-
sary to study sublethal endpoints that can compound to affect whole
ecosystems (Straub et al., 2020).

There is also the added risk of the spread and development of
antibiotic resistance, which has led to the development of predicted
no effect concentration of resistance for a range of antibiotics
(PNEC-R). These to date have been developed mainly through three
different mechanisms: isogenic single species competition assays
(Gullberg et al., 2014) and estimation of selective endpoints using
minimum inhibitory concentration data (Bengtsson & Larsson, 2016)
and through in vitro models utilising the wastewater microbiome
(Murray et al., 2024). For both antibiotics quantified, the measured
concentrations were below the lowest published PNEC-R of
0.5 pgL! for ofloxacin (Bengstsson-Plam & Larsson, 2016) or
1.56 pg L~ for trimethoprim (Murray et al., 2024), indicating no direct

kg 1=

risk. However, published PNEC-Rs have not been developed for soil

People P

microorganisms, which will differ from water and clinical microorgan-
isms, and currently, there is no accepted standard for the calculation
of PNEC-Rs. In addition, it would be necessary to consider the effect
of co-exposure to other non-antimicrobial pollutants like pharmaceu-
ticals, heavy metals and biocides, which create conditions that favour
the development of AMR (James et al., 2023; Murray et al., 2024;
Stevenson et al., 2022; UNEP, 2023).

4.3.2 | What are the effects to mycorrhizal
colonisation depending on organic soil amendment
and crop?

Under the agricultural conditions of the farm studied, and for the
spring onion variety assessed (albeit over a relatively short time
frame), there is little discernible impact of the amendments used on
mycorrhizal colonisation of plant roots, despite the differing soil
amendment histories of Soils 1, 2 and 3 (see Table 1 for amendment
histories). However, it is important to contextualise these results
against the prevailing specific agricultural and environmental condi-
tions, such as the type of crops grown, the organic amendment/s
used, and soil type. Additionally, the pots used in this experiment lim-
ited the volume of soil the AM fungi could extend into, thus allowing
the AM fungi and plant roots to interact closely, perhaps more
closely than they would in the field if fungal propagules are present
in low abundance, as is often the case in agricultural soils
(Verbruggen et al., 2013). Interestingly, AM fungal colonisation of
roots of the plants in our study was not impacted by the presence of
clotrimazole, an azole antifungal drug, at higher concentrations in
Soils 2 and 3 compared to Soil 1 (Table 2). This aligns with previous
research showing that the ability of AM fungi to colonise and form
associations within wheat roots is not affected by the presence of
azole antifungals (Sallach et al., 2021). However, it contrasts with
results from Durant et al. (2025) who showed the same antifungals
reduced AM colonisation in spring onion and lettuce systems at
100 ng g~ L. Therefore, it is likely that the concentrations present in
the soil tested were too low (0.419 ng g1 in Soil 1 to 1.594 ng g~ *
in Soil 3) to affect the ability of AM fungi to colonise host plant
roots. However, we did not test the functionality of the associations
formed, and so, it remains unknown whether the treatments
impacted any potential AM-associated benefits such as plant nutri-
tion or stress tolerance. As in all mycorrhizal research, some caution
should be taken when interpreting microscopical root colonisation
data as AM fungal colonisation was assessed in only a relatively small
subset of roots. Given the patchy nature of colonisation by AM fungi,
this may not be fully representative of the whole root system of each
plant and is further evidence of the need for studies assessing suble-
thal endpoints which may have cascading effects in the ecosystem.
The degree of colonisation of roots by AM fungi observed here may
not accurately reflect the overall benefits of AM associations derived
by the host plants, especially those not nutrient-related, or the fungal

acquisition of plant-fixed carbon.
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4.3.3 | Whatis the farmer's role in implementing
best agricultural practice in the context of organic soil
amendments?

Adoption of regenerative practices ‘is driven both by a desire to
make environmentally beneficial changes as well as a logic of eco-
nomic pragmatism, either in terms of increasing productivity or,
more presciently in the circumstances, reducing costs’ (Beacham
et al., 2023). Consequently, the drive to move away from synthetic
fertilisers faces the challenge of finding a balance between the
profitability of the farm and the risks involved in changing an agri-
cultural system reliant on synthetic fertilisers, a heritage of the
green revolution. The risks and uncertainties of this process of
change in farming practices are generally absorbed by the farmer,
just as ‘caring for soils is currently configured primarily as the obli-
gation of the individual farmer, whose power to act is constrained’
(Krzywoszynska, 2019). This means that various degrees of support,
including knowledge exchange and financial subsidies, are key to
encourage appropriate practices from the soil microbiology per-
spective to help the transition to new production methods. Our
research aligns with previous observations that the farmers' adop-
tion of regenerative practices is motivated by both environmental
consciousness and economic pragmatism, particularly regarding pro-
ductivity and cost reduction (Beacham et al., 2023). This was dem-
onstrated in our interview with the farmer and land manager, as
we discussed above.

The benefits of biosolids perceived by research participants could
be neutralised and diminish their use if the uncertainties are not clari-
fied. The farmer's interest in this matter, in the context of a climate
change emergency, creates significant momentum. This, combined
with the need for more research to achieve more conclusive results,
creates the social conditions to produce a generative route of action
for research collaborations. This can effectively reduce uncertainty
about the soil effects of biosolids and include by-case farm studies to
enrich the depth of knowledge about biosolids for the farming and sci-

entific communities.

4.3.4 | The need for transdisciplinary approaches

If properly implemented, transdisciplinary approaches have been
shown to be very effective for successful social change for positive
environmental impact (Kiatkoski Kim et al., 2022). The research
questions identified need to be answered by a wide variety of
disciplines and stakeholders; it is not possible to provide farmers
with the information they need to make the choice of which soil
amendment to use based on environmental, profitability and
practicality issues from within single discipline silos. This
demonstrates the importance of building multidisciplinary research
networks with stakeholder involvement to develop research that
can inform practical and environmentally sustainable agricultural

practices.

5 | CONCLUSION

This work united social, chemical and biological expertise alongside
stakeholder engagement for a holistic appreciation of the effects of
CECs entering the agricultural environment following organic waste
reuse as soil amendments. The presence of 17 CECs, with a high pro-
portion of human-use chemicals, was confirmed in the farm case
study where wastewater-derived biosolids and farmyard manure are
used as soil amendments. The assessment of the effect of soils with
differing amendment history on AM colonisation revealed no signifi-
cant effect on AM colonisation of plant roots depending on soils but
provided an important discussion topic with key stakeholders on the
different endpoints that CECs in soils may affect. Farmers and policy
stakeholders demonstrated a keen interest in understanding the effect
of organic soil amendments in their soils and the wider environment,
reflecting a growing engagement with soil stewardship. Their involve-
ment in discussing the chemical, biological and social findings of this
case study led to the identification of five key research questions that
span elucidating unknown chemical presence and effects, policy
around waste reuse and chemical presence transparency and integrat-
ing environmental concerns with farming practicalities such as crops'
nutrient demands, costs and soil organic waste availability. Further
research is still needed to answer many questions around the sustain-
able reuse of organic amendments in soils, but the integration of disci-
plines and stakeholders in the process can aid in ensuring efforts
remain focused on providing practical and relevant answers for more

sustainable agricultural practices.
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