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Global environmental sustainability and food security are fundamental societal issues,

and most crop production relies upon inputs from organic or inorganic nitrogen

sources. Previous research in the Global North has demonstrated a typical over

application of nitrogen across global agriculture with substantial negative impacts on

the environment. The objective of this work was to draw on English Farm Business

Survey (FBS) data of non-organic General Cropping and Cereal farms to explore

the relationship between farm gate nitrogen balance, fertilizer application advice

and farm business performance. A mixed e�ects generalized modeling approach

was used to partition the variance into random (such as year, or farm ID) and fixed

e�ects (those of interest). Whilst the financial performance of farm businesses is

subject to high variance and multiple drivers, a negative relationship was detected

between business performance and farm gate nitrogen balance, we demonstrate

that nitrogen lost to the environment of >60 kg per hectare is associated with a

significant negative impact on farm performance. Supplier-provided fertilizer advice

was also associated with reduced farm performance. These results imply a positive

e�ect on farm performance of enhancing on-farm understanding of crop nutrient

requirements through the provision of accredited fertilizer advice. Within the stated

bounds our model demonstrates good predictivity on randomly subsetted data, and

is presented as a tool for use in scenario modeling of interventions such as agri-

environment schemes, Natural Capital and Ecosystems Assessment, and the UN

Sustainable Development Goals.

KEYWORDS

nitrogen balance, farm business performance, mixed e�ects models, nitrogen emissions,

fertilizers

1. Introduction

1.1. Broad impacts of nitrogen balance

Global environmental sustainability and food security are fundamental societal issues

(Lal, 2006) in the face of climate change and population growth predictions (UNFPA, 2021).

Specifically, the UN Sustainable Development Goals 12, 13, and 15 (United Nations Department

of Economic and Social Affairs, 2021) highlight the urgent need for action in these areas (Withers

et al., 2014). The fundamental basis of crop production to support a growing population relies

on crucial crop inputs, arguably one of the most important of which is nitrogen (N) supplied

either from organic (crop residues, fixation, manures) or inorganic sources (manufactured

fertilizer) (Ball, 2015). Nitrogen is a key ingredient of photosynthesis and the most important

yield-limiting factor in agricultural systems (Lin et al., 2016) yet economically optimal crop

fertilization (Falk Øgaard, 2014) may result in higher N application than is removed in grain,

suggesting an economic distortion underlying N losses. This distortion is exacerbated by the

relative inexpensiveness of N, in which externalities are not captured in its market price
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(Cherry et al., 2012), and the risk-averse nature of farmers who may

over apply N to avoid yield production penalties (Edmeades, 2003).

1.2. Agricultural food production in the UK

Temperate agriculture is a major contributor to global food

production (Gornall et al., 2010). Within northern Europe, cereals

(wheat, barley) typically dominate arable rotations (Hawkesford,

2014), with high value tuber, root and bulbs forming additional crops

of economic importance (Vasco Silva et al., 2021). The drive for

enhanced environmental stability to sit alongside food production

in UK farming has recently received renewed impetus following

the publication of the UK Agriculture Act (2020) and the focus

on support for agriculture through the provision of public goods,

including climate change adaptation and reducing losses to the

environment (Defra, 2018, 2021a).

Comprising 70% of UK land area (Defra, 2021a), the UK

agriculture industry is a major determinant of its rural economies

and landscapes, is pivotal in a range of ecosystems services (Firbank

et al., 2007) and provides about 60% (by economic value) of

its domestic food consumption (Defra, 2021c). Using long term

research at Rothamsted, MacDonald et al. (2017) demonstrated that

the application of fertilizers, herbicides and the use of modern

high-yielding varieties can dramatically increase yields, although

inputs such as fertilizer N which exceed crop requirements are not

economically or environmentally sustainable. This was supported

by Dicks et al. (2019)’s poll on farm management practices by

agricultural experts, who scored the factors “Use fertilizer more

efficiently” and “Benchmark environmental performance” in their top

20 interventions for sustainable intensification.

1.3. Mixed e�ects modeling

Factorial experimental designs are common in agricultural

research, where data are derived from crops blocked under

specific growth conditions, each associated with discrete inputs

and generating discrete output values (e.g., the long term field

experiments at Rothamsted, Johnston, 1994). However, factorial

experiments are relatively expensive to undertake and are not suited

to the analysis of understanding variation in results derived from

more than one source of variation. By contrast, mixed-effect models

are suited to such data comprising many sources of variation,

some of which may be considered random. Below we establish the

methodological approach utilized in this paper that seeks to control

for repeated measures over four different years, and repeated farms

within these years. This framework enables the incorporation of

multiple sources of within-subject variation, which are challenging

to represent in a standard regression model.

1.4. Research aims

Here we use a powerful, large and unique data set (the Farm

Business Survey) to better understand the relationship between the

application of N on Cereal and General Cropping farms and the

financial performance of the farm business, as well as the impact

that different sources of fertilizer application advice have on this

relationship. Specifically, we answer the following questions:

• Does seeking independent advice about fertilizer application

rates impact the amount of N lost to the environment?

• Does seeking independent advice about fertilizer application

rates impact farm business performance?

• Is there a relationship between farms which lose more N to the

environment and farm business performance?

2. Materials and methods

2.1. Farm business survey variables and
metrics

The Farm Business Survey (FBS; Defra, 2021b) is an annual

stratified survey of English farms run by the Department for

Environment, Food and Rural Affairs. It collects detailed data on

the physical, environmental and financial performance of farms,

running on a harvest year basis. The Sustainable Intensification

Platform (SIP; Defra the Welsh Government, 2018) was a

multi-partner research programme comprising farmers, industry

experts, academia, environmental organizations, policy-makers and

associated stakeholders. As part of this research, metrics were

developed to measure aspects of sustainable production from farm

business data.

FBS data for the years 2015/16–2018/19 inclusive were analyzed

together with the corresponding metrics from the Sustainable

Intensification Platform. The final dataset comprises 428 Cereal

and 173 General Cropping farms, with most farms replicated in

multiple years. As the FBS is a stratified sample of farms in England

it is representative of the English Cereal and General Cropping

farm population. Detailed methods on how the data are collected

can be found at https://www.gov.uk/government/collections/farm-

business-survey.

The FBS provides detailed financial data on farm businesses

annually, with detailed fertilizer usage questions introduced in 2015.

The Sustainable Intensification Platform metrics were developed to

measure (among other aspects) the volumes of N brought onto

or taken off farms, and are available for the years 2015–2018.

Additionally the FBS contains data on a range of farm management

practices in relation to fertilizer application (e.g., source of fertilizer

advice) that we incorporated into our analysis. The analyses herein

draws on this range of data alongside the wider set of farm business

and production data, in particular the physical crop production of

each farm and the N contained within this production.

2.2. Derivation of nitrogen balance and
performance ratio

The concept of N balance is well documented (Nevens et al.,

2006; Bassanino et al., 2007; Treacy et al., 2008). Here we designate

the N balance as the difference between N brought on to the farm

(in the form of inorganic fertilizers) and taken off the farm (in

the form of agricultural outputs e.g., crops), as a proportion of the

total area farmed; our N balance thus represents a farm-gate N

balance. The N balance data were subsetted to six discrete bands:
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“exports>imports”, “0–20 Kg/Ha”, “20–40 Kg/Ha”, “40–60 Kg/Ha”,

“60–80 Kg/Ha”, “>80 Kg/Ha”.

The volume of N brought on to the farm was calculated from

FBS input data on quantities of physical nutrient use. It was not

possible to quantify N brought on to the farm in the form of

organic fertilizers because the sources of organic nutrients were

themselves extremely variable in composition (relative to more

precise commercially available products). In addition, no robust

coefficients on composition could be found. The volume of N taken

off the farm was calculated from standard nutrient compositions

(RoySocChem, RB209, and AHDB) along with agricultural product

production data, to estimate nutrient offtakes in the form of

agricultural products. Framed in this context, the difference between

N brought onto and taken off a farm can be thought of as the

amount of N lost to the environment through, for instance, leeching

into watercourses. The N balance was then calculated with the

following formula:

N balance =
(Non to farm − Noff farm)

A

WhereNon to farm is the volume of nitrogen brought onto the farm

in kilograms, Noff farm is the volume of nitrogen taken off the farm in

kilograms, and A is the area farmed in hectares.

In addition to understanding N balance we seek to determine

the influence of farm management decisions on both N balance

and farm business performance. The latter is represented as a ratio,

calculated as:

performance ratio =
farm business output

(farm business costs + unpaid labour adjustment)
∗100

Where an unpaid labor adjustment is estimated through

conversations with the farm manager, and is valued at average local

market rates for manual agricultural work. Farm business output is

the total value of agricultural produce generated by the farm, for

instance as crops such as wheat. Farm business costs are the total costs

for the farm, both variable (such as fertilizers or pesticides) and fixed

(such as labor or machinery repairs).

2.3. Stratification of farm classes

Within the FBS dataset, farms are classified into farm “types”

on the basis of their Standard Outputs (SO). Standard Outputs

measure the total value of output of any one agricultural enterprise

per hectare. This is the main product (e.g., wheat, barley, peas)

plus any by-product that is sold, for example straw. Each farm

is assigned a total SO by aggregating the SOs for its agricultural

enterprises. The farm is classified into a particular type of farming

by evaluating the proportion of its total SO deriving from different

enterprises, for instance a farm which generates two thirds or

more of it’s SO from cereal production would be classified as a

Cereal farm. Although livestock enterprises were included in the

calculation of total SO, only farms which were classified as non-

organic, Cereal or General Cropping farm types were used in this

analysis (i.e., farms which generated two thirds or more of their

SO from Cereal or General Cropping enterprises, and were not

organic). This is a standard approach taken to classifying farms with

similar characteristics based on their type of output, and is used by

countries across the UK and the EU when calculating national scale

farm statistics. For more information see the technical notes on the

FBS website.

Farms were classified into size bands, which are based on the

amount of labor used, calculated by applying labor coefficients

(known as Standard Labor Requirements, or SLRs) to individual

enterprise types. The SLR of a farm represents the normal labor

requirement, in Full Time Equivalents, for all the enterprises on a

farm under typical conditions. The SLR was then used to classify

farms into one of the following size bands; “Spare-time”, “Part-time”,

“Small”, “Medium”, “Large”, and “Very large”.

Farms were assigned a tenancy status based on the proportion of

their total farm area which is owned or rented: “Owner occupied”,

“Mostly owner-occupied”, “Mostly tenanted” and “Tenanted”.

Financial debt was calculated as total net interest payments as

a proportion of farm business income (FBI), this measure provides

an indication of whether farms can afford to pay the interest on

their debts. The following debt bands were used; “No interest”, “FBI

negative”, “<5%”, “5–<10%”, “10–<20%”, “20–<50%”, “50%+”.

The Government Office Region of each farm was used to inspect

the broad effect of geography in the model; “North East”, “North

West”, “Yorkshire & Humber”, “East Midlands”, “West Midlands”,

“East of England”, “South East” and “South West”.

The distribution of agricultural area of each farmwas significantly

skewed so it was transformed to log10 (area) to achieve a

normal distribution.

Some farms receive advice about fertilizer application rates, in

order to better match their application rates to crop requirements.

The Fertilizer Advisers Certification and Training Scheme (FACTS)

provides training in an evidence-based approach to fertilizer

applications. Farms were classified into one of five bands based on

their self-declared main source of advice for fertilizer application;

“Own (not FACTS) advice”, “Own (FACTS) advice”, “Independent

FACTS advice”, “Supplier” and “none (N/A)”.

For more details and information about how FBS farms are

classified see the FBS website.

2.4. Exploratory data analyses

Preliminary checks for data quality were performed

using histograms and QQ plots. Farms with missing data

and/or non-respondents were removed, which accounted

for only a handful of datapoints. Distributions of all

variables were examined to check for any strong deviation

from normality and appropriate transformations applied,

including log transformation of farm business performance

ratio for the final model. A single outlier was detected in

the latter and removed to optimize the model’s generality

to new datasets. The final working dataset consisted of

1,474 datapoints.

All statistical analyses were undertaken in R (version 4.0.3, R

Core Team, 2020) and the non-spatial figures plotted in ggplot2

(Wickham, 2016). The final model was built using the lme function

in the nlme (Pinheiro et al., 2021) package to fit linear mixed

effects models. Mixed models are an extension of generalized linear

models which allow estimation of both fixed and random effects,

Frontiers in Sustainable FoodSystems 03 frontiersin.org

https://doi.org/10.3389/fsufs.2023.1106196
https://www.gov.uk/guidance/farm-business-survey-technical-notes-and-guidance#fbs-documents
https://www.gov.uk/government/collections/farm-business-survey
https://www.gov.uk/government/collections/farm-business-survey
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Gray Betts et al. 10.3389/fsufs.2023.1106196

being of particular value when there is non-independence (i.e., a

hierarchical structure) in the data. Such non-independence could

have been tackled simply by aggregating to average values, which

yields consistent coefficients and standard errors, but would reduce

the sample size as well as not take full advantage of the information

value of all the data.

FIGURE 1

Farm business performance ratio by N balance, for each year of data included in the analysis. Each year of data has been fitted with a simple linear model,

with performance as the response variable, and N balance as the sole predictor variable.

FIGURE 2

Local Authority (NUTS4) polygons of England, displaying modal values of N balance band (left panel) and mean values of farm business performance ratio

(right panel) where FBS data are available.
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A set of candidate variables were selected for the

maximal model, which were informed from previous work

investigating the relationship between farm characteristics and

business performance (Betts, 2020; Jones C., 2020; Jones N.,

2020).

A range of random effects structures were trialed and tested

using the anova function, including a simple intercept effect

and autocorrelation structures to account for temporal pseudo-

replication. The final random effects model structure was selected by

parsimony to minimize degrees of freedom and Akaike Information

Criterion (AIC). Farm ID was fitted to have a random effect on

the intercept of the model, and year to have a random effect on

the slope.

2.5. Spatial distribution

The spatial distribution of N balance per area and farm

business performance ratio was examined in a confidentiality-

preserving way by linkage to UK Local Authority polygons

(Office for National Statistics ONS, 2021), computing the

mean-per-polygon in each case, then plotting in the tmap

package (Tennekes, 2018). Hypothesis testing for spatial

autocorrelation of these polygon values was performed with

a Monte Carlo permutation test for Moran’s I statistic, using

the spdep package (Bivand and Wong, 2018). This is preferred

to an analytical calculation of Moran’s I as it makes no

assumptions about the dataset, including the shape and layout

of each polygon.

2.6. Model selection

Stepwise reverse model simplification was performed manually

and informed by anova and AIC. Models were fitted using Maximum

Likelihood during model simplification, and Restricted Maximum

Likelihood to obtain final coefficient estimates from the final

minimum adequate model.

The retained variables in the final model were farm type (factor

with two levels), farm size (factor with six levels), tenancy type (factor

with four levels), log10 farm area, debt (factor with seven levels),

region (factor with eight levels), log10 (agri-environment scheme

payments), fertilizer advice (factor with five levels) and N balance

(factor with six levels). The fit was inspected using standard model

diagnostic plots, and checked for multicollinearity using the car

package (Fox and Weisberg, 2019) to ensure that Variance Inflation

Factor values were <5.

A model validation step was performed by fitting the minimum

adequate model to a randomly selected (80%) subset of the data,

which was then used to predict the performance ratio for the

remaining 20%, the predicted values and actual values were regressed

against one another and R2 calculated.

3. Results

3.1. Bivariate analysis

Farm performance ratio is subject to high variance and multiple

drivers, yet for every single year studied there is a negative

relationship to N balance which is borderline or significant (Figure 1).

FIGURE 3

Box plots of N balance against the use of FACTS qualified advice, for Cereal and General Cropping farms. Scores of N/A are assigned for pre 2016 when

FACTS data were not available.
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FIGURE 4

Box plots of farm business performance against the use of FACTS qualified advice, for cereals and General Cropping farms. Scores of N/A are assigned for

pre 2016 when FACTS data were not available.

The negative slope of every individual model suggests a general

pattern that those farms which lose the most N to the environment

tend to be poorer performers.

3.2. Spatial distribution

The data were plotted spatially at Local Authority (i.e., ‘NUTS4’)

level in order to explore any regional bias, whilst retaining the

confidentiality of farms (Figure 2). The distribution of N balance and

farm business performance ratio for Cereal and General Cropping

farms shows little spatial clustering across the study area.

Monte Carlo permuted Moran’s I tests reported no significant

spatial autocorrelation of N balance per area farmed (I = 0.10, p =

0.052) nor farm business performance ratio (I = −0.07, p = 0.87).

Supplementary Figures 1, 2 show these I scores against the density

distribution of Moran I values that we could expect if the variable

is randomly distributed across the local authorities.

3.3. Fertilizer use advice

The volume of N lost to the environment was not found to be

correlated to the source of fertilizer application advice (Figure 3)

for these farm types. However, the relationship between source of

fertilizer application advice and farm business performance differed

between the two farm types (Figure 4). Whilst no relationship is

evident for Cereal farms, General Cropping farms show a pattern,

such that farms which used their own (FACTS qualified) advice

tended to be better business performers.

3.4. Coe�cients of the final model

Interestingly the signs and magnitude of the coefficients

remained little changed (Supplementary Table 1) through the model

simplification process. The variables with the largest coefficient

magnitudes (and therefore those that are most influential in the

model) are those of area and financial debt.

Examination of the effects structure shows that 60% of variance

in the random effects is accounted for by farm ID, reflecting the high

degree of variability in farm businesses. Thirty two percent of the

variation was explained by year, and the remaining 8% is residual

(i.e., the variability that was unexplained by the predictors in the

model—the fixed effects).

3.5. Marginal e�ects

In the final model, N balance was found to be significantly

related to log farm business performance (Figures 5, 6,

Supplementary Table 1), wherein farms which lost more N to

the environment (>60 Kg/Ha) were significantly poorer farm

business performers, and those farms having a positive N balance

(i.e., exports> imports) were consistently higher business performers

than all others.

For model prediction purposes, note that the effects of

individual model terms with all others held fixed are interpreted

as e(modelcoefficient). So for example a switch from the N balance

class “exports>imports” to “60–80 Kg/Ha” or “>80 Kg/Ha”, are

significantly associated with a 4% (e−0.04
= 0.96) and 5% (e−0.05

=

0.95) reduction in farm business performance ratio.
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FIGURE 5

Terms, coe�cients and 95% confidence intervals of the estimated values for the final model of log farm business performance ratio.

In addition, fertilizer advice was significantly related to log farm

business performance ratio (Figure 7, Supplementary Table 1),

wherein farms which took advice from suppliers were

significantly poorer business performers than those using

independent FACTS, own FACTS, or own non-FACTS

advice.

3.6. Validation

This model showed good predictivity on the bulk of randomly

subsetted data (Figure 8), suggesting that its wider use in scenario-

modeling of farm performance would be justified. Its correlation

coefficient of 67% between predictions and actual data is of note given

that the performance of the model is constrained by fitting it to only

80% of the available data.

The model underpredicts log performance at the higher end,

beyond values of around 5 (i.e., farm business performance of∼150).

This suggests that there are a group of high-performing farms, which

are insufficiently represented by the drivers which fit well those

farms with a performance ratio under ∼150. Indeed, if that group

are omitted from Figure 8, the model displays a strong linear fit to

the remainder.

4. Discussion

4.1. Nitrogen balance and business
performance

In line with previous studies (e.g., Langeveld et al., 2007;

Buckley and Carney, 2013) the results presented in Figure 1

demonstrate a negative relationship between over application of

N and farm business performance. Specifically, farms which lost

more N to the environment (>60 Kg/Ha) were significantly

poorer farm business performers, while businesses with a

positive N balance (i.e., exports > imports) were consistently

higher performers.

As Local Authority means of neither N balance nor farm

business performance were significantly auto correlated across

England, we have not found evidence for spatial effects (e.g.,

contagion or repulsion) at work at this spatial level. In other

words, the proximity of one Local Authority to another does
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FIGURE 6

Mean and 95% confidence intervals of marginal predicted values of farm business performance ratio (back-transformed from log farm business

performance ratio) generated from the final model, by N balance.

FIGURE 7

Mean and 95% confidence intervals of marginal predicted values of farm business performance ratio (back-transformed from log farm business

performance ratio) generated from the final model, by fertilizer advice.

not appear to be explanatory of the N balance nor business

performance of its constituent farms. Thus for any policy aiming

to target N balance or business performance, farmer take-up

may also be anticipated to be dependent on other factors than

farm proximities.

4.2. Fertilizer use advice

In contrast to previous studies (e.g., Williamson, 2011), we have

found little relationship between the source of fertilizer advice and N

lost to the environment, whereas other research has shown a positive
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FIGURE 8

Validation of the final model: The same model specification was fit on a random 80% subset of the original data, that model being used to generate

predictions for the remaining 20%, plotting those predictions against actual data. R2
= 0.67.

relationship between farm efficiency (Buckley et al., 2016) or farm

performance (Lillywhite and Rahn, 2005) and the use of independent

advice (e.g., advice not linked to fertilizer sales).

For General Cropping farms however, our results suggest that the

direct provision of fertilizer skills to farmers (via FACTS) is linked

to farm business outcomes, in a similar way to previous studies that

have shown the importance of independent advice (Sharpley et al.,

2015). Our model results are in line with this previous research

(Barnes et al., 2013), suggesting that farms which took advice from

suppliers (advice linked to fertilizer sales) were significantly poorer

business performers than those using independent FACTS, own

FACTS, or own non-FACTS advice. This is the first work of which

we are aware explicitly linking the detailed source of fertilizer advice

to the financial performance of farm businesses rather than crop

enterprise performance.

4.3. Changing policy landscape in the UK

Within the UK, and specifically within England, new agricultural

policies will result in lower payment supports to farmers via the

Basic Payment Scheme, and increased support for the delivery

of public goods (UK Agriculture Act, 2020). This represents a

fundamental change in the support structures for farming, that will

reinforce the need for improved business and agricultural enterprise

performance. Efficiency of resource use in food production will thus

be of even greater importance to business survival. The current study

uses a uniquely powerful dataset to demonstrate a link between

environmental and business performance, wherein farms that have

lower losses to the environment are associated with improved

performance, in agreement with previous work (Wilson et al., 2001).

Whilst it is not possible to attribute causality between on-farm

advice and actions with environment and business performance

from our results, these findings are informative for policy

recommendations. Specifically, in order to enhance business and

environmental (i.e., lower losses to the environment) performance,

supporting the delivery of FACTS or similar training to farmers

alongside reducing barriers to the uptake of independent fertilizer

advice represent clear and actionable policy recommendations.

In contrast to environmental policies that seek to reduce land

devoted to food production in order to undertake environmental

actions, enhancing farmer control of crop nutrient requirements will

arguably aid in the delivery of both food security and environmental

sustainability goals. We recognize that this recommendation

cannot independently deliver food and environmental sustainability.

However, the “win–win” outcome from this represents a tangible

deliverable that could be supported with environmental land

management schemes. This has the potential to be widely and

positively received within the farming sector, provided that the

method and means of communicating this outcome are clearly

understood by farmers (Wilson et al., 2001).

4.4. Possible data generating mechanisms

The pattern is dominated by the variables of area and financial

debt, and the rank order of coefficient values within factors (e.g.,

net interest band, N balance band, tenancy) is intuitive. The fact

that location (at least at the level of Government Office Region) is

apparently of significance in explaining farm business performance

warrants further investigation and has ramifications for parity in

post-Brexit agricultural policy.

That the model under predicts at the higher end (> ∼150) of

farm business performance is of interest. Clearly the variables of

area, tenancy and debt are critical predisposers of farm business

performance, but they do not seem to explain the full story in this
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dataset. The implication is of a predictor variable (or variables) that

we did not include, and which does not appear to be available even

in the vast and comprehensive Farm Business Survey. Assuming that

this pattern at the upper end of the scale is not an artifact arising from

the calculation of farm business performance, it seems likely that its

key predictor(s) may be hard to detect or widely overlooked. This

tallies with the fact that farm ID assumes the largemajority role in our

random effects structure, as well as the narrative of O’Leary (2017) on

explanatory factors in the human side of farm management.

Whilst there can be a trade-off between model complexity

and interpretability, we suggest that potential alternatives to

our approach could include GLMM, Bayesian inference, LASSO

regression, mixed-effects Random Forest, or mixed-effects Support

Vector Machines.

4.5. Conclusions

Globally, the results presented herein demonstrate the potential

for enhancing farm level understanding of matching crop needs

to input supply, and the impact of over application of N on farm

business performance.

Many countries of the Global South provide farmer extension

services, albeit that the market price for N often leads to

that advice being directed toward oversupply of nutrients

(Ndambi et al., 2019). In the Global North, policy and business

structures tend to rely on farm businesses procuring independent

advice with an associated businesses cost. Our results imply

that through investment in training and/or annual cost of

independent fertilizer advice, there is a potential link to both

environmental and business performance. Global environmental

and food sustainability will not be delivered through a single

mechanism or policy, but it is hoped that our findings

represent an important aspect of the drive to provide more

sustainable outcomes.

Within the stated bounds our model demonstrates good

predictivity on randomly subsetted data, and as such is

presented as a tool for use in current scenario modeling

of interventions such as agri-environment schemes, Natural

Capital and Ecosystems Assessment, and the UN Sustainable

Development Goals.
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