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Assessing catchment scale water quality of agri-food systems and the scope 
for reducing unintended consequences using spatial life cycle 
assessment (LCA) 
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A B S T R A C T   

Life cycle assessment is a multidisciplinary framework usually deployed to appraise the sustainability of various 
product or service supply-chains. Over recent decades, its use in the agri-food sector has risen sharply, and 
alongside this, a wide range of methodological advances have been generated. Spatial-life cycle assessment, 
defined in the current document as the interpretation of life cycle assessment results within a geographical 
nature, has not gone unexplored entirely, yet its rise as a sub-method of life cycle assessment has been rather 
slow relative to other avenues of research (e.g., including the nutritional sciences within life cycle assessment). 
With this relative methodological stagnation as a motivating factor, our paper combines a process-based model, 
the Catchment Systems Model, with various life cycle impact assessments (ReCiPe, Centre for Environmental 
Studies and Environmental Product Declaration) to propose a simple, yet effective, approach for visualising the 
technically feasible efficacy of various on-farm intervention strategies. As water quality was the primary focus of 
this study, interventions reducing acidification and eutrophication potentials of both arable and livestock farm 
types in the Southeast of England were considered. The study site is an area with a marked range of agricultural 
practices in terms of intensity. All impacts to acidification potential and eutrophication potential are reported 
using a functional unit of 1 ha. Percentage changes relative to baseline farm types, i.e., those without any in
terventions, arising from various mitigation strategies, are mapped using geographical information systems. This 
approach demonstrates visually how a spatially-orientated life cycle assessment could provide regional-specific 
information for farmers and policymakers to guide the restoration of certain waterbodies. A combination of 
multiple mitigation strategies was found to generate the greatest reductions in pollutant losses to water, but in 
terms of individual interventions, optimising farm-based machinery (acidification potential) and fertiliser 
application strategies (eutrophication potential) were found to have notable benefits.   

1. Introduction 

Given contemporary global interest in grand environmental chal
lenges (e.g., Rockström et al., 2021), particularly climate change (Ripple 
et al., 2021), life cycle assessment (LCA) is going through what could be 
considered a ‘Golden Age’ as a framework to support exploration of 
pathways for realising the UN’s Sustainable Development Goals. LCA 
has been applied to almost every product and service available as a 
framework to identify environmental ‘hotspots’ (i.e., activities within a 
supply chain which generate the most pollution) and to compare 
different supply chains to determine whether one may be more 
resource-efficient, usually entailing fewer losses to nature than another 

(Gerber et al., 2013; McAuliffe et al., 2017; Roy et al., 2009). The 
agri-food sector has received notable attention by the LCA community, 
demonstrated by a substantial increase in associated publications be
tween 2011 (n = 190) and 2021 (n = 571; search terms = ‘life cycle 
assessment’ AND ‘food’ OR ‘agri-food’ OR ‘agriculture’) according to 
Scopus. Many of these agri-food related papers focus on methodological 
advances: for example, the food-environment nexus is gradually being 
elucidated in fine detail including through explicit considerations of 
human nutrition (McAuliffe et al., 2020) and health (Stylianou et al., 
2016, 2021) within the LCA approach. 

For the agri-food realm of LCA, some limited attention has been 
directed towards spatially-orientated assessments (Liu et al., 2018); yet, 
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there remains substantial scope to progress explicit assessment of spatial 
variation in LCA using suitable, complementary models, databases, and 
technologies such as Geographical Information Systems (GIS). As an 
example of efforts to enhance the capability of LCA to capture spatial 
variation, Roibás et al. (2018) used national economic input-output 
activity datasets with regional, or ‘territorial’, subsections to carry out 
normalisation of impact assessment results in the Galician region of 
Northwest Spain. Whilst the authors demonstrated that spatial LCA can 
indeed be adopted to carry out normalisation to better elucidate specific 
issues (e.g., water quality) at the local level, they also acknowledge that 
the use of normalisation in LCA is highly debated within the user com
munity due to the typically subjective nature of the process. Indeed, 
normalisation is viewed as useful for decision making, but its current 
lack of uncertainty assessment and robustness leave many practitioners 
wary of applying it (Pizzol et al., 2016). 

Other efforts to reconcile system-scale environmental analyses with 
spatial variability include work carried out by Nitschelm et al. (2016) 
who successfully demonstrated the possibility of combining spatial dif
ferentiation with territorial LCA to inform land use planning, a partic
ularly pertinent exercise given the importance of optimising land use 
and management in the face of net zero ambitions across the globe. 
Tackling spatial-LCA from another angle, Antón et al. (2014) developed 
novel impact categories in a case study of greenhouse tomato production 
in Almeria, Southern Spain. The authors found that generating 
locally-relevant characterisation factors had a notable benefit over 
widely used factors such as those found in the ReCiPe (Huijbregts et al., 
2017) impact method, which are designed to cover much larger areas 
and as a result, do not always coincide with environmental conditions in 
a given region. Here, for instance, water quality is a good example as it 
can vary considerably not only across countries, but even across indi
vidual waterbodies within countries. Lastly, and most recently, Lee et al. 
(2020) used a combination of LCA and process-based modelling to 
demonstrate the spatio-temporal impacts of various maize supply chains 
in the US Midwest States at county level. The authors were able to use 
their approach to highlight the pronounced nature of variation in 
environmental performance at the site-specific-level across a period of 
nine years, thereby showcasing the importance of deepening our ap
plications and understanding of spatial-LCA. 

Based on the above background and, perhaps more importantly, the 
recognised need to continue exploring the scope for incorporating 
spatial variation within LCA (Patouillard et al., 2018), the overarching 
goal of the current paper is to first carry out a geographically-based case 
exemplar using an agri-system modelling framework (CSM) to compute 
spatially-explicit estimates of mid-point impact categories for two farm 
types (arable and lowland grazing livestock). We demonstrate a 
data-intensive yet simple approach to conduct spatial-LCA which ad
dresses eutrophication and acidification of freshwater. Whilst we cover a 
smaller geographic area than Lee et al. (2020), we do so at a finer scale, 
specifically, the waterbody, or catchment level. In light of pressures on 
farmers to reduce their impacts to nature as far as feasibly possible, a 
second objective is to explore how the case exemplar might account for 
benefits and risks of various environmental intervention strategies 
currently being recommended to farmers. 

2. Materials and methods 

2.1. Study site 

Hertfordshire, a county in the Southeast of England (Fig. 1) was 
chosen as an appropriate study area because it is a region which is 
characterised by both arable- and animal-based farming systems, with 
the former being the dominant agricultural activity in the area. For 
example, The June Agriculture Survey (JAS) data in 2016 suggests that 
the major farming types, ranked by their relative agricultural land 
occupation, are cereal (80.9%), lowland grazing livestock (7.5%), gen
eral cropping (5.0%) and mixed (3.6%), with crop yields generally being 
higher than most other regions of the UK due to favourable growing 
conditions. With an area of ~1643 km2, Hertfordshire typically receives 
low annual rainfall (long term values: 575.3 and 808.6 mm, for arable 
and livestock farm types, respectively). According to the UK’s Meteo
rological Office (Met Office), typical daily temperatures in the region 
range from 9.2 to 11.2 ◦C and there are 84.4–119.3 ground frost days 
annually. The British Geological Survey indicates that soils across the 
region range from deep clay (Hanslope series), deep loam to clay (Bat
combe, Hornbeam, Melford series) to loam over chalk (Swaffham Prior 
series). These intrinsic conditions have led to the dominance of intensive 

Fig. 1. Location of the study area in England and spatial distribution of robust farm types (RFTs; a classification system adopted in the United Kingdom to aid 
comparative analyses of predefined farm types) in the focus area. 
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arable agriculture (as per JAS 2016 above) with animal-based products 
generally being produced on extensive systems with lower stocking 
densities than would be found in other areas of England such as the 
South West where pastoral systems are more prevalent. 

Unintended environmental consequences arising from current 
farming practices in the study area include the failure of surface 
waterbodies to achieve ‘good ecological status.’ More specifically, the 
2019 assessment by the UK Environment Agency indicated that 56% of 
waterbodies in the study area are in ‘moderate ecological status’, 35% in 
‘poor ecological status’ and 9% in ‘bad ecological status’. According to 
the Environment Agency, poor agricultural and rural land management 
practices are the main reasons for failure to achieve ‘good ecological 
status’. For instance, identified malpractices are mainly related to soil (e. 
g., losses of soil during heavy rainfall), nutrient (e.g., over or under 
application of organic or inorganic fertilisers) and livestock (e.g., sub- 
optimal feed conversion ratios or offering ruminants forage with low 
digestible energy) management. As an example, elevated phosphate 
levels in rivers in the study area have been confirmed as a major detri
mental impact arising from current farming practices. Based on the 2019 
mapped greenhouse gas (GHG) inventory at 1 km scale resolution 
(NAEI, 2019), agriculture contributes 64% of total ammonia emissions 
and 52% of total nitrous oxide emissions, both of which lead to soil and 
water acidification, in Hertfordshire, respectively. As a consequence of 
the aforementioned agri-ecological concerns, it is clear that current 
agricultural land management is resulting in environmental damage. 
Concomitantly, this points to the need for system scale analyses to assess 
the technically feasible scope for improving the environmental perfor
mance of South East English agriculture. 

2.2. Introduction to the Catchment Systems Model (CSM) 

To quantify the emission loadings to water and air, CSM (Zhang 
et al., 2022) was employed to generate farm-based multi-pollutant 
loadings in the study site under baseline (i.e., no interventions what
soever), business-as-usual, as well as single intervention strategies and 
combinations thereof, to reduce the environmental impacts of both farm 
types (i.e., arable or livestock). CSM integrates a number of distinct 
models and data layers to provide a basis for examining multiple envi
ronmental outcomes of current and future potential farming systems and 
practices. The initial component is founded on a typology of rainfall, soil 
and farm type. Long-term (1981–2010) gridded (1 km2) annual average 
rainfall is sourced from HADUK-Grid data (Meteorological Office, 
2018). Examination of the rainfall distribution suggested that the area 
could be divided into three rainfall bands: <600 mm, 600–700 mm and 
701–900 mm. Since the area with <600 mm rainfall only accounted for 
<3% of the study area, this rainfall band was not modelled. Soil type is 
sourced from the National Soil Map (NATMAP1000; National Soil Re
sources Institute, Cranfield University, UK) which details soil series and 
their key characteristics at 1 km2 resolution. Hydrology of Soil Types 
(HOST; Boorman et al., 1995) was assigned to the soil series in the study 
area using established pedo-transfer functions (Zhang et al., 2017a). The 
soil typology suggests that 24% of the study area is represented by free 
draining soils, compared with 64% of soils drained for arable use solely 
and 12% of soils drained for both arable and grassland use. 

Information on robust farm types (RFT; Defra, 2010) and the land use 
and livestock structures (2016) of commercial farms in the study area 
collected by the June Agriculture Survey (JAS) was licensed from the 
Department for Environment, Food and Rural Affairs (Defra, 2021a, 
2021b). In total, 234 model farms were generated for the study area and 
these were represented by cereal and lowland grazing livestock systems. 
To represent farm management practices, crop-specific fertiliser appli
cation rates (averaged across 2013–2017) were sourced from the British 
Survey of Fertiliser Practices (BSFP, 2018). These rates are sense 
checked using additional bespoke surveys of the two dominant farms 
types in England administered by the modelling team for other research 
projects. Taking manure management for instance, whether manure or 

slurry is spread on the farm it is produced on, or transported to adjacent 
farms to offset their artificial fertiliser needs, utilises the scheme re
ported by Zhang et al. (2017a). Business as usual (BAU) uptake rates of 
best management practices by different farm types are extracted from a 
variety of data sources including agri-environment scheme data (Natural 
England, 2016) and Defra farm practices surveys (FPS; DEFRA, 2013). 
Again, uptake rates by farm type are supported by the returns from 
bespoke surveys administered by the modelling team. 

In addition to farm type definition and agricultural management as 
described above, CSM uses a second module to scale out within the 
farming sector to capture the spatial distribution of farm types at land
scape scale. Here, the EU’s Water Framework Directive (WFD) surface 
waterbodies were used as the base spatial unit for the modelling of the 
study area since this hydrological unit is used for much policy support 
work in the UK. To ensure data/participant confidentiality, waterbodies 
with areas less than 25 km2 were excluded (Fig. 1). Farm types (i.e., 
cereal or lowland livestock grazing) with fewer than five reported 
holdings in any given waterbody were also not modelled to minimise 
any potential risks to participant anonymity. 

For comparison with baseline and BAU, six alternative management 
futures (scenarios AA-AF; Table S1) were modelled for cereal farms in 
the study area. These encompassed five bundles of measures targeting 
specific aspects of farm management (i.e., fertilisers, water manage
ment, machinery, zero tillage, cover cropping) and an additional ‘all-in’ 
scenario (i.e., AA; Table S1). Similarly, four bundles were modelled for 
lowland grazing livestock farms. These comprised fertiliser, water, ma
chinery and livestock management and an additional ‘all-in’ bundle (i.e., 
LA; Table S2). Two global model farms were also generated for the two 
main farm types: one uses the average values of JAS items from all 
relevant farms in the study region and the other uses the median values 
for the same returns. These mean and median representative model 
farms were numbered ‘23’ and ‘24’ in the case of cereal farms and ‘38’ 
and ‘39’ in the case of lowland grazing livestock farms (Data in Brief; 
Tables S1 & S2, respectively). Despite the level of detail provided in 
supplementary material, for the purpose of the current study, which is to 
develop a simple, yet effective, methodology to view agri-food LCA from 
a geospatial perspective, soil drainage and rainfall are not examined in a 
multifactorial analysis. Further, given the nonparametric nature of the 
results, results are primarily assessed by range (i.e., minimum and 
maximum values are reported around the median for baseline, BAU and 
each alternative management scenario) rather than using mean and 
variance/standard deviation, with the exception of typologies ‘23’, ‘24’ 
(arable), ‘38’, and ‘39’ (livestock) which are indeed reported as means 
(Data in Brief). 

2.3. Inventory analysis: nutrient loss calculations 

Phosphorus (P) delivery from agricultural land to rivers is computed 
based on the Phosphorus and Sediment Yield CHaracterisation In 
Catchments (PSYCHIC) model (Collins et al., 2007; Davison et al., 2008; 
Stromqvist et al., 2008). PSYCHIC utilises the 
source-mobilisation-delivery conceptualisation of the water pollutant 
cascade (Lemunyon and Gilbert, 1993; Haygarth and Jarvis, 1999; 
Haygarth et al., 2005) and calculates both dissolved and particulate P. 
The key P sources considered are soils, manure and fertiliser applica
tions. Mobilisation includes solubilisation, detachment and incidental 
losses. These mobilisation processes are combined to generate estimates 
of the delivery of P to watercourses via three pathways comprising 
surface runoff, preferential flow through land drains and deep seepage. 
For particulate P, sediment mobilisation is based on the 
Morgan-Morgan-Finney (MMF) model (Morgan, 2001), and a parame
terisation of rainfall erosivity (Davison et al., 2005). The P content of 
sediment is based on soil total P and particle size distribution. Delivery 
of P to rivers takes explicit account of distance to watercourses and field 
drain efficiency as important components of land-to-river connectivity 
(e.g., McHugh et al., 2002). PSYCHIC predictions of sediment (relevant 
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for particulate phosphorus estimates) and P losses to water have been 
evaluated across scales using various available datasets (Comber et al., 
2013; Collins et al., 2016, 2021; Stromqvist et al., 2008; Zhang et al., 
2017a). These evaluations have illustrated reliable predictions in the 
context of the known challenges of evaluating predicted water pollution 
emissions from a single sector (i.e., agriculture in the current context) 
using available water quality data which inevitably reflect contributions 
from all upstream sources. 

Ammonia emissions from excreta and manure are estimated for 
livestock housing, manure storage and field spreading using the NARSES 
(National Ammonia Reduction Strategy Evaluation System; Webb and 
Misselbrook, 2004) and MANNER (Manure Nutrient Evaluation Routine; 
Chambers et al., 1999) models. Fertiliser driven ammonia emissions are 
calculated using the NT26AE model (extracted from a component report 
for Defra) reported by Chadwick et al. (2005). The predicted ammonia 
emissions using the above routines have been shown to agree with the 
UK GHG inventory for agriculture (Zhang et al., 2017b). Default Euro
pean coefficients (Baggott et al., 2006) are used to estimate direct 
nitrous oxide emissions from excreta, managed manure and fertilisers 
(please see IPCC, 2007, IPCC, 2013; IPCC, 2006 for GHG methodology 
and related guidelines). Indirect nitrous oxide emissions associated from 
agricultural land are based on export coefficients generated using the 
National Environment and Agriculture Procedure-N model (NEAP-N; 
Anthony et al., 1996; Lord and Anthony, 2000; Wang et al., 2016). 
NEAP-N constitutes a meta-model of the NITCAT (Lord, 1992) and 
NCYCLE (Schofield et al., 1991) models, but with adjustments for both 
climate and soil type and is sensitive to stocking density. NITCAT 
computes nitrate losses from arable land, and NYCYLE computes 
equivalent losses from grassland. Nitrate delivery pathway apportion
ment between surface runoff, preferential flow and leaching towards 
groundwater are based on the EDEN model (Gooday et al., 2008). The 
nitrate losses to surface water generated by NEAP-N at national scale for 
England have been shown to agree well with monitored PARCOM (Paris 
Commission) data (1991–2010) (Zhang et al., 2017a). 

2.4. Life cycle impact assessment 

The impacts of the overall life cycle inventory (Sections 2.2 & 2.3) for 
each farm type and associated scenarios were assessed using charac
terisation factors from three separate methodologies (Table S3). The 
impact assessment known as ‘ReCiPe’ was first used to calculate burdens 
to nature for AP and EP (Huijbregts et al., 2017; RIVM, 2011). Regarding 
EP, given the study area’s inland geographical location and its distance 
from coastal ecosystems (Fig. 1), marine eutrophication was not 
considered. It is acknowledged, however, that excluding nitrate (NO3) 
effects from freshwater pollution potentials is not scientifically sound (as 
computed under ReCiPe’s freshwater eutrophication, or FEP) as envi
ronmental conditions such as nutrient ratios (e.g., nitrogen:phosphorus) 
and their forms (e.g., organic or inorganic), water pH, and land man
agement, can all affect how a watercourse is affected by nutrient pres
sures (e.g., Lloyd et al., 2019). Therefore, to assess the combined loads of 
ammonia-, nitrate-, and phosphorus-based nutrient losses, two other 
impact assessments were also included: Centre for Environmental 
Studies (CML, 2016) and Environmental Product Declaration (EPD, 
2013). The impact assessments for baseline, BAU and intervention sce
narios (n = 1782; see accompanying Data-in-Brief) were calculated in 
SimaPro v8.5.2 (PRé Consultants). 

Unlike some other studies which adopt multiple impact assessments 
to cover a wider range of impact categories than would be possible using 
a single impact assessment (e.g., Manfredi and Vignali, 2014), we used 
multiple impact assessments due to losses of nitrate and ammonia to 
water which are not covered by ReCiPe’s FEP impact category. The fate 
factors used in ReCiPe assume that 10% of all P on agricultural land will 
end up in surface freshwater (Huijbregts et al., 2017). CML, on the other 
hand, uses a combination of models to derive characterisation factors for 
AP and EP. For instance, eutrophication’s PO4

− -eq is derived for 

air-based pollutants (e.g., ammonia) using RAINS-LCA (Huijbregts, 
1999; RAINS, Regional Air Pollution Information and Simulation). 
Lastly, EPD assumes the same characterisation factors as the CML impact 
assessment baseline (EP) and non-baseline (AP), the latter of which is 
not used directly in the present study. It should be noted that EPD is 
usually used for product labelling of environmental footprints; for 
example, if a producer wants to demonstrate to consumers that their 
product has few losses to nature than their competitors. For further in
formation on the methodologies available through the SimaPro software 
package, please see Pré Consultants (2020). 

3. Results 

The results for each farm type modelled, including baseline, BAU and 
single mitigation interventions, or a combination of all interventions (i. 
e., scenarios AA and LA), are presented in Table S4. Sections 3.1 and 3.2 
address potential burdens associated with acidification and eutrophi
cation arising from agri-food production, respectively, within the study 
area. It is worth noting that, upon first glance, it may appear counter
intuitively that the livestock farms generate less water pollution than the 
cereal-based systems; however, it is important to reiterate that Hert
fordshire is not a livestock-intensive region and as such, local livestock 
farms within the CSM framework tend to have few animals in accor
dance with the JAS data underpinning the model. It is also important to 
note that the functional unit applied in our study is area (ha), meaning 
that environmental impacts are directly related to land occupation 
rather than product throughput as is typically the case with most agri- 
food LCA (e.g. de Vries et al., 2015; de Vries and de Boer, 2010; 
McAuliffe et al., 2016). Lastly, to aid the interpretation of the upcoming 
results, it is also worth noting that arable farms in the study area are 
highly intensive with much higher fertiliser inputs and lower land cover 
in winter compared to the livestock farm types. All of these factors lead 
to higher arable loadings per area (ha). 

3.1. Catchment scale acidification potentials 

Unsurprisingly, the baseline results have the highest AP as these 
systems are assumed to have no best management practices in place. 
BAU, on the other hand, varies from catchment to catchment (see 
accompanying Data-in-Brief article), but in terms of median values, as 
per Table S4, has around 9–10% lower AP than the baseline values, 
depending on impact assessment. Comparing interventions with BAU (as 
this is the current farm management in the study area), following the 
benefits of combining all interventions (scenario AA; ~6% lower emis
sions than BAU), the next most beneficial intervention for AP was sce
nario AD, which concerns the optimal use of farm-based machinery. 
More specifically, AD entails the use of correctly-inflated low ground 
pressure tyres on farm machinery, whilst also using slurry injection 
technologies as well as optimal nutrient use calibration and manufac
tured fertiliser placement technologies (i.e., precision agriculture); these 
interventions are predicted to have the technical capacity for a reduction 
in AP of ~4%. Out of the remaining four arable interventions considered 
to reduce AP from baseline, AF (uptake of cover crops) was found to be 
the second-most effective technology by not only establishing crops to 
avoid fallow soil post-harvest, but also to provide riparian and in-field 
grass buffer strips which combined, only reduced total AP by ~1%. 
All other single intervention strategies reduced AP by less than 1%. 

Compared to the arable systems modelled herein, the difference 
between baseline and BAU is markedly lower (between 3 and 4% 
depending on impact assessment) for the livestock farms. For both 
arable and livestock farm types, however, optimising farm machinery 
usage (scenario LD) holds the greatest potential to reduce AP; in the case 
of livestock, in addition to the individual measures listed in the previous 
paragraph, a capacity to reduce AP by around 1%. All other in
terventions having negligible benefits for AP (i.e., <1% reductions). 
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3.2. Catchment scale eutrophication potentials 

To capture the widest range of pollutants possible, this section re
ports differences in scenarios for the CML impact assessment (as will be 
seen in Section 4.1 below, the choice of impact assessment for AP as 
reported in Section 3.1 is not of great importance). The difference be
tween losses to waterbodies between baseline and BAU farm types under 
EP were less than (7%) those for arable systems when compared to AP as 
reported above. Once again, scenario AA (all interventions combined) 
unsurprisingly reduced EP the most from BAU (5–6%). The benefits of 
individual interventions were slightly more pronounced under arable EP 
than observed under AP. For instance, scenario AF (cover crops and 
buffer strips) reduced arable EP by 3%, followed by ~2% under scenario 
AE (zero tillage; see Table S1 for more information), and ~2% under 
scenario AD (machinery as explained in Section 3.1). Perhaps surpris
ingly given the focus on water, there were no notable reductions (<1%) 
in arable EP when comparing scenarios AC (water management such as 
maintaining artificial wetlands) and AB (fertiliser management such as 
avoiding application at high-risk times) relative to baseline. 

Regarding livestock farms, similar reductions (6%) were observed 
from baseline to BAU. The difference between amalgamated in
terventions (scenario LA) was lower for livestock than arable, however, 
at 3%. Once again, as above, the differences between fertiliser optimi
sation (scenario LB) and water management (scenario LC) were negli
gible (<1%). In fact, the only mitigation strategy with any influence on 
livestock-based EP was scenario LD (machinery and equipment; see 
Table S2 for more information), which reduced BAU emissions by just 
under 2%. 

4. Discussion 

4.1. Choice of impact assessment 

The present study suggests that choice of impact assessment is 
largely unimportant for AP (Fig. 2A), with a correlation between CML 
and ReCiPe results of r = 0.99 (p < 0.001) for the 1782 simulated farm 
types. This is particularly pertinent if relative rankings (e.g., supply- 
chain comparisons) are the primary focus of the study rather than hot
spot identification. Of course, due to slightly different characterisation 
factors, the absolute values vary slightly for AP, but not enough to affect 
interpretation by any notable degree. EP, on the other hand (Fig. 2B), 
requires much more consideration when choosing an appropriate impact 
assessment as the correlation between CML and ReCiPe was notably 
weaker (r = 0.66; p < 0.001). These decisions include, for instance, 

whether nitrogen-based pollutants are important in a given waterbody, 
in which case ReCiPe’s FEP might be inappropriate as it does not ac
count for nitrogen-based compounds and, further, the assessment’s 
marine EP may be inapplicable in landlocked nations or regions. If 
nitrogen-based nutrients are limiting factors pertaining to the growth of 
microbial organisms, regardless of whether the waterbody is freshwater 
or marine, an impact assessment such as CML may be more appropriate 
as it captures the role of nitrate and phosphate simultaneously rather 
than having to interpret multiple impact categories as per ReCiPe. 
Another aspect which may determine methodological decisions here is 
data availability. Where information related to the calculation of 
nitrogen-based losses is missing, it may be necessary to use ReCiPe’s FEP 
as nitrogen-based losses to water are not accounted for under this impact 
category; this is, however, thought to be of lesser importance than 
addressing limiting nutrients due to the availability of certain ap
proaches to estimate nitrate losses to water via nutrient balances. 

4.2. Visualising impact assessments spatially 

Figs. 3A and 4A display how AP and EP differentiate spatially at the 
catchment scale, respectively, and are supplemented by Figs. S1 (AP, 
arable; CML), S2 (AP, arable; EPD), S3 (AP, livestock; CML), S4 (EP, 
arable; CML) and S5 (EP, livestock; CML). Figs. 3B and 4B, on the other 
hand, demonstrate how a combination of on-farm intervention strate
gies (scenarios AA and LA, respectively, in Tables S1 & S2) can reduce 
AP and EP, again at the catchment scale compared to baseline. Whilst 
LCA has long been known to be a useful tool for environmental policy
makers, this level of detail (i.e., at the catchment-scale), allows decision- 
making to be much more spatially targeted than a typical LCA following 
ISO (2006) standards (although, it is worth noting that there is nothing 
inherent in ISO guidelines which precludes an LCA from being spatially 
designed or assessed). For instance, Fig. 4B demonstrates that farms 
adjacent to a waterbody in the north of the study area have the most 
potential to reduce EP (by up to 8.2%); this spatially-explicit assessment 
of the technically feasible benefits that might arise from on-farm water 
quality interventions could add an additional layer of usefulness to the 
LCA toolkit. 

4.3. Future pathways to modelling cleaner water catchments using LCA 

4.3.1. Out-scaling CSM and LCA to cover an entire country 
With a framework now in place to integrate the CSM (Zhang et al., 

2022) with LCA, the next steps will involve increasing the geographical 
coverage by out-scaling to national scale. Whilst the results reported 

Fig. 2. Scatterplots demonstrating the relationships between CML and ReCiPe impact assessments for acidification potential (A) and eutrophication potential (B). All 
results are reported as impact/ha. 
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herein are intended for illustrative purposes primarily, they do 
demonstrate how a deeper analysis, for example considering microcli
mates and soil types in a multifactorial analysis, could take LCA into a 
new era of informing policy. Although LCA is known as a ‘go-to’ 
approach when it comes to sustainability assessments of agri-food sys
tems (e.g., Roy et al., 2009), it does not tend to come to mind when 
geographically-specific best management interventions need to be 
identified. Generally speaking, this means that LCA can be a powerful 
tool for calculating environmental burdens which are not typically 
region-specific. Greenhouse gas emissions are a good example of 
non-region-specific pollutants as they are transient in the atmosphere 
and, as such, their geographic source is of less importance than most 
other impact categories. Locally important midpoint impact categories 
such as EP are less reliable when using pre-defined impact assessments 
due to the heterogeneity exhibited by the quality of rivers, lakes, estu
aries, and coastal ecosystems. This indicates that, wherever possible, 
localised impact characterisation factors should be developed to 
better-determine environmental hotspots of agri-food systems under 

investigation in a given region, particularly at the catchment scale or 
even a finer resolution. 

4.3.2. Developing regional-specific impact assessments 
The development of any useful impact assessment is underpinned by 

a plethora of representative, high-quality data which generates a picture 
of water quality status in a given study region (e.g., ReCiPe has different 
versions which are representative of Europe or the Rest of the World). As 
an example of potential pathways to develop novel characterisation 
factors, the North Wyke Farm Platform (NWFP), a UK Research and 
Innovation (UKRI) National Capability (Orr et al., 2016; Takahashi 
et al., 2018), is a collection of grazing and arable farming systems, each 
being hydrologically-isolated using French drains. Each catchment on 
the NWFP is equipped with automated water quality monitoring stations 
which measure carbon, nitrogen and phosphorus losses to edge-of-field. 
One of the next steps in our current line of investigation is to use the 
NWFP to develop a localised impact assessment which will then be 
out-scaled using CSM (Collins et al., 2021) to cover a broader (~1843 

Fig. 3. Acidification potentials for each catchment in the study area reported under the ReCiPe impact assessment (A) and the percentage change (B) predicted by 
combining all intervention strategies (baseline vs. AA) as per Table S1. 

Fig. 4. Eutrophication potentials for each catchment in the study area reported under the ReCiPe impact assessment (A) and the percentage change (B) expected by 
combining all intervention strategies (baseline vs. AA) as per Table S1. 
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km2) geographic area in England. Another resource near the NWFP is the 
Upper Taw River Observatory (UTRO; Stone et al., 2021) which can 
complement work focussed on upscaling our CSM-LCA linked models 
when developing novel impact assessments, particularly for EP. 

4.3.3. Building upon extant spatial-LCA literature 
To the best of our knowledge, there is only one comprehensive 

assessment of literature covering spatially-orientated LCA to date 
(Patouillard et al., 2018). The authors of this recent review of spatial 
LCAs posit that a spatial dimension can be applied at any single stage, or 
multiple stages, of an LCA (i.e., goal and scope definition, inventory 
analysis, impact assessment and interpretation). Using this broad 
interpretation, we assert that three out of four of the LCA stages have 
been assessed for spatial differentiation, with the only phase being 
excluded from spatial exploration being the impact assessment; how
ever, as per our analysis in Section 4.1, given uncertainties associated 
with impact characterisation factors, model assumptions were tested by 
conducting an impact assessment sensitivity analysis (Section 4.1). 

Going forward, regardless of whether there is a spatial dimension or 
not, when carrying out LCA interpretation, particularly for EP due to the 
added complexities of NO3 and PO4

− interactions, we suggest that LCA 
practitioners adhere to recommended guidelines under ISO, 20060 
(2006) and carry out appropriate sensitivity analyses. Whilst ISO 
guidelines can be open to interpretation on certain aspects of a life cycle 
model (e.g., allocation vs. system expansion), when any subjective de
cision may have a notable influence on a model’s interpretation, the 
guidelines unambiguously state that these decisions should be assessed 
via sensitivity tests. This logic forms the basis for our recommendation of 
impact assessment sensitivity analysis when EP is considered (Fig. 2B 
demonstrates this necessity). 

Patouillard et al. (2018) generated unique fit-for-purpose classifi
cation tables which categorise the sophistication of an individual 
spatial- or territory-specific LCA. Despite stopping short of regionalising 
a bespoke impact assessment, under the authors categorisation system, 
we surmise that this pilot study (i.e., a proof of concept to determine if 
CSM combined with LCA could be used for future policy support, 
particularly in light of post-Brexit land use optimisation in the UK) falls 
under the more sophisticated branch of spatial-LCAs. The present study, 
however, is the first step in the methodological journey to use LCA to 
guide policymakers with respect to how to improve water quality across 
England. With a successful proof of concept presented, one of our next 
steps is to combine the spatial resolutions possible herein with the 
spatial-analyses proposed by Lee et al. (2020), who conducted a much 
more sophisticated study from the point of view of methodological 
development. As the UK undergoes a period of political turbulence with 
the scheduled introduction of new agricultural policy as it navigates the 
urgent need to reconcile food production and environmental targets, 
spatially-explicit studies will be essential to optimise both land use and 
management across the country (CIEL, 2020). 

4.4. Limitations of the current study— area vs. mass 

Undoubtedly the most significant limitation of the present study 
relates to the area-based functional unit utilised in isolation. However, 
based on the current structure of CSM, specifically data availability from 
the farm-level predictions calculated by CSM, deriving a mass-based 
functional unit is impossible. This is due to a lack of direct informa
tion regarding changes to yield (i.e., tonnes/ha of arable products or live 
weight per total livestock heads) when interventions are assessed under 
the LCA framework. The aforementioned limitation may go some way to 
explaining the minor-to-negligible benefits reported in the case exem
plar when interventions are adopted at the farm level as potential im
provements to productivity are unaccounted for. Despite this limitation, 
it is not entirely uncommon to use area as a functional unit (e.g., 
Kowalczyk and Cupiał, 2020); in fact, some schools of thought are 
proponents of proactively calculating environmental burdens on an 

area-basis (Morais et al., 2018; Salou et al., 2017). This school of thought 
is particularly relevant when comparing intensive vs. extensive 
agri-food systems, as we provide in the current study. Another aspect 
where area-based functional units are of use is when assessing differ
ences between organic and conventional agri-food products (e.g., Ribal 
et al., 2017). Whilst we believe these examples justify the use of an 
area-based functional unit for the purposes of the current study, it is 
acknowledged that the inability to calculate mass-based functional units 
for each product produced by each farm-type individually restricts the 
conclusions we can draw from the novel framework. As a result, a future 
ambition will be to disaggregate farm types using CSM input data to 
generate life cycle inventories whereby the denominator of the system 
will be throughput for each product. 

4.5. Water quality at the global level 

According to IPCC’s Fourth Assessment Report (2007), increasing 
temperatures globally will have a dramatic effect on surface water 
quality in all corners of the planet. Specifically, the report anticipates 
higher levels of algal blooms due to increasing temperatures making 
water quality and climate change inextricably linked. As discussed 
earlier, in the county of Hertfordshire in England, the vast majority of 
surface waters fail to achieve ‘good ecological status’, which could 
become even more of an environmental challenge if recent Conference 
of the Parties 2021, or COP26, ambitions agreed to stabilise increasing 
temperatures are not realised. This, however, is not an environmental 
issue for England alone. Indeed, the European Union (EU, 2009) 
acknowledged that increasing pressures on surface waters from climate 
change required a change in policymaking and, as such, provided new 
guidance to nation states via the Water Framework Directive (WFD). 
Regarding agriculture, recognising that the majority of land across the 
entire EU is used for farming, the EU’s Common Agricultural Policy 
(CAP) was intended to provide support for farmers to reduce their 
burdens to freshwater resources in line with WFD objectives. However, 
whilst there has been some notable success under the WFD and CAP, 
particularly with the reduction in surface water NO3, many member 
states have failed to achieve their obligations to achieve at least ‘good 
ecological status’ in all fresh surface waterbodies (Soana et al., 2021). 

Despite these failures, according to the Environmental Performance 
Index (Wendling et al., 2020), most European countries are amongst the 
best rated globally for water quality and sanitation according to Yale’s 
Centre for Environmental Law and Policy world rankings. Looking 
further afield, the same report notes that African countries are amongst 
the worst rated for water quality and sanitation, with Kenya, Burundi, 
and Niger ranking the lowest in that order. This demonstrates a clear 
disparity between high- and low-income countries which is clearly re
flected in health; for example, in the UK, Denmark and Germany, 
average life expectancy is 81 years of age (WBG, 2021). By contrast, 
Kenya, Burundi and Niger have average life expectancies of 67, 62, and 
62 years of age, respectively. Whilst there are undoubtedly many factors 
which drive this disparity, clean water, and access to this vital resource, 
have been found to be significant contributors to life expectancy 
(Angelakis et al., 2021). As a consequence, it is of critical importance 
that tools such as the one proposed in the current study are first devel
oped and refined, then out-scaled and upscaled, and finally made 
accessible to the international scientific community so that targeted 
interventions can be identified and deployed to improve freshwater 
quality across the globe. 

5. Conclusion 

This study has demonstrated the geographic power of merging a 
predictive, spatially differentiated model (CSM) with the LCA frame
work. Whilst the study is not the first of its kind, it is, to the best of our 
knowledge, one of the highest resolution LCA analyses, spatially 
speaking (i.e., at the catchment scale), produced to date. Unlike previous 
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work focussing on GHG emissions which concludes that agricultural 
machinery accounts for <1% of a livestock system’s global warming 
potential (e.g., McAuliffe et al., 2018), the present study has shown that 
managing farm-based machinery optimally can make notable differ
ences (~10% improvement) to water quality. These gains are noted 
through comparisons resulting from farms with hypothetically poor 
management practices versus best practice. In terms of methodology, 
the choice of impact assessment for AP was found to not be of particular 
importance for the three common assessments considered herein; 
however, as some EP assessments include nitrogen-based pollutants (e. 
g., CML) whilst others exclude it (e.g., freshwater EP, ReCiPe), the 
choice of eutrophication-based impact assessment is of critical impor
tance depending on baseline water conditions prior to an intervention 
being assessed. Future studies will aim to: (a) out-scale the current study 
to cover the entirety of England; (b) devise regionalised impact assess
ments with bespoke characterisation factors which will elucidate the 
spatially variable technically feasible impacts of on-farm mitigation 
measures; and (c), disaggregating farm typologies to enable mass-based 
functional unit comparisons with the area-based functional unit re
ported herein. Finally, global statistics confirm the importance of good 
quality freshwater and its relationship with health via life expectancies. 
Whilst prototype environmental models such as CSM-LCA cannot fix the 
disparities between high- and low-income countries, pending data 
availability, once built, they can offer an aid for international policy
makers’ decision making. 
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