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Abstract 11 

Achieving an optimal nutrient balance is one of the main targets of sustainable agriculture. The aim 12 

of this study was to identify “hotspots” of agricultural nutrient imbalance. This was done by 13 

developing a modelling framework and using it to analyse the spatial distribution of agricultural 14 

nitrogen and phosphorus flows. The nutrient flows for the main livestock species in Scotland (namely 15 

cattle, sheep, pigs and chickens), were quantified using the Scottish Agricultural Emission Model 16 

(SAEM). The model was used in connection with agricultural census data for Scotland, which 17 

provided spatial distribution of the livestock production, including numbers of animals in certain 18 

livestock categories. The average fertiliser application rates for the main crops in Scotland were 19 

obtained from the British Survey of Fertiliser Practice and were used as an indicator of the nutrient 20 

demand for these crops. The Scottish agricultural census data were used to determine the spatial 21 

distribution of different arable crops and grassland in Scotland. This spatial information was 22 

combined with the nutrient excretion results to determine the nutrient balance. The results show 23 

that the areas with highest nitrogen fertiliser application rate are mainly located in central and 24 

eastern Scotland, including the areas where cereal production mainly occurs, while areas where the 25 

availability of excreted nutrients is highest are located in southern and north eastern Scotland, i.e. in 26 

the main cattle production areas. The higher stability of excreted phosphorus compared to nitrogen 27 

allowed a more detailed analysis of a regional phosphorus balance. In major parts of the agricultural 28 

production areas in eastern Scotland, the fertiliser application rate (crop nutrient demand) exceeds 29 

the amount of phosphorus excreted by the livestock. There are also areas where high phosphorus 30 

fertiliser application rate (crop production) and organic phosphorus output (from animal production) 31 

overlap, indicating that in these areas there is a high potential to re-use the phosphorus excreted by 32 

livestock. Compared to other spatial models for nutrient flows, the modelling framework utilizing a 33 

process-based livestock model provides scope to analyse the effects of livestock management and 34 

potential changes in livestock systems on regional nutrient balances in more detail.  35 

 36 

Keywords 37 

Nitrogen, Phosphorus, Agricultural nutrient flows, Nutrient imbalance, Livestock model 38 

 39 

Notation list 40 

 41 

DM  Dry matter 42 

GLEAM   Global Livestock Environmental Assessment Model 43 

N  Nitrogen  44 

NIRAMS Nitrogen Risk Assessment Model for Scotland 45 
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P  Phosphorus 46 

Papplication rate Total use of organic and mineral phosphorus, t/ha/year 47 

Pexcretion   Phosphorus excreted by all livestock, t/ha/year 48 

SAEM   Scottish Agricultural Emission Model  49 

 50 

1. Introduction 51 

 52 

Achieving an optimal nutrient balance in agricultural production is one of the main challenges of 53 

modern agriculture. This is the case in both crop and livestock production. In crop production it is 54 

important to provide sufficient amount of nutrients to maintain the yield at desired level, while 55 

avoiding over-fertilisation and the resulting additional emissions to air, water and soil that arise from 56 

it.  In livestock production, adequate nutrition is essential for good animal performance, but again 57 

oversupply of certain nutrients, especially nitrogen (N) and phosphorus (P), should be avoided to 58 

minimise emissions to environment (Galloway et al., 2004; Oenema et al., 2005; Mahowald et al., 59 

2008; Bouwman et al., 2009; Vitousek et al., 2009; Leinonen and Williams, 2015). Therefore, in 60 

nutrient-efficient livestock production, one of the aims is to maximise the fraction of nutrients 61 

(originally obtained from feed) that is retained in animal body or other animal products, and 62 

minimise the fraction that is excreted. 63 

Inefficient use of N and P can result in various environmental issues. Excess use of N as a crop 64 

fertiliser or in animal production as part of feed protein is associated with emissions of ammonia and 65 

nitrous oxide and leaching of nitrate. These emissions contribute to eutrophication, acidification, 66 

and (directly or indirectly) to global warming (Daniel et al., 1994; Steinfeld et al., 2006; IPCC, 2006; 67 

Akiyama et al., 2010). Furthermore, production of N fertilisers is one of the most energy-intensive 68 

processes in the crop production chain. Leaching of P is also associated with eutrophication, and 69 

represents the loss of non-renewable resources, in particular phosphate rock, stocks of which are 70 

depleting rapidly (Cordell et al., 2009; Peñuelas et al., 2013). 71 

 72 

To assess the sustainability of agricultural nutrient use, it is necessary to analyse the overall nutrient 73 

balance of the agricultural system in question. The nutrient balance can be expressed as the 74 

difference between nutrients added to a system and nutrients removed from the system per unit of 75 

agricultural land area (OECD, 2018). In such assessments, two types of nutrient balances can be 76 

specified, namely the 1) farm-gate balance and 2) the gross balance or soil surface balance. 77 

According to the OECD (2018) definition, the farm-gate balance (indicating either “farm balance” or 78 

“sector balance”) treats the farm or national agricultural industry as an entity. Therefore, the 79 

nutrients recycled within the entity are ignored in this approach. The nutrients imported into the 80 

farm or national agricultural industry (e.g. in fertilisers and feedstuffs) are considered as inputs and 81 

the nutrients exported from the farm or from the national agricultural industry in animal products 82 

and crops as outputs. The differences between imports and exports can be considered as a surplus 83 

or deficit of each nutrient.  84 

 85 

An alternative approach to nutrient balance, namely the soil surface balance, is arguably a more 86 

meaningful concept when assessing the ecological and environmental consequences of nutrient 87 

dynamics. This approach attempts to calculate all inputs to and outputs from the unit in question 88 

(soil surface), including the amount of nutrients used for crop production (e.g. fertilisers, animal 89 
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manure), nutrients deposited from the atmosphere, or fixed in the soil through biological processes 90 

(in case of N) and removed from the soil (in crops and through grazing) (OECD, 2018).  91 

 92 

Several studies have investigated the nutrient imbalance at global, national and regional levels. For 93 

example Parris (1998) presented a framework for using a soil surface N balance indicator to analyse 94 

national trends in N use. MacDonald et al. (2011) carried out a global analysis on agronomic P 95 

balances. The study by MacDonald et al. (2011) was based on average national P fertiliser rates, 96 

spatial patterns of crop maps and global livestock distribution maps combined with species specific 97 

manure P production coefficients. A more detailed regional study was carried out by Hanserud et al. 98 

(2016), who estimated the fertiliser potential of bioresources (animal manure and sewage sludge) in 99 

Norway.  100 

 101 

In Europe, data on nutrient balances are documented at the national level and made publicly 102 

available (OECD, 2018; Eurostat, 2018). However, there can be considerable differences in the soil-103 

surface nutrient balances between different regions within the same country, especially if there is 104 

regional differentiation in the types of agricultural production. For example, livestock production 105 

relying on imported feed can be concentrated in one area, providing high nutrient output to soil 106 

through excretion, while other areas can have intensive crop production with high demand for 107 

nutrients. Identifying regional differences in nutrient balances can be crucial when considering the 108 

need of policy responses, and when monitoring the effects of actions taken by farmers in response 109 

to changing policies (Parris, 1998). As a first step in a more efficient policy monitoring and impact 110 

analysis, practical tools for physical measurement of agri-environmental linkages are needed (Parris 111 

1998). These include bio-physical models that can handle the temporal and spatial variation in 112 

nutrient inputs and outputs in a realistic way.   113 

 114 

Currently, detailed spatial models for ecosystem N flows are available, including a model specifically 115 

developed for N risk assessment in Scotland, namely the Nitrogen Risk Assessment Model for 116 

Scotland (NIRAMS, Dunn et al., 2004). However, in such models, the focus is mainly on the process of 117 

N cycling in the soil system and leaching and transport of the residual N (Dunn et al., 2004), rather 118 

than on the processes of N input to the soil system. In the NIRAMS model, the livestock N excretion 119 

rates are determined by fixed factors expressed as kg N per animal per year. In order to fully explore 120 

the effects of changes in the livestock production systems on the agricultural N flows, a more 121 

mechanistic mass flow-based approach would be needed, taking into account changes in the herd 122 

structure, animal performance, feeding and other management practises. Furthermore, in addition 123 

to N, the spatial variation of P flows in agricultural systems is also important, especially when 124 

targeting improvements in resource use, and therefore needs to be included in the nutrient balance 125 

models. 126 

 127 

The aim of this study was to develop a modelling framework to analyse the spatial distribution of 128 

agricultural nutrient flows in Scotland, a region where the agricultural production is strongly based 129 

on livestock farming, particularly beef cattle, dairy cattle and sheep.  For the first time, this 130 

framework combines process-based modelling of herd structure and animal performance with 131 

spatial livestock and crop production data, allowing the determination of changes in nutrient flows. 132 

Although the focus here is Scotland, the same framework would be applicable to other countries or 133 

regions, where spatially detailed livestock and crop production data is available.  134 
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 135 

2. Material and Methods 136 

 137 

2.1. Modelling approach 138 

 139 

The nutrient flows within the main livestock production systems in Scotland, namely cattle, sheep, 140 

pig and chicken production, were quantified using the Scottish Agricultural Emission Model (SAEM, 141 

MacLeod et al., 2017). The model was originally developed to determine the greenhouse gas 142 

emission intensity for different production systems, and modified for this study to analyse the flows 143 

of N and P through the production chains. In this study, the outputs of the model were combined 144 

with spatial agricultural census data for Scotland. The census data provided spatial distributions of 145 

the livestock production (including numbers of animals in certain livestock categories), and an 146 

outcome of the modelling process was a spatial dataset of N and P excretion by livestock.  147 

 148 

In addition to the nutrient excretion, the nutrient demand of plant production in Scotland was 149 

quantified. In this context, the nutrient demand means the “economic” nutrient demand, i.e. the 150 

actual fertiliser application rate needed to cover the removal of nutrients in harvest and losses to 151 

the environment, not the biological demand indicating the nutrient uptake from the soil by the 152 

plants. Currently, there is no publicly available spatial data for the actual fertiliser use in crop 153 

production in Scotland. For this reason, the average fertiliser use for each main crop species in 154 

Scotland was obtained from the British Survey of Fertiliser Practice (DEFRA, 2015), and used as an 155 

indicator of the nutrient demand of these crops. The Scottish agricultural census data were used to 156 

determine the spatial distribution of cultivation of different crop species and grassland in Scotland, 157 

enabling a map of the plant nutrient demand to be produced.  158 

  159 

The outline of the modelling approach is presented in Figure 1 and the details of the different steps 160 

of the analysis are presented in the sections 2.2 – 2.5. 161 
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 162 
Figure 1. Outline of the spatial modelling tool developed in this study. Rectangles indicate calculation 163 

processes, rounded rectangles input data and ovals model outputs. 164 

 165 

2.2 Structure of the SAEM agricultural model 166 

 167 

SAEM is based on GLEAM, the Global Livestock Environmental Assessment Model, which was 168 

developed by the UN-FAO (FAO, 2017, 2018; MacLeod et al., 2018). The model allows the key 169 

characteristics of the livestock populations (e.g. herd structures, animal performance, rations and 170 

manure management) to be captured in the calculations of nutrient flows. The current version of 171 

SAEM livestock model concentrates on the main animal products of Scotland: cattle meat and milk, 172 

sheep meat, pig meat, broiler meat and chicken eggs.  173 

 174 

The nutrient flows in this study were modelled in SAEM based on the mass balance principle, i.e. the 175 

nutrient excretion was obtained by subtracting the nutrient retention (in animal body and other 176 

products) from the nutrient intake. The details of the calculation methods and sources of data for all 177 

of the modelled livestock species are presented in Supplementary Information sections S1-S5.  178 

 179 

2.3. Calculating nutrient excretion 180 

 181 

The model was used to calculate the N and P intake, retention and excretion for each livestock 182 

species. First, the model calculated the N and P content of the feed based on the specified ration 183 

composition as described in Supplementary Information. Of the main feed ingredients, soya meal 184 

and maize grain are all imported to Scotland while most of the other ingredients may either be 185 
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grown in Scotland of imported from other countries. However, as the scope of the study was not to 186 

include the full nutrient balance analysis in Scotland, the origin of feed ingredients was not taken 187 

into account in the calculations. For N content of the feed ingredients, default values of SAEM were 188 

used (MacLeod et al., 2017). It should be noted that although the N content of grass can vary 189 

considerably over the growing season, constant default values were used here. These values were 190 

25.6 g/kg DM for fresh grass, 13.6 g/kg DM for hay and 20.8 g/kg DM for silage. The P contents of 191 

each feed ingredient included in the rations were obtained from the Feedipedia (2017) database and 192 

other sources (e.g. FutureDairy, 2007). The N and P retention for each livestock cohort was 193 

quantified based on the modelled growth and production rates and the N and P content of the 194 

animal body and products. The N and P retention rates per mass unit of body growth for each animal 195 

type (cattle, sheep, pig, broiler, layer), as well as the N and P content of milk and eggs, were 196 

obtained from various sources, including a Defra (2006) report on N and P excretion in the UK. 197 

Finally, the herd level N and P outputs were quantified by subtracting the N and P retention from the 198 

N and P intake for each animal type. 199 

 200 

2.4. Calculating spatial N and P flows 201 

 202 

The UK agricultural census data were obtained from the EDINA (2018) database, which contains 203 

livestock numbers (dairy cattle, beef cattle, sheep, pigs, broiler chicken and laying hens) and crop 204 

and grassland areas in 2x2 km spatial resolution, which is approximated from the parish level June 205 

Agricultural Census (Scottish Government, 2018) data. For all these variables, the latest data for 206 

Scotland, i.e. from year 2015, were used. 207 

 208 

The model calculated the N and P excretion for each livestock system specified in SAEM and then 209 

transferred this information to a spatial data file by multiplying the annual ‘per animal’ excretion 210 

rate by the number of animals in each category within each 2x2 km grid cell. However, the 211 

agricultural census presents the animal population only for one specific time instant during a year 212 

(June), while in reality there is seasonal variation in the number of animals. Furthermore, in many 213 

cases the definition of the animal types in the EDINA agricultural census data does not exactly match 214 

the default SAEM/GLEAM livestock cohorts (see FAO, 2017). For these reasons, some adjustment to 215 

the original livestock data was needed, and the spatial data of different species were combined with 216 

the model as follows. 217 

 218 

For beef and dairy cattle, the number of animals for each grid cell in the categories “Female beef 219 

cattle with offspring aged 2 years and over” and “Female dairy cattle with offspring aged 2 years and 220 

over” was obtained directly from the agricultural census data. This number was then used as an 221 

input of the livestock model to represent the animal cohort “Adult Females” (see FAO, 2017), and 222 

the overall structure of the herd was calculated using the default parameters for Scottish production 223 

systems.  For sheep production, the number of animals in the category “Breeding Ewes” was 224 

obtained from the agricultural census data, this number was used as an input of the livestock model 225 

to represent the animal cohort “Adult Females”, and the structure of the herd was calculated using 226 

the default parameters for Scottish sheep production. For pig production, two production systems 227 

were modelled separately, namely the breeding animal system and the meat pig production.  For 228 

breeding animals, the numbers of breeding females with piglets was obtained from the agricultural 229 

census data, and the numbers of other breeding animals was calculated by SAEM. For meat animals, 230 
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the number of pigs was obtained directly from the agricultural census and used as an input of SAEM. 231 

For chicken production, the numbers of 1) laying hens and 2) broiler birds were obtained directly 232 

from the agricultural census data, and the model was used to calculate the number of birds in other 233 

categories (e.g. the breeding birds) within the flock for both of these systems. 234 

 235 

The crop N and P fertiliser demand for each grid cell was calculated based on the crop species and 236 

the cultivation type (i.e. winter or spring crop), as these were considered to be the main variables 237 

explaining the spatial variation of the fertiliser use in Scotland. These are also the variables for which 238 

detailed nutrient input information is available in form of fertiliser surveys. As a starting point of the 239 

calculations, the land area used for each specific crop, managed grassland or rough grazing within 240 

this grid cell was quantified by using directly the agricultural census data. Then, the average fertiliser 241 

application rate per hectare (mineral fertilisers and manure), obtained from the report of British 242 

Survey of Fertiliser Practice (Defra, 2015), was used as an approximation of the nutrient demand of 243 

each of these land use types in Scotland. For mineral fertilisers, the application rate was calculated 244 

by taking into account the percentage of the crop area receiving fertilisers and the average 245 

application rate for those areas, as shown in the Fertiliser Survey report. Information that was as 246 

specific as possible for each crop species and type of cultivation was used in the calculations. 247 

Application rates specific for Scotland could be found for all major Scottish crop species, namely 248 

winter wheat, spring barley, winter barley, oats, potatoes, winter oilseed rape and grassland (under 249 

and over five years old grasslands reported separately). For other crops with smaller cultivation 250 

areas in Scotland, average fertiliser application rate for the Great Britain was used. For minor 251 

species, or species not specified in the agricultural census, a Fertiliser Survey category “other crops” 252 

was applied. Such crops include turnips, kale, cabbage and fodder beet.  253 

 254 

For the manure application rate, the percentage of the area receiving manure fertiliser was available 255 

for the main Scottish crop species (winter wheat, spring barley, winter barley, oats, potatoes, winter 256 

oilseed rape and grassland), but the Fertiliser Survey data did not show the actual amount or type of 257 

manure applied for these crops in Scotland. Therefore, the following additional calculations were 258 

needed. First, the proportion of each manure type used in Great Britain (e.g. cattle farm yard 259 

manure, cattle slurry, pig farm yard manure, pig slurry, layer manure and broiler/turkey litter), as 260 

well as the typical N and P contents for these manures were obtained from the Fertiliser Survey. 261 

Then the application rates of different manures were determined for each crop. Due to the limited 262 

amount of available data, this information has been aggregated in the Fertiliser Survey to three 263 

different cultivation types in Great Britain, i.e. winter sown crops, spring sown crops and grass, and 264 

these types were then used in the calculations for corresponding crop species. Finally, based on this 265 

information, the total fertiliser (sum of mineral fertiliser and manure) application rate for each 266 

specific grid cell was calculated. It should be noted that in the case of N fertilization, the N available 267 

to crops will be influenced by fertiliser type and application strategy. Therefore, the calculation of N 268 

use can be seen only as a rough indicator of the crop N demand, and does not allow quantification of 269 

the actual ‘biological’ N requirement of the crops.  270 

 271 

2.5. Spatial outputs 272 

 273 

The spatial model outputs included the excretion of N and P of different livestock species (and the 274 

total nutrient excretion combining all species), which was calculated for each 2x2 km grid square. 275 
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The N and P application rate of crop production for corresponding grid squares was also determined 276 

as described above.  277 

 278 

Unlike in the case of N, P is not volatile and therefore the losses of P to environment in the process 279 

of manure management can be considered to be minimal. For this reason, a more detailed analysis 280 

on the relationship between the P excretion and application rate could be carried out using a simple 281 

mass balance approach. In this analysis, the surplus or deficit of agricultural P potentially entering 282 

soil (i.e. the difference between P excretion and fertiliser application rate) was calculated as follows:  283 

 284 

P surplus or deficit = Pexcretion – Papplication rate     (1) 285 

 286 

Furthermore, the potential of local fertiliser use of excreted P (i.e. either the total P excretion in 287 

cases when it is lower than the P application rate, or the amount of the excreted P that equals the P 288 

fertiliser application rate within the same grid cell where it was excreted) was determined as 289 

follows: 290 

 291 

Local P ‘availability’ = min (Pexcretion , Papplication rate)     (2) 292 

 293 

In the case of N, potential losses as gaseous emissions and by leaching were not considered spatially 294 

in this study. Although the SAEM model is able to simulate the N losses, such simulations would 295 

require detailed information on the methods of manure management, storage and land application. 296 

Unfortunately, spatial information on these variables is not available, and therefore the spatial 297 

variation of the N losses could not be included in the current analysis. For this reason, the spatial 298 

comparison of the N output and application rate figures is only indicative, showing a ‘potential’ or 299 

‘maximum’ availability of N, and only part of the excreted N would be available for crop production 300 

(see also Bouwman et al. 2017). It should be also noted that although a majority of livestock manure 301 

in Scotland is currently used as fertiliser, alternative manure end use options exist, including 302 

production of biogas in anaerobic digestion plants. Such management options would also have an 303 

effect on the availability of excreted N through changes in the magnitude of gaseous emissions. 304 

 305 

QGIS software was used to produce 2x2 km resolution maps of the variables mentioned above, in 306 

order to illustrate the spatial variation of agricultural N and P inputs outputs in Scotland.  307 

 308 

3. Results 309 

 310 

3.1. Total livestock feed consumption, nutrient excretion and fertiliser application rate in Scotland 311 

 312 

The consumption of the main livestock feed components in Scotland, as calculated by the SAEM 313 

model, is presented in Table 1. The calculations show that cattle production (beef and dairy) covers 314 

about 65% of all feed dry matter intake in Scottish livestock production, indicating also the largest 315 

proportion of nutrient (N and P) intake. In contrast, the proportion of feed consumed in non-316 

ruminant production (pigs and chicken) is only less than 10% of all feed intake.  317 

 318 

Table 1. Consumption of different components of livestock feed in Scotland as calculated by the 319 

Scottish Agricultural Emission Model (SAEM), 1000 tonnes dry matter per year. 320 
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 Chicken Pig Sheep Cattle Total 

Wheat grains 264 119 0 71 454 

Barley grains1 9 27 85 478 599 

Soya meal 67 23 24 28 143 

Rapeseed2 45 33 4 128 210 

Maize grain3 11 7 26 129 173 

Grass and straw4 0 0 1962 4287 6249 

Other5 30 9 4 98 141 

Total 427 218 2104 5219 7968 
1Includes distillery by-products 321 
2Mainly rapeseed meal. A small amount of whole rapeseeds also included in chicken feed. 322 
3Includes gluten feed 323 
4Includes fresh grass, hay, grass in concentrates, grass silage, rough grazing, straw and maize silage 324 
5Includes fish meal, synthetics, lime, molasses and beetpulp 325 

 326 

The results of the total livestock N and P excretion in Scotland are presented in Table 2. Cattle 327 

production is by far the largest source of N and P excretion, followed by sheep production. However, 328 

it should be noted that the proportion of non-ruminant production in P excretion is higher (over 329 

12%) than the proportion of these production systems in the total livestock feed intake, due to the 330 

higher P content in the feed in chicken and pig production.   331 

 332 

Table 2. N and P excretion of livestock in Scotland as calculated by the Scottish Agricultural Emission 333 

Model (SAEM), tonnes of N and P per year. 334 

 N P 

Cattle 107600 10600 

Sheep 51100 4200 

Pig 6000 800 

Chicken 8400 1300 

Total 173100 16800 

 335 

The total application rate of N and P fertilisers in crop production and grasslands in Scotland is 336 

presented in Table 3. According to the results, roughly about half of the N and P fertilisers are used 337 

in grasslands. Two cereal crops, namely barley and wheat, account for most of the fertiliser use in 338 

croplands. When comparing the total application rate of N and the total N excreted by livestock, it 339 

should be kept in mind that a large part of the excreted N is lost as emissions to air, and is therefore 340 

not utilizable as plant fertiliser. According to IPCC (2006) emission factors and the proportions of 341 

manure management systems in Scotland (MacLeod et al., 2016), about 15% of the N excreted by 342 

cattle manure would be lost in manure management. This figure excludes the foraging systems 343 

where the excreted N is directly deposited on the pasture (and part of it would be lost through 344 

emissions). For non-ruminant livestock (pig and chicken), following the same methodology, the N 345 

losses in manure management would be around 40%. For sheep production, it can be assumed that 346 

all excreted N would be directly deposited on the pasture, so no manure management losses would 347 

occur (although the emissions from land would still exist). Overall, the sum of the management 348 

losses would be around 22000 tonnes N per year, indicating that the amount of remaining N 349 

originating from all livestock systems would be much lower than the total fertiliser application rate. 350 

It should also be noted that further N losses would occur in connection of manure land spreading, 351 
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although this process was not considered in this study. In the case of P, no significant losses were 352 

expected to occur in manure management, and it can be seen that the P fertiliser application rate is 353 

much higher than the amount of P excreted by livestock. 354 

 355 

Table 3. N and P fertiliser application rate for different crop species and grassland in Scotland in 356 

2015, as calculated on the basis of average fertiliser use data and the total area of production, 357 

tonnes of N and P per year.  358 

 

N P 

Grassland 109000 13000 

Barley 42300 8600 

Wheat 23500 3300 

Other 18100 3600 

Total 192900 28500 

 359 

3.2. Spatial distribution of nutrient flows 360 

 361 

Examples of the spatial outputs of the model are presented in Figures 2 and 3. Figure 2 shows the 362 

spatial distribution of N excretion. It can be seen in Figures 2A, 2B and 2C that the location of the N 363 

excretion by different livestock species varies strongly within Scotland. The main area of cattle N 364 

output is located in southern Scotland and considerable amount of the N excretion can also be found 365 

in the north east. The sheep N excretion occurs mainly in the areas of southern uplands, and hills in 366 

the northern part of Scotland. In contrast to the relatively widely spread areas of ruminant nutrient 367 

output, the non-ruminant (pigs and chicken) N output is concentrated in certain small areas mainly 368 

in eastern Scotland.  369 

 370 

For comparison, the application rate of N fertilisers in crop production and in grasslands is presented 371 

in Figure 2D. It can be seen that the areas with the highest fertiliser application rate are mainly 372 

located in central and eastern Scotland, including the areas where the cereal production mainly 373 

occurs. Although these areas partly overlap with the areas of livestock production where the 374 

availability of excreted N is high, some areas, especially in eastern Scotland, show a considerably 375 

higher N application rate compared to excreted N in those areas.  376 

 377 
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 378 
 379 

Figure 2. Spatial distribution of N excretion and fertiliser application rate in Scotland: (A) cattle 380 

excretion, (B) sheep excretion, (C) pig and chicken excretion, (D) fertiliser application rate in plant 381 

production (indicating N demand).  382 

 383 
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The spatial distribution of P excretion by different animal species follows closely the distribution of N 384 

excretion (results not shown).  The results of the more detailed analysis of P surplus and deficit are 385 

shown in Figure 3A. This figure shows that major parts of the agricultural production areas in eastern 386 

Scotland show P deficit, i.e. the fertiliser application rate exceeds the amount of P excreted by the 387 

livestock.  388 

 389 

Although large areas in Figure 3A show no major surplus or deficit, which indicates that the 390 

application rate in plant production is more or less equal to the output of P in livestock manure, it is 391 

not possible to see in that figure if such a balance in a certain area is a combination of high input and 392 

output, or if the agricultural activity (both crop and animal production) in that area is generally low. 393 

Figure 3B aims to clarify this using the concept of “Local P availability” (eqn. 2), showing the areas 394 

where high P fertiliser demand (crop production) and manure P output (from animal production) 395 

overlap. Such areas can be found in southern, central and north-eastern Scotland, indicating that in 396 

these areas there is a high potential to re-use the P excreted by livestock.  397 

 398 

 399 
Figure 3. (A) Areas of P surplus, where P excretion is higher than P fertiliser application rate (positive 400 

numbers) and P deficit, where the excretion is lower than fertiliser application rate (negative 401 

numbers). (B)  Spatial variation of the potential organic P availability, showing the amount of P that 402 

is excreted by animals that can be used for crop production within the same grid cell. 403 

 404 

4. Discussion 405 

 406 

4.1. Scope of the framework and preliminary results 407 

 408 
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Nutrient management is an essential part of modern agriculture, and improvements in this area 409 

require system-based analyses on the nutrient flows and on interactions between different 410 

agricultural systems and the environment. This paper presents a modelling framework that can be 411 

seen as a first step in using detailed spatial livestock production data and process-based modelling in 412 

assessing the regional differences and potentials in the agricultural nutrient flows, and providing a 413 

mechanistic tool for carrying out analyses on how such flows can be affected by changing the 414 

livestock systems and management practices. The spatial information provided by the model can 415 

help to improve understanding of regional differences in the livestock and manure management, 416 

and it can also improve the regional predictions on environmental effects of nutrient leaching. The 417 

information provided by such models can probably be best utilised if applied in connection of 418 

general landscape models, including those that are used for specifying Nitrate Vulnerable Zones in 419 

Scotland (Dunn et al., 2004). Improved data on N excretion can help to better define the area of 420 

Nitrate Vulnerable Zones and also to find the most suitable management strategies in agricultural 421 

production within such zones. 422 

 423 

When looking at the current spatial distribution of the livestock N and P outputs and the nutrient 424 

application rate in crop production in Scotland (Figures 2 and 3), the results show that the areas of 425 

high potential supply of nutrients in the form of organic fertilisers and the areas of high nutrient 426 

application rate largely overlap. Although some regional imbalances in nutrient inputs and outputs 427 

can be seen, including areas with highest risk of nutrient leaching, in general the results indicate that 428 

crop and livestock production is not very strongly spatially segregated in Scotland, compared to 429 

some other areas of agricultural production in Europe and elsewhere (e.g. Nesme et al., 2015; 430 

Gerber et al., 2005). Globally, in areas with highly concentrated livestock production, import of 431 

nutrients in the form of livestock feed can lead to local nutrient surpluses when the excretion of 432 

nutrients by livestock exceeds the demand of crop fertiliser within the same area.   433 

 434 

Figure2 also shows contrasting spatial patterns for different livestock species, especially ruminants 435 

and non-ruminants, and their contribution to the overall nutrient excretion. For example, the total N 436 

excretion of cattle in Scotland is more than ten times higher than the N excretion of chicken. This 437 

also indicates the differences in potential N emissions to environment, including the ammonia 438 

emissions and potential nitrate leaching. However, it can be also seen that the pig and chicken 439 

production areas are highly concentrated in certain, rather small areas, potentially representing 440 

point sources of nutrient emission. Partially different manure management systems are available for 441 

different livestock species. In indoor production, most manure can be collected, and utilised in crop 442 

and grassland production, while in ruminant systems based on grazing, the nutrients in manure are 443 

only available locally, in the same grazing area where they have been excreted.  It should be also 444 

noted that although the areas of pig and chicken production seemingly represent nutrient hotspots, 445 

many of these areas are located in eastern Scotland and surrounded by areas with high fertiliser 446 

demand, as seen in Figures 2C, 2D and 3A. For this reason, relative short transport distances make 447 

the efficient use of non-ruminant manure possible in Scotland. In general, the high nutrient demand 448 

in the crop production areas in eastern Scotland could possibly support an increase of ‘landless’ 449 

livestock production (e.g. pigs, chicken and cereal-based cattle finishing) in this area. Such a trend 450 

could reduce the transport distance of livestock feed, and also allow the local use of the nutrients 451 

excreted by the livestock.  452 

 453 
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4.2 Limitations 454 

 455 

The modelling framework presented in this study has still various limitations and needs for further 456 

development. One of the main limitations is that although there is variation in production 457 

techniques in livestock systems in Scotland, such variability could not be fully included in this study. 458 

Instead, in many cases an average or typical production system was used as a default in model 459 

inputs, and therefore some of the spatial variation within the production systems may have been 460 

ignored. This aspect could be improved in future modelling studies if more detailed, locally 461 

specialized livestock production data would be made available.  462 

 463 

Another limitation was that, although the model can handle different manure storage and end use 464 

methods, such an option was not fully utilized in the present study, but the spatial outputs were 465 

limited only to the nutrient excretion, excluding the actual end use of these nutrients. Again, the 466 

reason for this shortcoming was the lack of data on regional manure management in Scotland. If 467 

further data from this activity could be made available, the model can be readily applied for more 468 

detailed predictions of nutrient recycling and emissions to environment. Currently the model output 469 

on N excretion should be seen as an indicator potential N availability in different parts of Scotland. 470 

Losses to environment can significantly reduce the amount of N that can actually be used for crop 471 

production, and such losses are strongly affected by local practices of manure management, storage 472 

and land spreading. However, it should be noted that unlike in the case of N, most of the P excreted 473 

by livestock can be considered to be available as fertiliser, since the losses of this nutrient are usually 474 

minimal compared to N. This would allow more detailed calculations of regional P balances as 475 

demonstrated in Figure 3. 476 

 477 

One of the main factors affecting the availability of nutrients is the timing of manure application. In 478 

Scotland, the main period for manure application has traditionally been autumn and winter. 479 

However, it seems that during recent years the time of application has increasingly shifted towards 480 

spring and summer (Smith and Williams, 2016), and autumn application is banned altogether in 481 

Nitrate Vulnerable Zones. This trend, in combination with sustainable manure storage techniques 482 

would allow a more efficient utilisation of the nutrient in manure, minimising the losses to the 483 

environment. Therefore, in the further model applications spatial and temporal variation in manure 484 

storage and application should be the key factors to consider in order to improving the predictions 485 

of agricultural nutrient flows. 486 

 487 

It should be noted that in addition to livestock excreta, there are other organic fertilisers that can be 488 

potentially used in crop production but were not specifically considered in the spatial analysis in this 489 

study.  These include the straw used as bedding material, forming part of farmyard manure. 490 

According to Bell et al. (2018), the total amount of straw used as bedding in Scotland was 820 000 491 

tonnes in 2015. Assuming a dry matter content of 90% and N and P contents (on a dry matter basis) 492 

of 0.6% and 0.1%, respectively (Feedipedia, 2018), it can be found that over 4000 t N and over 700 t 493 

P per year can potentially be obtained from bedding. Although being a relative small amount 494 

compared to the nutrients excreted by livestock in Scotland, bedding material may have an 495 

important role as a local source of crop nutrients. Such an effect can be included in more detailed 496 

spatial modelling analyses, providing that local data on bedding use would be available.    497 

 498 
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Although the actual fertiliser use in crop and grass production can vary considerably e.g. as a result 499 

of soil conditions and management practices, in the analysis carried out in this study, the fertiliser 500 

demand was quantified based on the available data on the area of different crop species and 501 

grassland, and the type of cultivation (i.e. winter or spring crops). Despite being relative rough 502 

indicators of the fertiliser use, these variables were considered to capture a large part of its 503 

geographic variation in Scotland, for the following reasons. First, the existence of agricultural land 504 

itself is an indicator of fertiliser use. Large areas of Scotland are outside intensive agricultural 505 

management (including areas of rough grazing, woodland and peatland) and therefore are expected 506 

to receive no (or very little) fertilisation. This is demonstrated in Figure 2D, showing clear differences 507 

between agricultural and other land area. Second, the type of the crop indicates also its nutrient 508 

demand. For example, N fertilization is not normally used for N-fixing legumes such as beans and 509 

peas. Third, the spatial data on the cultivation areas of certain crop species in Scotland reflect also 510 

the local variation in soil fertility and climatic conditions, which affect the nutrient demand. These 511 

conditions vary strongly in Scotland, and as a result, several “land classes” exist (see e.g. James 512 

Hutton Institute, 2018), many of which are only suitable for certain types of crops. Of course there is 513 

still additional variation in the actual fertiliser use that cannot be captured in existing spatial data, 514 

including different management practices and the awareness of the farmers. It is unlikely that this 515 

kind of information would be made available at a national scale, but if more detailed data on local 516 

fertilising practices could be obtained, that could be directly used as an input of the modelling 517 

framework. 518 

 519 

4.3. Future developments 520 

 521 

The modelling framework presented in this study can be developed further to allow more detailed 522 

analyses of agricultural nutrient flows in Scotland. First, more detailed spatial data would make the 523 

model predictions more accurate, but here the availability of the data is a limiting factor. However, 524 

additional datasets on livestock systems exist, including the Cattle Tracing System data operated by 525 

British Cattle Movement Service (CTS, 2012). Combining such datasets with the currently used 526 

agricultural census data would provide more information on the spatial variation of the structure of 527 

the livestock systems. This would be especially important in the beef production systems, which 528 

strongly differ from each other, and spatial differences in their occurrence are expected. Second, 529 

more detailed spatial analysis could be carried out using the existing data. For example, such 530 

analyses could take into account the transport distances between the spatial hotspots of livestock 531 

and crop production and estimate the feasibility of manure transport. Third, it would be necessary to 532 

include manure management in the simulations in further development of the modelling 533 

framework. This would allow the full nutrient balance of agricultural systems to be analysed, taking 534 

into account the losses to the environment. However, more detailed information on the use of 535 

different manure management practices and their spatial distribution would be needed to achieve 536 

this.  Fourth, the modelling framework could be used to assess the effects of livestock system 537 

changes on nutrient balances. Examples of system changes include: (a) modifications in the livestock 538 

diets by using alternative feed ingredients (e.g. Eriksson et al., 2005; Leinonen et al., 2013; Leinonen 539 

and Williams, 2015; Symeou et al., 2016), (b) reduction of livestock nutrient intake for example by 540 

using enzymes such as phytase and protease for improved P and N digestibility (Simons et al., 1990; 541 

Pierzynski and Gehl, 2005; Leinonen and Williams, 2015), and (c) intensification or extensification 542 

(Leinonen et al., 2012a, 2012b; Tallentire et al., 2018). 543 
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 544 

5. Conclusions 545 

 546 

This paper presents a modelling framework that enables spatial assessment of agricultural nutrient 547 

flows with the aim of achieving more efficient nutrient use and recycling in crop and livestock 548 

production. The starting point of the framework is combining spatial agricultural data with process-549 

based models describing the livestock production systems and quantifying their inputs and outputs. 550 

The current outputs of the spatial model provide a rough indication of agricultural nutrient balances 551 

in Scotland, but they can be expanded to show higher level of detail if more spatially specific 552 

information of the structure of the production systems and management practices (especially 553 

manure management) can be made available. In a similar way, the model can be extended to assess 554 

future scenarios of livestock system changes and their effects on the efficiency of nutrient 555 

management and spatial variation in nutrient flows. 556 

 557 
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Figure captions 730 

 731 

Figure 1. Outline of the spatial modelling tool developed in this study. Rectangles indicate calculation 732 

processes, rounded rectangles input data and ovals model outputs. 733 

 734 

Figure 2. Spatial distribution of nitrogen excretion and fertiliser application rate in Scotland: (A) 735 

cattle excretion, (B) sheep excretion, (C) pig and chicken excretion, (D) fertiliser application rate in 736 

plant production (indicating N demand). 737 

 738 

Figure 3. (A) Areas of P surplus, where P excretion is higher than P fertiliser application rate (positive 739 

numbers) and P deficit, where the excretion is lower than fertiliser application rate (negative 740 

numbers). (B)  Spatial variation of the potential organic P availability, showing the amount of P that 741 

is excreted by animals that can be used for crop production within the same grid cell. 742 

 743 
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- Framework combining spatial agricultural data and livestock modelling was developed 

- Spatial variation of agricultural N and P flows in Scotland was quantified 

- Spatial variation of agricultural P surplus/deficit in Scotland was quantified 

- Model outputs help identify regional hotspots of nutrient balance  

 


